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The area studied, which lies on the edge of the Jotunheim mountains,

190 km. horthwest of Oslo in the county of Oppland, 1s situated at the
eastern end of Iake Bygdin (alt. 1058 m.) and on the north and south shores
of lake Vinstri (alt. 1030 m.) to the east of lake Byglin (Fige 1)«

The western and northern parte of the area lie within the Upper
Jotun Nappe, which is composed here of meta-igneous rocks. The part south
omeMﬂhmeWﬂwmmm,MOh
underlie the Upper Jotun Nappe.

The Jotun Nappe, north of lake Vinstri, is dominantly granite
which has weathered to give a rolling moorland topography, with poor exposure,
reaching up to 1500 me At the eastern end of Iake Bygdin however, the nappe
ueoupuodofpbmmmhumthnndtoamwmm“
with pgood exposure. The highest part of the area is at 1600 m., but outside
thearu,tho_mmuutomx'zaoo-.

To the south of Iake Vinstri, the meta-sediments (including the
wuw)mm-w-u&muunuww
side, but the exposure on the south side is excellent. The southern part of
the area rises up to 1300 m,

In addition to Bygdin, a small srea of 5 sq. km. vas mapped near
Synberg, which 1ies 2% km. south of the Bitihorm, The object was to
determine the complete sequence of the Cambro-Ordovician rocks. At
Synberg @ complste sectlon can be seen through the Cambro-Ordovician, down
t0 the Pre-Cambrisn basement which outerops in the Beito window,



Access to the area is made by the N 225 road from Fagernes, 53 lm.
south of Bygdin. mwmmh-uuththroughthommmdottho
area, passing between lake Bygdin and lake Vinstri and up over the Valdresflyi,
the high moorland to the north of Vinstri. From this road, farther access
unbopimdtvuingtwopﬂnumum,ouotvhicbmdcngth.
mbhohouut‘lmtriandthothermch.!mltm,northtoth.
eagtern end of Olevatn.
mmnuvomwmmwn(mw)mmn I (east
end) of the New Military Map Series (Scale 1: 50,000) and geologically by
Strand's Slidre Memoir and map (n.a.u.' no. 180). Aerial photographic
coverage is provided by photographs produced by Widerge's Flyveselskap A/S.

bﬁndhmingtmwm“,thomlmhgotmm
Norway will be described (Fig. 1)e

bctofmhoupudofumﬁmttm&mm
mmmmmgwtummmucsmmmmmm
revorked in part by the Caledonien Orogeny. In the south of Norway part of
this basement forms a Foreland to the Caledonian System. Between the Foreland
and the core of the Caledonian ehain, lies a complex marginal thrust sone. A
section from Oslo, northwest through the Jotunheim Mountalins will be described
to illustrate the structure of the Caledonian system,

mzmmmmmmzmmmmwtmmumh,
a thin sequence of fossiliferous autochthonous Cambro-Silurian sediments, up
o 200 m. thick, overlies unconformably the Pre-Cambrian basement.

# H.G.U, = Norges Geologiske Unersbkelse.
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These sediments are the "Eastern" or miogeosynclinal Cambro-Silurian sedinents
deposited on the southeast Foreland of the Ciledonian geosyncline.

When traced towards the northwest, these autochthonous "Eastern”
sediments ere overthrust by the lowest nappe of the marginal thrust zone.
This nappe has Eo-Cambrian sparagmite (a Norweglan term for an arkosic sediment)
at the base, and a cover of "Eastern" Cambro-Ordovician sediments. When this
nappe is traced northeast into Sweden, it is found to have been over-ridden
by higher nappes of Eo-Cambrian sparagmite and Cambro-Ordovician sediments.
These nappes constitute the "Lower Quartzite Nappes” and show low grade
greenschist facies metamorphism, |

A1l of these nappes hawe been thrust towards the coutheast slong
flat-lying thrust planes, over the non-metamorphic autochthonous sediments
of the Oslo region, This thrusting has caused some folding of the Oslo rocks
by décollement gliding along the junction with the Archaean basement.

Above the lower Quartzite Nappes, lie the [ower and Upper Jotun
hypu,ahowwthomm. These upper nappes are composed
of Cambro-Ordovician sediments of the "Western" or eugeosynclinal type, and
high grade erystalline rocks of amphibolite and granulite facies.

The ILower Jotun Nappe is composed of a crystalline basement with
a relic cover of Cambro-Urdovieian eugosynclinal sediments similar to those
of the Trondheim Synelinorium,

Botween the Lover and Upper Jotun Nappes lies a sequence of tectonic
sediments, the Valdres Speragmite, which has been derived from the Lower
Nappe after or during its emplacement., The Sparagmite has later been over-
sthrust and deformed by the Upper Jotun Nappe, The Upper Happe is composed



entirely of charnockitic erystalline rocks of a unique type termed the Bergen-
Jotun kindred (Goldschmidt, 1916 b). )

In the Bypdin area, the Lower Jotun Nappe is missing, and so the
Upper Jotun Happe and the Veldres Sparagmite rest directly on the Cambro-
Ondovician sediments of the lowest "Quartzite" nappe. |

foth Jotun Nappes lie in a northesst trending synclinal depression
termed the "Faltungsgraben" by Goldschmidt (1912). At the notheast end of
the Jotun Nappes, the eugosynclinal sediments of the Lower Nappe, open out
into the Trondheim Synclinorium, On the northwest side of the Jotunheim, the
Valdres Sparagmite reappears on the northwest limb of the "Faltungsgraben”,
and here the Sparagmite overlies Cumbro-Ordovician sediments which have
recently been shown by D. Cowan (personal communication) to be eugeosynclinal
and may in fact be part of the Lower Jotun Nappe and the Trondheim Syneclinorium,

Below this eugeosynclinal sequence, lies the core of the Caledonian
mountain chain, This core seems to be composed dominantly of Pre-Uambrian
gneisses, reworked during the Caledonian Orogeny. The structure of this
gore is largely unknown, although Muret (1960) has demonstrated a sequence
of four Alpine type nappes, rooted in Surnadal, with cores of basement gneiss
and envelopes of Eo-Cambrien and Cambro-Silurian rocks, These nappes, like
the thrust margin, have moved towards the southeast. Above these nappes lies
the Trondheim Synclinorium, which Strand (1961) has suggested might be
equivalent to the Lower Jotun Happe,

Excellent summaries of the strusture and petrology of the Norwegian
Calidonides are given by Holtedahl (1960) and Strand (1961).
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The Jotun Heppes were included in a report on the Hardangervidda
district by Brggger (1893) and although the nappe concept had already been
introduced to Seandinavia by the Swedish geologist A.E, TBrnebohm, Brggger
failed to interpret the gneisses overlying Cambro-Silurian sediments as part
of a nappe., He believed the contact to be a metamorphic boundary, and explained
the increase in metamorphic grade upwards as a result of the intrusion of igneous
rocks above the sediments which wers later removed by eroasion,

Bigriykke (1902) described mechanical contacts, with mylonites, at
the base of the crystalline massifs in the Hardangervidda, and along with
Reush and Reketad was ready to aeccept the nappe theory for that region (Strand,
in loltedahl, 1960, p.186). Then Bjgrlykke (1905) described the geology of
Central Southern Norway and showed that the crystalline massifs were situated
above the Cambro-Ordovician sediments, or the Veldres Sparagmite, throughout
the whole of the nappe region., But by this time he had rejected the nappe
theory and accepted Brggger's orizinal hypothesis. He thought that the
mechanical contacts at the base of the massifs only indieated szall movements,

Goldschmidt (1916b) described the petrology of the erystalline rocks
throughout the Jotun region, and grouped these rocks with similar rocks of the
Bergen region into the "Bergen-Jotun kindred" all of which showad a supposed
charnockitic stamp, He suggested that the Jotun rocks had moved into their
present position along basal thrust planes, but were rooted in the
"Faltungsgraben". (Goldschmidt, 1916a).

Holtedahl (1936, p.136) was the first to postulate a large transport
distance for the Jotun Nappes. He suggested that the Jotun rocks were not
rooted in the "Faltungsgraben" but in fact "floated" on a basal thrust plane



above the underlying sediments without showing signas of rooting anywhere.

Holtedahl's hypothesis has since been accepted by most Seandinavian
geologists, although Oftedahl (1961) has tried to reintroduce Coldschmidt's
hypothesis, However, since then, a gravity survey of the Jotun Nappes has
been completed by Scott Smithson (1964). Smithson's results are ambiguous
in that he can erect two models for the Jotun Nappes, depending on the two
density contrasts used. With a density contrast of 0, 12 gm/ce, his results
give a minimum thickness in the "Faltungsgraben" of 1, km., and with one of
0,20 gn/ec, a minimm thickness of 8 km, The first model suggests that the
nappes may root in the "Faltungsgraben" and the second suggests that they do
not. Smithson chooses the second model as the likeliest because it fits the
geological data best, Even a minimum thickness of 8 km, is considerably
greater than has previously been supposed.

(e) History of resemrch in the Bygdin ares.

The Bygdin conglomerate was included in a paper describing the
conglonerates of the Valdres Sparagmite, by Goldschmidt (1916a). He figured
the Bygdin conglomerate and included some measurements of deformed pebbles,
as wal as describing the petrology of the conglomsrate and the Valdres
Sparagmite, Goldschmidt also discussed the origin of the Jotun Happes.

This was followed by a description of the structural petrology of the Bygdin
Conglomerate by Strand (1945), including microfabrics of the deformed pebbles.
Near orthorhombic quartz girdles with northwest axes parallel to the pebble
elongation and minor fold axes were descoribed by Strand, as well as extreue
variation in shape of the pebbles from rod shapes to flat pancake shapes,
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Strand (1951) also published a memoir and a map of the Slidre area
(ineluding Bygdin) and extended details of the Cambro-Ordovician stratigraphy
in the Valdres area (Strand, 1958), These are summarised in Table 1, where
the stratigraphy is correlsted with the classic Uslo sequence, and with the
section mapped by the author in the Beito window near Bygdin,

Strand's work on the Bygdin conglomerate has often been used by
other workers to demonstrate the so-called "g"-lineation assoélated with
thrusting, which is formed parallel to the direction of movement of the
thrust (Anderson, 1948. Kvale, 1953).

Flinn (1959) has noted the geological similarities between North
Bast Shetlands and the Jotunheim, and also the comparable pebble deformation
in the Funzie conglomerate (Shetland) and the Bygdin conglomerate (Flimn,
1961). Both conglomerates show similar types of rod and eake deformation.

Hew work.

The object of research was to Momim the relationship of the
elongated petbles and the so-called cross-folds to the thrusting, and to
study the deformatiom of the Hygdin conglomerate. Before field work started,
base maps were constructed, with the help of ¥r, R.F. Kirby of the Geography
Department at Edinburgh University, on the geale of 1:20,000 becmise the
mnmgmdmnpofthmmmtu-snnmh for detalled
structural mapping. Both the 1:50,000 Military Maps and aerial photographs
were used. At first, a Zoiss Stersotape A plotting machine was used but
unfortunately the vertieal t1lt of the serial photographs was too large
to be able to provide accurate maps.



Finally the 1:50,000 naps were enlarged optically to 1:20,000, and
a Zeiss Aerotopogreph, combined with the aerial photographs used to correct
the enlarged mspe.

Field mapping was carried out during two summer field seasons, and
the major structure and the structural history of the area determined, using
the minor structures and modera structumal technigues such as those used by
Ramsay (1957a and b, 1960) and Turner and Welss (1963).

The deformed pebbles in the Hyadin conglomerate were measured
along joint faces to determine the amount and symmetry of strain throughout
the conglomerate outorop.

The stretigreaphy and petrography will be considered in two parts.

(a) The Upper Jotun Happe
(b) The Cambro-Ordsviecian Sediments

(a) ZIhe Ucpex Jotua Naupe

htbpohgiulhpotth.m(lhﬁ 1), the Upper Jotun Happe
is divided into two separate thrust sheets.

To the south of lake Hypdin, towards the Bitihorn, including the
peninsula at the east end of lake Hyadin, the Upper Nappe is composed almost
entirely of gabbroic rocks., The rest of the Jotun Nappe to the north and
northeast of Bygdin, along the north side of lake Vinstri, is composed
dominantly of granite and intersediate igneous rocks. Between lake Hygdin



and the Bitihorn, the gabbro and granitic sheets are separated by a thin
wedge of Bygdin conglomerate, with both the granite and the conglomerate
wedge dipping westvards underneath the gabbro sheet. The conglomerate may
have been a thin wedge which has been caught up by the thrusting and
squeezed in between two moving thrust sheets. This structure can be
correlated with the Jotun thrust zone at Eidsbugaren at the west end of
lake Bygdin, where MacRitchie (personal communication) has found a granite
gsheet immediately above the basal thrust plane which has itself been over-
sthrust by a gabbro sheet with a petrology similar to the Bitihorn gabbro.

(1) Gabbro sheet

The Bitihorn gabbros are coarse grained epigramular rocks with
white or pink felsper and dark ferromagnesian minerals, In contrast to the
 granitic sheet, the gabbros show little sign of cataclasis induced by the
Upper Jotun Thrust movenents, except in the area above the thrust wedge of
conglomerate, where the gabbro has been broken down to a fine grained well
foliated phyllonite,

Most of the gabbros show well developed igneous textures, including
some rhythmic layering of felspar and ferromagnesian minerals (Plate lla),
graded bedding, and in one case load cesting of a dense ferromagnesian rich
layer into a lese dense felspar rich layer, Also in thin section, hornblende
and spinel show well developed intercumulus textures suggesting crystal-
1lization of a late liquid in the interstitial spaces between the cumulus
phases,

ED



The dominant assemblage is labradorite-clinopyroxene-orthopyroxsie-
hornblende, often with accessory quartz, apatite, and black spinel. The
proportion of amphibole may vary considerably, with orthopyroxene being
completely replaced in the assemblage by amphibole, In one case, the
assemblage also contains some microperthite., Goldschmidt (1916b, p.40)
gives a chemical analysis of a gabbro west of the Bitihorn, just outside
the area mapped, to illustrate the composition of mangerite (a micro=-
perthite gabbroic rock common in the Bergen-Jotun suite). The gabbros
grade into mangerite with increasing microperthite content., However, the
amount of microperthite in any of the Bitihorn rocks mapped, does not
justify classifying these as mangerites,

Goldsehmidt (ibid, pp.35-38) also classified the Bergen Jotun
gabbroes as norites, but the Bitihorn gabbros have insufficient hypersthene
to justify this classification, and are really hypersthene and hornblende
gabbros.

On the west side of the Bitihorn massif, the gabbro has been
intruded by ultra-basic ?dykes with an olivine-clinopyroxene-anth-ophyllite
labradorite-biotite~green spinel core, and a clino-pyroxene-orthopyroxens

margin, This intrusion seems to be similar to the ultra-basic dykes described

by Battey (1960). The anthophyllite seems to be replacing olivine and
probaﬁly crystallized during intrusion, The stability field of anthophyllite
(Greenwood, 1963) suggeste intrusion temperatures between 650°C and 750°C.
The Bitihorn gabbros appear to have undergone a later phase of
recrystallization. Many parts of the gabbro are cut by a later series of

10.
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ansstomosing shear planes, and parts of the gabbro on the peninsula at the
east end of lake Bygdin are remobilized with xenolithe of gabbro with contorted
Whmlngﬂmtnginnp-pﬂu-tdx. This phase may be
equivalent to the pre~thrusting remobilization phase at Eldsbugaren (Battey
and MacRitehie, unpublished data)e

(11) Orenite sheet.

This sheet is composed almost entirely of granitic and intermedlate
acidic igneous rocks. Unfortunately, most of these rocks have a strong
eataclastic texturs induced by the thrusting of the Jotun Nappe, which has
destroyed much of the original texture of the rock, Hornblende and biotite
granites are the dominant rocks,- and most of the rosks contain microcline
perthite and a plagoiclase which may range in composition from albite
to oligoclase/andesine. The composition of many of these rocks is
difficult to estimate because of the eataclastic texture and in fact many
of the "intermediate” rocks have besn classified only on their dnri:
mineral content.

An analysis of a biotite grenite from the Synshorn north of
Bygdin, is given by Goldschmidt (1916b, Pe52)e

mmzmtmm;huunygdmmanmmm
throughout the granite sheet, the granitic rocks are cataclassed to fine
grained hornblende phyllonites.

One specimen of interest showed & quartz-sesoperthite-ortho-
tpyroxens~clinopyroxene assenblage with an accessory amount of oligoclase,
vhichmggutathtthhmoklmmthmunum However,
all other granitic rocks are of the amphibolite facies.
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Age relationships of the igneous rocks can be determined, with the
ixrt.ormo@iate igneous rocks predating the granite., Plate 1llb shows
xenoliths of darker intermediate rock in a granite matrix

North of Symshorn, four xenolith-like lenses of labradorite—
horn: plende amphibolite were found floating in the granite. These amphi-
tbolites seem to be related to the hornblende gabbros of the Bitihorn and
in fact the gabbro is intruded by granite on the peninsula at the east end
of lake Bygdin., A metadolerite dyke with a north north east trend was
discovered intruded into granite at the east end of Lake Vinstri and
similar dolerites with the same trend have been discovered at Eidsbugaren
by Battey and MacRitchie (personal communication). ‘

Pilecing together these age relationships, the igneous history
appears to be =

i) Gabbro ecrystallization and intrusion
of ultra-basic dykes.
i1) 7Intermediate igneous rock crystallized,
iii) Intrusion of granite.
iv) Intrusion of dolerite dyke.

All the above rocks, including the dolerite dyke, show an overprinting
of the greenschist facies metamorphism associated with the thrusting of the
Upper Jotun Nappe, proving that the complete igneous history is pre~thrusting
and probably of Pre-Cambrian age.



(b) ZIhe C:mbro-Ondovician Sediments

The Cambro-Ordovician sequence erected by Strand (in Holtedahl,
1960, pl.8) for the Slidre area is given in Table I along with the writer's
succession in the Beito window, Fossiliferous rocks up to Llandeilo age
are present in Slidre below the Mellsenn Formation and the Valdres
Sparagnite, but no fossils are present at Beito. The Mellsenn Formation in
both areas seems to represent a passage group between the Cambro-Ordovician
rocks and the Valdres Sparagmite (Strand, 1958),

The age and tectonic significance of the Valdres Sparagmite have
been much discussed by Norweglan geologists. Goldschmidt (1916a) suggested
that the Valdres Sparamite was a flysch or molasse deposit derived after or
during the emplacesent of the Lower Jotun Nappe, and deformed by the kter
thrusting of the Upper Jotun Nappe,

Kulling (1961) suggested that in faet the Valdres Sparagmite
represented a middle nappe of Eo-Cambrian Sparagmite between the Lower and
Upper Jotun Nappes, én the basis of e supposed thrust plane between the
Valdres Sparagmite and the Mellsenn Formation,

However, Strand (1951), who originally mapped the area for the
Norwegian Survey, supports Goldschmidt's hypothesis and has replied to Kulling
(Strand, 1953, 1962),

Essentially Goldschmidt's and Strand's views are as follows.

At Rgesjgkollens, 30 km, east of Mellene, South Slidre, a zabbro massif
which represents the lower Jotun Nappe, rests on a thrust plane above the
Mellsenn Formation, and is itself covered by Valdres Sparagmite which
overlaps the thrust plane on to the Mellsenn Formation, ‘uch of the



TABLE 1

CAVMBERO-SILURIAN SUCESSION IN SOUTH SLIDRE AND THE BEITO. WINDOW.

South Slidre
(after Strand,in Holtedahl, 1960.)

Valdres Sparagmite with conglomerate

?SILURIAN
(1000 m.)
Csandstone with
sparagmite lenses
———————— Mellsenn Divisiond4 roofing slate
Lsandstone
Phyllite with Dicellograptus,
. (200 ms) Diplograptus 3b-4a
Didym tus
ORDOVICIAN T
Isograptus,
E’kwllograpt\m.
Shale with Archaeorthis christaniae
Ja
Alum shaless with fossils
CAMBRIAN

Shales,siltstonesy,sandstones
(200 m.)

Bygdin and the Beito Window

Valdres Sparagmite with conglomerate
(360 m.)

Mellsenn Division with|sandstone,quartzite,
(170 ms) pelite,sparagmites

Pelite (80 ma)

Quertzite (160 m.)

Semi-pelite (0=140 ms)

Eo=Cambrian Sparagmite-

Pre=Cambrian gneiss



detritus of the Valdres Sparagmite (for example, the gmbbro conglomerate in
the lower parts of the Valdres Sparagmite at fgsjgkollens) can be showh to
have been derived from the Lower Nappe and thus must have formed during or
after the emplacement of the Imi.;'.foumhpp.

To the northwest of Rgsjghkollene (for example in the Bygdin area)
the Valdres Eparagnite is itself deformed and overthrust by the Upper Jotun
Neppe, and thus must be pre-Upper Nappe emplacement, Strand (1958) gives
an age between the Upper Ordovician or lLower Silurian for the Valdres
Sparagnite,

The Cambro-Ordovician sequence in the Beito window(Fig. 17) rests
on Pre~Cenbrian hormblende-gneisses and garnetiferous-guartzites. These
gneisses have a steep foliation trending northwest while the overlying
sedimente heve an east-west striking foliation with a shallow dip northwards,.
The contact which may or may not be an original unconformity, is not
exposed anywhere in the area mapped, but the Pre-Cambrian just below the
contact with the Cambrian has been retrograded to phyllonite with a foliation
parallel to that in the Cambrian sediments., These phyllonites can be
recognised as bein: derived from the Pre-Cambrian rocks because they contain
relic garnets which are absent in the Cambro-Ordovieian,

The Cambro-Ordovician pelites and semi-pelites are typical of
those in Greenschist faclies, They have a strong biotite strein slip
cleavage with small lenses of strained quartz flattened in the strain slip
cleavage. The quartzites which appear to be well sorted in the field, are
surprisingly impure in thin section, with a high proportion of biotite,



felspar, and large porphyroclasts of mesoperthite. In the Mellsenn Division,
sandstones, quartsites, end sparagmite alternate and apparently form a passage
group greding up into sparagmite though this grading will be discussed in

the structural section.

The Valdres Sparagmite is a typlcal meta-arkose with a quarts-
mierocline-albite/oligoclase groundmsss, strongly deformed with the small
quartz and felspers forming a strained partly recrystalliszed, -onfio. Blotite
and muscovite form a foliatlon and much of the groundmass is ﬂnttoh.d
parallel to this foliation. Ilarge rounded relic clastic grains of pethite
and quartz can be found (Plate 9b), although these clastic grains are often
shattered and broken (Fig.3b). The clastic pox-t.m.oi are evident in hand
specimen and may be confused with garnet, which is absent at Bygdin, but which
occurs elsewhere in the Valdres Sparagmite (D, Wood, personal communication).
Epidote, orthite and sphene have erystallized in the sparagmite as a result
of the Greenschist facies metamorphism, ‘

Tectonic evidence suggests that the sparagnite is highly deformed
and thickened tectonically, although some relic sedimentary structures, are
still evident (Plate 4b). The petrology of the Veldres Sparagmite is
completely constant throughout the whole of the Bygdin area, showing ni;a;.':o:
mation of bedding of differing composition.

The petrology of the matrix of the Bygdin conglomerate is exactly
the same as that of the sparagmite, although the conglomerate may have a
few spinel rich bands, Most of the pebbles are gquartzite with under 5,
microcline and chlorite, although a few epidosite and grenitoid pebbles are
present, The original texture in the pebbles has been completely destroyed

15.



by cataclasis, although a few pebbles show some banding which is suggestive
of relic bedding.

The contact of the Valdres Sparagmite with the donglomerate in the
lese deformed area at Olefjell is very irregular with much inter-tonguing
of conglomerate and sparagmite. These complex facies changes which could
also be early folds are to be expested in e piedmomtor fluviatile
depositional environment,postulated for the molassic Valdres Sparagmite.

16,



17.
11,  MINOR STRUCTURES

1. DEITRODUCTION

At least four sets of minor structures were recognised, using
interference relationships (e.g. refolding). If different sete of
structures in an outerop failed to interfere with one ancther, they were
muuvol‘ympdintbononnwtmwomﬂngmm}n
with structures of known age from other outcrops. The second set of minor
mmquiththouh-aofujormwm
the area. .

Three of the minor structure sets include foliations, axial
plane cleavages, lineations, and minor fold axes. (Fig.2). The fourth
get includes folds snd tension gashes which are associated with joint
format lon.

The first folistion and axisl plane cleavage (81) generally has
a west north west strike with a dip of 15° to 20° to the morth north
east. = In some sub-areas, however, (Fig.2), 51 poles have a girdle
mmuzthammpmwmwnmunmmwm.

second movement phase, The first linear structurecs (n)mnzo“
to the northwest and southeast throughout most of the area, except

in sub-area 10 where they plunge towards the east and northeast,

The second axial plane cleavage (52) generally has a northwest
strike with steep dips to the northeast and southwest. -Second linesr
structure (B2) trend northwest with plunjes of 20° to the northwest
and southeast.



The third foliation (S53) displays a large range in orientation
throughout most of the area, but S3-poles are distributed in north or north-
teast trending girdle patterns which are a result of the conjugate symmetry
of vt.ho third movenent structures, Third linear structures (B3) have a
wide range of trends, especially in sub-area 4 where they "box the
- compass", |

The planar and linear structures of the fourth set generally trend
northeast parallel to the eross-joints of the area.

A fold movement phase which pre-dates the minor structures discussed

above, may be present in the Bitihorn gebbro. The poles of the igneous
rhytimic layering of the gebbro have a point concentration pattern, breaking
out into a girdle vith aimortheast plunging axis. (Fig.2, 1A). The girdle
is rather diffuse, because in addition to the igneous layering, a post-
igneous metamorphic layering reported by Battey and MacRitchie (unpublished
date) from Eidsbugaren, may be included in the plot. This northeast
folding has resulted in steep or inverted dips in the igneous layering

of the gabbros (determined from inverted igneous graded bedding and load
casts), but it does not fold the thrust plane (synchronous with Bl) below
the gabbro., Structurally the gently dipping thrust plane appears to cut
across the steep layering of the gabbro and thus may be later than the
northeast folding, It is suggested that the northeast folds are of
Pre-Cambrian age,

12,



19.

The first Caledonian movement phase at Bygdin consisted of large
seale thrusting of the Upper Jotun Nappe over the Cambro-Ordovician
sediments, The thrusting induced cataclastic textures in the sediments
and the Jotun rocis, and formed the first foliation of the area (51)
parallel to the thrust plane, However, in two areas, S1 is cut by the
thrust plan<, and the significance of this point will be discussed
later(ps40-41).

€1 in the granitie rocks of the nappe, is défined by a ecataclastic
layering in which new biotites and muscovites have erystallised, The
general effect of the Bl cataclasis has been to reduce massive ?igneocus
granites to rocks vwith a gneissic texture in hand specimen. Regular and
irregular phyllonite bands (Plate 1) from a few centimetpss Lo over one
metre thick, oceur throughout the whole of the granite outerop. In
addition to the bands of phyllonite, small patches of Wknots" of
phyllonite ean be found (Fige3 g and h). True mylonites are absent at
Bygdin because the strongly eataclastie rocks are too coarse to be defined
as mylonites, Lapworth (1885) defined a mylonite as a microscopic pressure
breceia with fluxion structure in which the interstitisl paste is only
partly crystalline, Although the eataclastic rocks at Bygdin are completely
erystalline, they show no evidence of being recrystallized mylonites
(1.e. blastomylonites, knopf, 1931, pp,10-l,), Because of their phyllitic
appearance they are classified as phyllonites (ibid p.19)., Hornblende-
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Minor Structures of the First Movement Phase




phyllonites are especially well developed just above the thrust plane near
the Bygdin Hotel,

Host of the phyllonites have a fine hormblende-biotite cleavage
parallel to the cataclastic banding, but in some cases this cleavage is
absent or even obligue to the phylonitic sheer bands, In addition,
eataclastic and phyllonite layers ean be found which are folded in a "similap"
style, by Bl folds, about an S1 axial plane cleavage (Fig.3,a), This
relationship is taken to indicate that the cataclasis generally was prior
to the formation of the Bl folds and S1 foliation.

Only a small part of the Bitihorn gabbro has been altered to
phyllonite, A thin sheet of gabbroic phyllonite, 10 metres thick, oceurs
Just above the thrust plane 2 km, south of Bygdin,

In the non-conglomeratic sediments below the nappe, the biotite
muscovite foliation (S1) is parallel to the cataclastic layering which
is defined by alternating I_Aprl of differing composition and grain sisze,
Some clastic textures are still evident in the sediments in hand and thin
section e.g. large well rounded relic clastic grains of perthite and quarts
which have been flattened and elongated in & horthwest-southeest direction
in 51 (Fig.3,b).

Most of the pebble deformation is mscribed to the first movement
phase and the quartzite pebbles are flattened and elongated in S1 (Plate 2,a).

S1 throughout the area 1s a biotite-muscovite foliation, but
in many of the igneous rocks, relic igneous hormblende has been orientated
to form planar (S1) and linear (Bl) fabries,



x Bl Folds in pebbles

e Bl Cleavage/Bedding intersection
Lineation
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Fig 5

?B1 Folds in the Sparagmite




The Bl linear structures in the granite are dus to the parallelism
of elongate felspar or hornblende erystals. In some cases Bl is formed by
"similar®folds which fold the cataclgstic layering about S1, and by inter-
tsections of this layering with El. In the gabbro on the peninsuls at the
east end of lake Bygdin, only one Bl lineation was mapped indicating the
general resistance of the gabbro to the Bl deformation.

In the conglomerate, Bl linear structures are defined by elongate
pebbles and a fine rodding lineation on the pebble surface exactly parallel
to the longest pebble axis. In the cake pebbles, in which the longest pebble
axis is not visible, the fine rodding on the pebble surface is assumed to
define the trend and plunge of the longest axls of the cakes, However, the
assunption that this fine rodding is of Bl age might be in error because
a similar rodding on the pebble surfrces is parallel to the axss of the later
B2 folds and B2 mica orinkle (Fig,7,f)and thus much of the rodding lineation
might be of B2 age, liowever, the surface rodding can be found to be folded
by B2 folds (Fig.7,e) and must therefore be at least partly of Bl age.

The conglomerate matrix is also lineated, with Bl being picked
out by elongate felspars and micas. Cleavage /bedding intersection
lineationa are present, especially in thin sparagnite banls that indicate
original bedding surfaces within the conglomerate (Fig.3,e). Most of these
intersections are parallel to the regional Bl trend with shallow plunges
to the northwest, but some plunge quite stesply to the northeast (Fig.s).
These stecp aberrant plunges could either be caused by rotation from the
regional Bl trend (or vice versa) during the deformstion (Flinn, 1962) or
they were not active axes of buckling and therefore have no kinematie
significance (Flinn, 1956, p.491).

21,



Two types of Bl folds ean be distinguished in the conglomerate, The
first type is picked out by folded pebble-free sparagmite bands (Fig.3, ¢) and
mumppwrou-apm The latter type is often difficult to
distinguish from the folds in the pebbles due to the second movement phase.
However, the firet pebble folds are folded about S1 (Fig.3, d,e,f), whereas
the second pebble folds alweys refold S1, the plane of pebble flattening
(Plate 2, b). The first pebble folds must be the resuldt of inhomogeneous
deformation, Iike the Bl clsavage/bedding intersection lineations, the Bl
folds in the pebbles have the regional Bl northwest trend and the steep or
shallow northeast trends (Figes)e

Bl linestions in the Valdres Sparagmite are defined by elongate
felspars and micas, and cleavage/bedding intersections with a northwest
trend, Because of the remarkable compositional homogeneity of the
sparagnite, folds of all ages are rare. However, Bl folds can be found in
quartz veins folded about Sl, In addition, examples of folded green and
pink epidote end felspar rich bands (relic bedding?) are present, These
folded bedding structures are either tectonic or sedimentary slump.folds. Nearly
all the folds in the sparagmite have an extremely plastic style (Plates 3 and
4y Fig.5) often with fold cores detached from their limbs, Sedimentary
slumping may have continued into Bl tectonle folding without a break,.

The sparagmite was deposited in the interval between the thrusting
of the Lover and Upper Jotun Nappes (Strand, 1958) and wes probably still
unconsolidated when it was overthrust by the Upper Jotun Nappe. It is
quite conceivable that sedimentary slumping and deposition continued just
in front of the nappe during nappe emplacement and that both the sedimentary
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°  Compression Axes

Stereogram of Bl Boudin Structures



slump folds and the Bl tectonic folds were impressed upon unconsolidated
sediments. This would make a distinction difficult. Some of the folds are
truncated by slide planes which are cut by the S1 cleavage (Fig.5, b)
proving that the folding was pre-cleavage but this does not rule out tectonic
action, Th&tblhtimhpanlhltoth.lmlplmotmthuo
folds,

Bl boudinage structures are present at three l.omlitio:m
, the nappe rocks and the sediments, They are thought to reprerent elongation
strains of the first deformation, At two of the localities (B,A. 1 and 3)
tbnboudinnmfhttcnodandohnptodinSlandmmhbly formed
iyatmlonuhmuchhynomltothcbauimwMSI(thmgnthhh
not necessarily true, e.f. Rast, 1956; Flinn, 1962), Application of the
experimental results of Ramberg (1959) suggests that the compression aves for
these two examples lay approximately normel to the boudin axls and 81,

At the other loeality (B.A. 2) there are rhomboid boudins
(Plate 5, a) and the tension and compression axes have been derived by
bisecting the angles between the intersecting rhomboid planes,

Tension (T) and compression (C) axes are plotted for the three
localities (Fig.6) and despite the paucity of data, it is interesting that
all three examples are consistent with the kinematics of pebble deformation
(Pe79)e

The rhomboid bowdins discussed above (locality 2;5 km, east
of Bygdin at 924998, shest 1617 1) oeccur in a phyllonite shear band and
indicate that boudinage ocourred after cataclasis, 51 folding can also

be shown to post-date the cataclasis snd phyllonitization (p.20).
“BA.l 956908 1617 IV
BA.2 924998 617 |
BA.3 OI6891 1617 IV



but the age relationships of the Bl folding and Bl boudinage are unknown,

Evidence of pegmatite injection synchronous with the Bl
deformation has been found, A boudinaged phyllonite band with pegmatite
injected into the spaces Mmthohondhnmtomdlt%m (Sheet
1517 1), 5 km. east of Bygdin, The pegmatite was obviously injected during
a syn- or post-boudinage phase, but the pegmatite has undergone greenschist
facies metemorphism which can be shoun to be associated with the Bl phase
(PP, 44=45)e This pegmatite injection may be equivalent te the syn=-
thrusting pegmatite injection at Eidebugaren (Battey and MacRitchie,
unpublished data).

The detailed history of the Bl phase is as follows:

i) Thrusting of the Upper Jotun Nappe, with
phyllonitization and cataclasis,

1i) Folding and boudinage of the phyllonite bands,
51 formation and Zpegmatite injection, ?Psbble
deformation,

111) Greenschist facies metamorphism (synchronous
with 11 ?).

(b) Segond movement phase (82).

The linear structures of the second movement phase (B2) are
often difficult to distingufsh from those of the first movement phase,
because statistically the first and second linear structures are emctly
parallel, However, the second folds can be proved to post-date the first
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Fig 7

Structures of the Second Movement Phase




25.

movement phase besause they refold S1 (the plane of pebble flattening)
(Plate 6, Fig,7) and Bl folds (Plate 5, b).

The shape of the sscond folds ranges from gentloto isoclinal
(the terminology of Fleuty, 1964, is used throughout this thesis) and the
style from pure concentric to pure "similar® (Fig, 7), often with a strain
glip axial plane cleavage (Plate 6, b). That the latter are truly pure
"gimilar" folds was proved by applying the techniques of Remsay (1962a)
(Fig.10). Both asymmetrieal and symmetrical B2 folds are present, the
various shapes being related to the major structure (c.f., Chap, III),

The different etyles of the B2 folds are not restricted to
any one rock type but occur throughout all rock types.

Recognition of the 52 strain slip axial plane cleavage is
important in strein measurment because unfolded ellipsocid pebbles can be
found lying flattened in S2 (Plate 6, b). These pebblos have either been
rotated as rigid bodies or have been plastically flattened in 52, In
addition the plane of pebble flattening can be rotated by B2 folding until
S1 is almost parallel to 52, Fortunately 52 oleavage formation is
restricted to the area covered by Map III and the core of antiform-h
(Fig.21).

The B2 fold awes and lineations are nearly always parallel
to the pebble elongation direction (Bl) (Fig.7,f) and the fact that much
of the fine rodding lineation on the pebble surfaces may be of B2 age has
already been meationed (p.21). Ibowever, Bl rodding lineatlion does
exist, because in two outerops a fine Bl rodding is oblique to and folded
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by B2 folds (Fig., 7,e). The divergence in trend of Bl and B2 is about
5°-10° and the significance of this divergence will be discussed below.

The majority of the second minor folds are restricted to the
mwmmnmrmhothorm&lotmm

Oestriking feature about the B2 structures is that in all
the sub-aress (Fig.2), the B2 lineations are aluays statistically parallel
to the Bl lineations, On the mesoscopic scale only two examples of
divergent Bl and B2 linear trends were found. This parallelism of Bl and
B2 eould be due to the following,

i) Bl and B2 are synchronous
11) The B2 deformation has re-orientated Bl into
parallelism with B2,
11i) Bl structures have controlled the orientation
of the later B2 structures.
iv) The B2 stress field was parallel to that of Bl,

i) Bl end B2 mut be regarded as two separate phases because B2 folds refold
the plane of pebble flattening and the mica foliation parallel to that plane,
In addition, B2 folds refold an earlier Bl rodding lineation as discussed
above, lowever, in spite of the fact that Bl and B2 ean be regarded as two
separate phases, B2 might have followed Bl without a time gap.

i) Extensive rotation is unlikely because at Olefjell, B2 structures are
absent but the Bl lineations still have the regional northwest trensg. In
addition the 82 folds which refold the Bl rodding lineation (Fig. 7,e) have
a concentric style and when unrolled give the original trend of Bl as north-
west-southeast, This suggests that prior to B2, the original trend of Bl
was parallel to the present trend,



111) mm«mwmw;'mﬂmmm(anm
rdhbdc)mawm“mwmmqttbm&m“.
Howsver, the Bl fabrics do nob control the orisutation of the B3 structurss
(rwv..)msmnmuu(mv)wmtmm
Mqoftmnamtmmmumtmmu.o.pxmm
dominant over linear fabries, Flian, 1965), Trus "grained” rocks are
restricted to the rod conglomerates, which have a limited distribution.
As a planar fabric cacnot be expected to notlnly control the direction of
a later deformation, thie structural control seems unlikely.
iv) mpmaplﬁmswmutusammuum
parallel to those of the 51 phase. Thhpnlhnumnguﬁonanl
planar fabrie, could conceivably produce two separate parallel linear fabrics.
If the stress fields were parallel, however, the values of the stresses
mldlnvotochlneemmsltothonphue. For example, the
umitmdmaionofthtalphnuvmﬂdawzoh"tm
verticel (c.f. Chape VI) whereas that of the B2 phase (suggested by
Mﬂw)mld.pp-rtohﬂbﬂmmlwtm,i.o.M|
northeast-southwest direction. If the stress axes of the two phases were
parallel, the Bl deformation eould have graded iato the 32 deformation
mw;mntlunmath.ﬁmm.

fypothesis iv) ie accepted by the writer. In addition, the
structural evidence described in ii) seems to indleate that the original
4rend of the Bl lineations (i.e. "stretching" lineations of ppe73+75)
was parallel to the present trend,

27.
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Structures of the Third Movement Phase
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B3 fold refolding Bl and B2 folds
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(e) Ihixd movement phase (B3)

The third minor structures vary in symmetry from near perfect
orthorhombie, through monoclinie, to triclinie, and vary in style from
fsimilar” to concentric. They also have a wide range of orientation which
is a result of the conjugate symmetry of the third movement phase, The
third structures refold both Bl and B2 structures (Figs. % and 9).

The "similar® third folds are ususlly quite disharmonic
{Plate 7 b) and may bave a strain slip cleavage parallel to the axial plane
(83) (Fig. 8, h). The "similar" style is indicated by graphs of T against
distance normal to the axial plane (Hemsay, 1962a) which show maxime and
minima at the axial planes (Fig,10). Most B3 folds have this style and
are usuzlly asymetric monoclinic folds.

A further indieation of a "similar" component in the third
deformation is shown by the patterns of deformed B1/B2 lineations developed
in parts of ﬁho conglomerate. The fine Bl/B2 rodding lineation is
~ deformed in a sins-wave pattern on a planar surface (148, the flattened
pebble surface) (Fige3, b). This structure ismalogous to the deformed
lineation reported by Ramsay (1960, p.20) in Glenelg. Ramsay (ibid p.90)
suggested that if the movement direction which deforms a lineation, lies
within the plane of the lineation, no folds will develop but the lineation
will be deformed into a sine-wave pattern. Any new lineation developed on
the surface by the deforming movements will be parallel to the "g" direétion,
The B3 linsation in the above structure is thus probably a true "g"-
lineation.

28,
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Some of the third "similar" folds described above deform Bl
and B2 lineations about great circles (e.f. Fig.1l)., The "g" directions
of these folds have been calculated (Ramsay, 1962a), In some outcrops
Bl and B2 lineations were found deformed around B3 folds in which the angle
betwesn B1/B2 and B3 axis varies across the B3 axis, signifying that the
deformation inecluded a component other than that of concentric buckling,
Because of the sgale of these folds, the actual distribution of BL/BR is

the BI/B2 lineation
unknown, but the approximate plame in which (' k' | lies was measured

in the fleld ard the "g" axes calculated, Although this method is inaccurate,

it probably gives some indication of the approximate movement directions
within the B3 folds, All the measured "a"-lineations and "g"-directions
caloulated from deformed lineations are given in Fig.12, Almost all the
"g3" directions plunge between 0° and 45° to the east and southeast.

Some of the deformed sine-wave B1/B2 lineations lie in a
slightly buckled surfacs with the axis of Buckling parallsl to the B3
lineation (Fig. 8,¢). This buckling may be a late stage in the B3
deformation,

In the field, the third folds show an extreme variation in
axial plane and fol.q axis orientation. Thies variation cannot be explained
as being wholly dus to the contrel of the orientation of B3 axes by already
folded E1 surfaces, or by later refolding,

Much of the variation is thought to be due to the conjugate
symnetry of B3, Many examples of conjugate folds were found throughout the
area with axial trends parallel to neighbouring B3 folds, suggesting that
at least some of the B3 folds have a conjugate symmetry. Many of these
conjugate third folds have a "brittle" style comparable to those described

29.



by Johnson (1956) in the Coulin Forest., Scotland (i.e. with a shear plane
or kink band parallel to the axial plaus) (Fige8). This brittle style is
only apparent because this style of deformation by kinking can be compared
with "plastic” kink sones of deformed crystals (Johnson, 1964).

Only one third fold with perfect orthorhombic symmetry was
found (Fig. 3,e), uafortunately in a fallen block., This fold has deformed
an earlier lineation in a rather interesting manner. The engle between the
deformed lineation and the B3 axis varies around the B3 fold axis,
Unfortunately, because of the scals of the fold it was not poseible to determine
accurately whether the pattern of the deformed lineation lies on a small
cirele, great circle, or complex curve (Ramsay, in Johnson and Stewart, 1963).
At least part of the deforsation in this fold was accompenied by a "similar”
component (i.e, & component which does not imvolve flexural slip). Nearly
all conjugate folds described so far have been formed by flexural slip so a
"gimilar" component in the deformation of the Bygdin conjumte folds raises
some problems, The "similar" component could be a late stage plastic flattening
imprinted on an already formed flexural slip fold., "Similar" B3 folds have
already been desoribed and may have formed at the same time as the conjugate
folds, Thus the third deformation mayve been complex with flexural
slip folds forming in some areas while similar folds formed elsewhere.

The regional orientation of the 53 surfaces will be described
to illustrate the conjugate symmetry of the B3 folds, Although most of
the B3 folds do not have & conjugate symmetry on the mesoscopic seals,
they have a conjugate symmeiry on the mecroscopic scals,
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Girdle distributions of S3-poles are appsreni in sub-areas
3, 5 and 6 (Fig. 2) but are not so obvious in other sub-arcas. The
girdles are interpreted as reflecting the conjugate symetry of B3 with the
girdhmmmgthclm&hummuthomjmuulﬂ
planes. A composite plot of all S3-poles measured in the area (Fig.13)
demonstrates a girile distribution with the girdle axis plunging at 25°
sovards 98° east. In all sub-areas, the girdle axis or lins of inter-
ssection of the 53 axial planes plunges through the 51 foliation. This
asymmetry produces divergent S1/83 intersections and accounts for the complex
B3 axial distributions in all sub-arsas. The goometric relationships of
conjugete folds which are asymmetric to the foliation have uh'nd; been
mcrnedbymw(m&mmmndonu%nmduumum
here.

An enslysiec of the third stiress axes can be attuptodming
the mymmetry of the B3 structures (Johnson, 1956; Ramsay, 1962b)s The
intermediate stress direction is assumed to liec along the line of lnter-
ssection of the conjugate axial plsnes (and hence along the girdle axis).
If this assumption is correct, the intermediate stress direction (Oz)
plunges at 25° towards 98° east. Now the maxiuum and minimun stress
directions (eldejmiwly)mnommltothhmdm
lie somewhere within the girdle of S3-poles.

In a simple conjugete fold with two interseeting axial planes,
dlnd¢3ﬂummanghlhtmth‘wouhlphm. In the
composite plot however (Fig.13) an almost complste girdle is present. A
gap in the girdle occurs near the horisontal plane (representing a gap
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in the spread of axial planes near the vertical). The ¢, axis must
bisect the angle of the gap in the axial plane distribution (Fig. 14).
64 will then lie 90° from o, on the S3 girdle,

oy plunges at 62° towards 300° northwest, o, at 8° towards
198° south, and o, at 25° towards 98° east. In eddition stress axes were
M£Od1hruch of the sub-areas with girdle distributions of S3-poles
and are plotted along with the regional stress axes in Fig.15,.

The third deformation wis probably a three dimensional strain
because the "g3" axes group around the regional o, axis (Fig.12). In
spite of the fact that the directions of some of the "§'-axes are only
approximate because of the diffiouity of accurate measurement, (p.29) and
also an "g"-axis does not necessarily represent the only line of
movement within a rock but one of many (e.g. in a three dimensional
deformation), the grouping of "g"-axes about o, demonstrates that at least
some of the movement took place along the intermsdiate stress direction,

(d) Eourth movement phase (34)

This is the final movement phase in the area to imprint
minor structures, all of which have a brittle style and seem to be
intimately associated with joint formation.

A joint snalysis hes been done by Strand (1945) end will
not be repeated here. Strand recognised three joint sets with the
dominant set trending northeast-southwest approximately normal to the Bl
and B2 linear structures. The northeast crose joints are often represented
by two conjugate joint sets intersecting in a gmall ansle. The other
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two sets of joints trend north-south and west north west-east south east.
Beoause all the joints cut through the structures of the

first three movement phases, they are regarded as being lataer,

Small joint drag folds can be found associated with the cross
joints and because of the symmetry of the oross joints, the joint drag
folds may have & conjugate symmetry. The joint drag folds can also be
found where joints are absent (Flate 8, b).

Other structures of the fourth phase include quarts or
chlorite filled tension gashes which may or may not ocour with the joint
drag folds (Plate 8, a). Both dextral and sinistral tension gashes are
present,

These B¢ minor structures show little preferred orientation but
a plot of the possible movement directions of the minor structures have e
significant distribution. Assuming & simpls shear deformation for the
tension gashes, shear directions in the kink-szones have been ealculated
assuning that the shear directions are normal to the line of intersection
of the tension gashes with the kink-sone, Shesr directions for both the
dextral and sinistral tension gashes plot in a northeast great circle
(Fig.16) which is perallel to the trace of the northeast cross joints.

This indicates movement along the northeast cross joints but the direction
does not appear to have bun- constant, v

The Synberg area, 24 km, south of the Bitihorn, was mapped
to determine the structural history of the rocks lower down in the



Fig 17

Geological and Structural map of the Synberg area

CAMBRO-1SILURIAN

VALDRES SPARAGMITE

MELLSENN DIVISION

PHYLLITE -
QUARTZITE

SEMI—PELITE

L | km

CAMBRIAN

GARNETIFEROUS
QUARTZITE

| HORNBLENDE GNEISS

FOLIATION OF PRE-
CAMBRIAN ROCKS

S1 FOLIATION OF
CAMBRO-1SILURIAN ROCKS

B1 LINEATION OF CAMBRO-
?SILURIAN ROCKS




- Bl lineations
° Poles of S| foliation
x Poles of bedding

Stereogram of the minor structures of the

First Movement Phase
at Synberg



Cambro=Ordovieian sequence than the rocks at Bygdin, A complete section
of Cambro-Oprdovician sediments (Table 1) is exposed in the area, dmto
the Pre-Cambrian basement upon which they rest (Beito-VWindow). The
structural history of the Synberg areea seems t0 be comparable with that
at Bygdin,

(a) Eirst movement (BL)

The first folistion (S1) has & similar trend to the first
foliation at Bygiin (Fig. 18). S1 has a strike of 280° northwest with a
dip of 10° to the northeast. Surprisingly, S1 at Synberg is a strain
slip cleavage (Plate 9, a) and this raises the possibility of a pre-Sl
feliation oecurring at Synberg, .

The Bl lineations (which include cleavage/bedding inter-
isections, mineral elongations, and mica-crinkle lineations) show a large
variation in trend (Fig. 17 and 18) with trends varying from 60° northe
esst to 150° southeast.

An important problem at Synberg is whether or not the Bl
phase can be correlated with Bl of Bygdin. The key to any correlation is
the nature of the contact between the lower Cambro-Ordovician sediments
(up to the Mellsenn Division) and the Valdres Sparegmite. The junction
plane has three possible origins.

i) The junction is & normal sedimentary coatact, with the
Mellsenn Division as a passage group between the phyllite and quartzite
facies of the lower Cimbro-Ordovician rocks and the arkosic facies of



of the Valdres Sparagmite (Strand, 1958). If the section is a complste
m sequence from Lowsr Cambrian to Valdres Eparagmite, there
ean be no minor tectonie structures in the phyllites and quartzites which
pre-date the deposition of the Valdres Sparagmite.

i1) The Lower Cambro-Ordovician sediments may have been
overthrust and deformed by the Lower Jotun Nappe, with the Nappe being
eroded away at a later date and the Valdres Sparagmite deposited on
top of already deformed Cambro-Urdovician sediments. This relationship
is present at Rgssjgkollene (c.f. pps 13-1i) which shows that at
least to the east of Bygdin the lLower Jotun Nappe at one time extended
further south than Bygdin and may have covered the Sygdin area. This
relationship would imply possible tectonie structures in the Gambro-
Urdovieian sediments which pre-date the first deformation of the Valdres
Sparagmite,.

i11) The junction between the Valdres Sparagmite and the
Mellsenn Division may be a thrust plane, Zulling (1961) has suggested
that the Valdres Sparagmite represents a middle nappe between the
Lower and Upper Jotun Nappes, and that the Valdres Sparagmite is not
of Cambro-Ordovieian age but 48 in fact Eo-Cambrian Sparagmite. This
hypothesis could imply that teectoniec structures mey be present in both
the rocks below the Mellsenn Division and the Valdres Uparagmite
that pre-date those produced by the thrusting of the Upper Jotun
Happe.

The evidence of the mature of this contact at Synberg
is difficult to interpret as the junction is exposed in only one outcrop,



midway up an inaccessible ecliff-face, The junction eppears to be & normal
sedimentary contact (e.f. 1) ebove) with alternations of thin sparagmite
and phyllite bands passing up into Valdres Sparagnite proper, If this is
indeed a sedimentary contact, there cannot be any tectonic structiires
which pre-date the Sparagmite deposition, anywhere in the sedimentary
succession, The first tectonic structures of the area will probably be
present in both the Valdres Sparagmite and the sediments below the Mellsenn
Division.

In fact the Tirst strain slip cleavage of the Lower sediments
seens to pass up, without any change in orientation, into the S1 foliation of
the Sparagmite, However, an 51 strain slip cleavage 1s absent in the rocks
above the Mellsemn Division (Plate 9b)s In addition the Bl lineations
of Synberg can be traced up inte the Bl lineation of the Valdres Sparagmite,
The Bl axes in the Upper Phyllite Division have a general eastewest trend;
they swing round into a northwest trend in the Mellsenn Division and this
continues up into the northwest trending Bl lineation in the Valdres
Sparagnite. On this evidence the writer would suggest that the Bl phase
at Synberg is equivalent to the Bl phase at Bygdin,

If, hovever, S1 strain slip at Synberg is correlated
with 51 at Bygdin, what is the significance of the muscovites and blotites
which are strained by S1 at Synbarg?

The writer would suggest that the muscovites and biotites
erystallized along ?hedding planes during an earlier phase of Bl and were
strained by a later Bl phase, If, however, the nature of the junction
between the Valdres Sparagmite and the Mellsenn Division has been
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nisinterpreted, the micas could have crystallized during a pre-Bl movement
phase (e.g. during the thrusting of the Lower Jotun Nappe).

(b) Second movement phase (B2).

Only three folds of this movement phase were mapped at Synberg
(Fig. 19)e They are tentatively correlated with B2 at Bygdin because of a
pimilarity of style to the B2 folds of Bygdin.

(e) Ihird movenent phage (B3).

The B3 folds at Synberg have s comparable style, symmetry and
orientation (with axes varying in trend from north-south to southeast-northwest
to the B3 folds at Bygdin, S3-poles are spread into a girdle distribution
with a girdle axis plunging at 25° to the east (Fig.20). This girdle
pattern suggests that the Synberg B3 folds have a regional conjugate symmetry
and are in fact equivalent to the B3 folds at Bypdin, A stress analysis of
B3 gives the same result as that for Hygdin and are plotted with the Bygdin
stress axes in Fig.l5.
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III.  HAJOR STRUCTURE

1. INIRODUCTION

The only major structures recognised at Bygdin were formed during
wmwummm. The me jor structure of the first
Mpriod;sthom.lthmnmotthountrhtmm The
major structures of the second movement period are muwut trending
antiforms and synforms (Fig.21).

2. BASAL TURUST ZONE

In the extreme southwest of the area (Map I) the thrust zone is
defined by a clean cut thrust at the base of the gabbro, Here the thrust
hes & northesst strike (at 059%) with a dip varying between 1.° and 47°
to the northwest. The change in trend of the thrust trace, from east-west
to north-south in crags just southeast of the Bitihorn swmit is purely a
- result of topography. Fhyllonitic rocks are absent below the Bitihorn
where instead the rocks only show slight crushing, Most of the original
imv.tozt.uros of the gabbro are retained to within a few metres of the
thrust plane,

1% km. north of the Bitihorn, the thrust plane at the base of
the gabbro transgresses to a higher structural level and a second thrust
plane contimues north to define the basal thrust zone of the Jotun Nappe.
A basal phyllonitized gabbro outcrops where the thrust plane at the base of
the gabbro transgressee upwards. This is a fine grained foliated rock
which can be traced upwards from the thrust for 10 metres and gradually

.pu-aa into less cataclased gabbro, At the transgression, the trace

33,
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of the thrust plane swings round to a northwest trend due to refolding by
antiform-a (Map II). The thrust zone on the southwest limb of this antifam
is composed of a series of thrust wedges which dip westwards below the gabbro.
The structural sequence below the gabbro is -

1) Conglomerate wedge closing towards the northe
11) Granite sheet wedging out towards the southe
111) Conglomerate and sparagnite,

The granite and gabbro probably form two separate thrust sheets (p. 9)
separated by the conglomerate wedge., The conglomerate wedge pinches out
on the peninsula at the east end of lake Bygdin, The contact between the
granite and gabbro to the north of this is not exposed but is probably a
thrust sons.

The thrust at the base of the granite sheet (unit ii) can be traced

north towards Bygdin defining the basal thrust m of the Jotun Nappe.

 Near the Bygdin Hotel, the thrust is folded sbout major antiforms of
the second movement phase (Map III)e This folding has produced stepp or
inverted dips in the thrust plane, On the northeast limb of the entiforms,
the thrust plane trace continues southeast into lake Vi.nstri.. The strike
here is northwest with steep dips of 60° to 70° to the northeast.

A basal zone of phyllonite is present in the granite just above
the thrust plane, and can be traced from the thin granite wedge on the
west limb of antiform-a, round the antiforms at Bygdin towards lake Vinstri.
The phyllonites vary in thickness from one metre in the core of antiform-a
to 100 metres at Bypdin. In addition to the basal phyllonite sone,



extensive phyllonite horizons are exposed up to 400 metres above the thrust
plane to the north and northeast of Sygdin (Map I).

Five thin slices of cake-conglomerate occour within the nappe to
wmmmumuapmm-nm lie between 5 and 20 metres
Mnbhthmtphmhthmottbmmmamnm
(Map III). The other two slices are structurally about 300 metres above
the basal thrust plane on the northeast limb of the antiforms. They are
regarded as slices picked up during thrusting rather than fold cores,
because the structural 8ata do not indicate closures.

The thrust plane trace reappears on the north side of lake Vinstri
on the Bamaoddenponlnmhmdhonlyupoaodhmmmpteth.
northeast of the peninsula,

Throughout the whole area, the conglomerate and sparagmite just
below the thrust plane have not been eataclased to mylonitic rocks, Although
deformed, the sediments still retain their identity.

In the thrust zone near the Bygdin Hotel some intermixing of
conglomerate and igneous rocks has taken place. Thin bands of blue
hornblende phyllonite (derived from igneous rocks) up to 10 cm, thick, can
be found within the conglomerate near the thrust plane. (Plate 10, b).

In addition, within the phyllonite above the thrust plane small fragments
of deformed conglomerate pebbles can be found (Plate 10, a). A4s recognised
by Flinn (1961), the thrust near the Bygdin Hotel is not clean cut, but

is defined by a lithological break rather than an obvious tectonic break,

Exposures where the thrust plane truncates the S1 foliation
have already been mentioned ( p, 19 ). In several outerops on the Bitihorn
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TABLE 2

Fold Axis Axial plane Dip of SW Dip of NE Remarks
trend/plunge strike/dip limb Linb
Antiform=a 310°/12° W 305°/68° NE 60°=80°to SW 20° to NE Asymmetric,dishermonicsRefolds thrust plane ard
minor B2 folds,
Synform=b 310°/10° MW  300°/60° ME  20° 4o NE 40°=50° Disharmonicyno minor folds.
to SW
Antiform-c 310°/ 10° NW 305°/80° NE 20° to SW 20° to NE Symmetrical. Folds thrust plane.Minor folds
on both limbs.Part of the Bygdin Antiforms'
Synform=d 315°/20° NW 303°/75° NE 20° to NE 75° to NE Disharmonies NE limb inverted.Refolds thrust plane.
Minor folds on both limbse
Antiform-e 314°/42° NW 310°/70° NB Both limbs dip at 70° Asymmedric. SW limb inverted.Disharmonic.Folds
to NE thrust plane on major and minor scale,!
Antiform=f 310°=315°/ 310°=315°/ 70° to NE L0°® to NE Disharmonic. Asymmetrice SW limb inverted.
o (*] o
15°-18° WW il Refolds Antiformee.
o =00 .
Antif g 320°/4,0° NW 330°/75° SW  30°-40° to 40 51?13 to Disharmonics' No minor folds. Part of the
SW Bygdin Antiforms!
Antiform=h 319°/8° NW 32Q°/ 85° NE 20°=30° to 20°=30% to Symmetrical in the south but overturned at
(S. part) (S.*part) oW s the northern end, Minor folds on SW limb,!
320°/65° SW  30° to SW 90°
(Nepart)
Synform=i 326°/18° NW  330°/75° SW  30° to NE 20° to SW  Open warp., No minor folds.
Antiform-j 328°/14° NW  330°/85° SW 15°=20° to 20°=30° to Disharmoniec,! Very open in the lower structursl
NNW NE levels., Part of the Bygdin Antiforms

DESCRIPTION OF THE MAJOR SECOND FOLDS OF THE BYGDIN AREA



eregs, the thrust plane was found to truncate B3 folds (Fig.22). This indicates
that the Bitihorn gabbro has undergone a post-B3 phase of thrusting. This

late movement could be a result of readjustment along the thrust plane

during a late phase of the third movement period. This rejuvenation is

gimilar to that reported by Christie (1963) in the loine Thrust mone,

However, kakirites or secondary mylonites are absent on the Bitihorn,

3. HAJOR SECOND FOLDS ©

Ten major B2 folds are recognised in the area. The axial plane
traces of the folds (a=j, Fig.2l) have been determined using changes in
the shape of 82 minor folds and by major swings in the strike and dip of
81, Three of the antiforms (g, ¢ and j) are part of one large antiform
(the Bygdin Antiform) but have been separated for the purposes of description,
These major folds are described in Table 2,

Apart from the Bygdin Antiform, the folds can be followed for a
short distance only. The Bygdin Antiform is quite disharmonic when traced
from the lower structural level in the south of the area towards Bygdin,

The antiform in sub-area 4 is quite open with dips of 15°-30° on each limb,

However, in the area of traces ¢ and g, the limbs dip more steeply with dips
of up to 80% All other major folds in the Bygdin area are major parasitic

folds (de Sitter, 1958) on the limbs of the Bygdin Antiform.

The refolding of antiform-e by antiform-f will now be discussed.
(Map III). The trace of g can be followed northwest from the small tarns
to the northeast of Stavtjern, passing northeast of the Bygdin Hotel,

On the northeast limb of @, just north of the Bygdin Hotel, the thrust



plane is folded about parasitic folds of antiformes, The chape of these
folds is consistent with the geometry of g« The trace then swings northeast
to cross the trace of antiform=f. This refolding of g by £ causes antiform-e
to change from an upwards-closing fold (in the lower structural levels) to

a side-ways closing fold (ae it crosses the core of f).

Antiform-{ 1s excellently exposed on the island in the outlet
strean of lake Bygdin and haes a style and orientetion similar to the B2 folds.
In addition, the parasitic folds on the limb of antiform-f are refolded by
minor B3 folds (Fig.9). It is tentatively suggested that antiform=f is of
B2 age and that it has refolded antiform-s during & later phase of the second
movements, The causes of this refolding may be similar to those discussed
by Wynne-fdwards (1963, ppe. 310-811), VWynne-Zdwards suggested that refolding
produced during a single movement phase could be broughtabout by unsteady
flow in the rocks. This unsteady flow could be the result of varying strain
rates in a direction parallel to the axial plane or by a change in the
~ directlon of flow. In the first case, if ean anticline advanced at a greater
rate than the adjacent syncline, the unsteady flow would be relieved by
material crossing.the flow planes (parallel to the axial planes). Folds
adjacent to the anticline might then curl over the anticline into the syncline
to produce refolded folds (ibid p.807).

In the second type, fluctuations in the {low direction might cause
the flow direction to become oblique to the axial planes causing refolding
(Bid, p.809).

The refolding of B2 minor folds by antiforme=f gives the partial
girdle of plotted 52-poles for sub-area 3. (Fig.2).



Refolding of second minor folds by a later major second fold is
also present in antiform-a, The poles of minor 52 planes are distributed
in a girdle with an axies parallel to the axis of antiformea, This refolding
is probably analogous to the refolding in antiform-f,

No major folds are recognised to the east of Bygdin, The Vinstri
ares is not folded on the major scale and has a regiomal dip of 20°-30° to
the northesst, Girdle distributions developing from point concentrations
of 51 poles in sub-areas 5, 6, 9 and 10 (Fig.2) are a result of B2 minor
folds.

In addition no major folds are recognized in the Synberg area.

Major third folds are absent in the area., ‘However a plunge
culnination of Bl and B2 axial structures exists in the conglomerate 1 km.
southeast of Bygdin, To the north of the culmination, 31 and B2 axes plunge
northwest and to the south the axes plunge southeast., This culmihation has
a north or northeast trend which suggests that the culmination may be a
- yrerult of the third movement phase,

~3e



V. VETAMORFHIC HISTORY

The metamorphic history will only be described briefly to indicate
the metamorphic effects of the movement phases at Bygdin., Strand (1945)
and Flinn (1961) have already described briefly the constructive and
destructive effects of the large scale thrusting of the Upper Jotun
Nappe.

The effect of thrusting on the igneous rocks of the nappe was
largely destructive, with phyllonitic and schistose rocks being derived from
massive igneous rocks. The amphibolite facies of the granitic rocks has
been partly retrograded to greenschist facles but the granulite facies of
the gabbro is largely untouched., The greenschist metamorphism is defined.
by the growth of muscovite and biotite in the 81 foliation., In addition,
porphyroblasts of epidote and sphene have crystallized. The hormblendes
of the granites have been partly or completely decolourized suggesting
that they have recrystallized to an amphibole of the Tremolite-Actinolite
series,

The metamorphic effeet on the sediments was largely constructive
with the unmetamorphosed aedimanta being upgraded to greenschist facies,
Biotites and muscovites have crystallized in the S1 foliation and prophyro-
tblasts of epidote and sphene have formed. This metamorphism extends right
down into the rocke of the Synberg section but appears to decrease in grade
downwards as the only new minerals in the Lower Cambgo-Ordovician sediments

are biotites, muscovites and chlorites.



The greenschist metamorphism can be shown to pre-date the second
movement phase as epidotes are bent and broken in B2 fold hinges.

Both the B2 and B3 movement phases were accompanied by the
recrystallization of biotite and muscovite in the 52 and 83 foliations,
but these are restricted and are obviously of a lower grede than the main
greenschist facies metamorphism,

454
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Deformed pebbles were measured at 81 localities (or stations) in
the conglomerate (Figs. 23 and 24). Because the pebbles could mot be
extracted, the axial ratios were measured along joint planes. Fortunately,
Joints approximately parallel to the principal planes of the pebble
ellipsoids can be found at most localities, However, this method does not
allow the three principel axes to be measured in any one pebble.

At each station 30 axial ratios were measured in each ofvtuo joint
planes (e.f, Flinn, 1956) which were generally parallel to the XY end Y%
sections of the pebble ellipsoids (Axial terminology of Flinn, 1962,
used in this thesis). In some stations, however, measurements could only
be made in the XY and YZ sections. A total of 60 measurements per station
was possible in 72 stations, In the rest of the stations only a smaller
sample number could be measured,

Measurenents were taken only at stations where later folds are
absent to try and eliminate the influence of later straine on the shape of
the pebbles. This influence will be discussed later (pp. 57-60)s In outorops
with folded pebbles, a visual estimation of pebble shape was used to construct
maps displaying the distribution of pebble shapes (Figs. 33, 3¢ and 35).

2, SIRAIH CALCULATIONS

The arithmetic average of the axial ratios in each of the two
Joint planes at a station was calculated and the axis common to both planes
reduced to unity. The two axial ratios were then combined to give the



three axial ratios of the station, Strain parameters based on these ratios
are given in Appendix A.

In the strain calculations, the initial shape of the pebbles was
assumed to be a perfect sphere and volume loss during deformation was
neglected, Fossible errore arising from these assumptions are discussed
later,

The three prineipal strains (corresponding to those along the
¥, ¥ and Z ellipsoid axes) were firet calculated in the Conventional Strain
Unit (€).

E = 1-!1 : where 1 = length after strain
1’ lonhnmtntcronnu

(Nadai, 1950, p. 70)

With the advice of Dr, T.C. Hsu of the Mechanical Engineering Dept.
at Edinburgh University, the Conventional Strain Units were converted to
logarithmic strain uhits, Natural Strain (€ ).

€ = log, (1 +€) = 1n (1 +6) (Nadai, 1950, ppe73=74)

From the three principal natural streins at each station
(Eige_zg?’), strain parameters determining the gmount and gymmetry of strain
were caleculated,

‘They are -

a) Natural octahedral unit shear (&)
b) lode's Unit ( v )

4le



(a) Natural octahedral unit shear (fﬁ_)_

This is 2 measure of the amount of shear along an octahedral plane,
where the axes of the regular octahedron are perallel to the principal
strains, The unit shear along this octahedral plane is an absolute measure
of the gmount of distortional strain in any deformation of any symmetry and
can be used to compare the amount of distortional strain in the rod and cake
conglomerates,

Hadai (1963, pe47) gives a different constant (2/3) to that used
by the writer. This, however, does not affect the comparative use of
this measurement,

An important property of € is that it is directly pmmieml
to the amount of work (Gs) applied in the distortional component of
strain,

3 cs T o ~ Octahedral shearing stress,
“nl o d%s d, = incremental octahedral unit
o
shear,

(M’-p 1963, P047)o

Theoretically, strains with oqmlz-:s values have had the same
amount of mechanical energy expended in the distortional deformation,
provided the simplect path possible is taken in the deformation (Nadai, 1963,

43,
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footnote to p.73). gs does not give any indication of the amount of rotational

strain in the deformation,

(b) ILode's wait (v)

This is a measure of the symmetry of strain and is equivalent to
Flinn's E-value (Flinn, 1962, p.388).

Q
1]
H‘\ N‘N
] ]
0y
w ' Pﬂ\‘

( IDdQ, 1926’ Po9p)o

Vevaluee range from -1,0 (pure tension) to +1,0 (pure flattening).

pure tension pure shear pure compression
(k = =) (k =1) (k = 0)
v = =1,0 v =0 v = +1,0

However, Me Flinn's k-value, y'in a simple deformation of the type discussed
by Ramsay (1964), does not change in value during the deformation. During

a progressive deformation, each incrementgl stage in the deformation can be
represented as a point on the deformation plot (Flinn, 1962, p.336).

The locus of points represents the deformation path, Remsay (1964) has shown
that deformation paths representing the simplest types of deformation are
curves of the type a=b dog aT‘/'.l.og b. Now Flinn's symmetry measurement,

k, is defined essentially by the slope of the line from the origin of the
deformation plot through any one point on the deformation paths  Thus
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50.

on a curved deformstion path, k wust change in value along the deformation

path.

However, on @ logarithnic plot, Ramsay's deformetion peths plot
umwnuudm;,muumedu-wom
unit, does not change in value during deformation. In a progressive
deformation in which the stresses do not change in value or orientation and
the minimum smount of work is applied in the deformation, y will determine
the symmetry of the incremental strain ellipsoid (i.e. the constant ellipsoid
which is added on st each incremental stage in the deformation) rather than
the symmetry of the ellipsoids which result from the addition of the
ineremental strein ellipsoid, In geclogical streins, however, where the
above sonditions do mot necessarily hold (and where the incremental straih
M-ymun.mmmpzmgmmwmm),m
use of ¥ to denmote strein symmetry will not have any advantage over
Flinn's E-value.

3. ELOTTING OF DATA

States of strain may be plotted in a three dimensional space

defined by orthogonal axes of Zl, &,y and Z—'3 (Fig.25)s In practice,

this three dimensionz] space is projected on to the plane Zl v, ¥ 23 =0

and is termed the strain plane (Nadai, 1963, pp.70-76). This strain plane

lies normel to the space disgonal (OP) of the three dimensional space
(where glzgz z'é_:) and cuts the diagonsl at the origin (71g.25).

Sequences of simple tension, compression, and ot'puro shear arc
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represented in this strain plain by 6 coplansr straight reys making equal angles
with each other (Fig.25). A deformation path representing one of the above
types of deformation will start at the origin and follow one of the 6 coplanar
rays. States of strain with q-m-m intermediate to the above types will
plot as points between the 6 rays,

For geological stralns, only one 60° segment is required to plot
all types of strain if it 1= assumed that §i> €2>€3. Two metheds of
plotting geological strains on the strain plane can be used, For the first
type, a petrological trisngular diagram may be used with the origin of the
plot ;t one of the epices of the triangle (Fig.26). States of strain are
represented by the coordimates Z,Z,, Eye

In the second type, at 60° segment of a polar diagram may be used
(Fig.26). States of strain are represented by the coordinates €, 1, (which
are of course based on <, c;:z,éa). The locus of points of equal $-values
are straight lines radiating from the origin, and the locus of points of equal
Zsmlma are concentric circles centred on the origin, A single state of
strein will plot at the same point in both diagrams.

The strain plane is completely anslogous to Flinn's deforuation
plot (Flinn, 1962, pp, 336=338) as the filelds of flattening and constriction
1lie on either side of the line of pure shear, The strain plane rather than
the deforumation plot is used because the simplest deformation paths plot as
straight lines on the strain plane, Curved deformation paths will result
if the stresses ¢hange in value or oriemtetion during the deformation, In
addition, the deformation plot is distorted with respect to the amount of
distertional strain, Points of equal ‘és do not lie equidistant from the

origin like points on the strein plane (Fig.26) but lie on hyperbolae (Fig.26,c).
WAT Aok comdinales’,

5L



A projection disgrem similar to the strain plane can be constructed
to represent -um of stress (Nadai, 1963, pps 71=72)s This 1s the m
plane in which a three dimensional space represented by orthogonel stress
axes (51, Sys 03) iiwojoot‘o.donsotho phno_alﬁc-z¢¢3=0. As all
pmthngmmudimlhnclcczzaa (1.0, a state of hydrostatic
stress), the projection of points on to the stress plane parallel to the space
diagonal effectively resoves the hydrostatic component of stress., All points
on the stres plane represent the deviatoric component of strese

(o375 9oy 43").

The measured axial retios of deformed pebbles do not give the
true value of the strain in the pebbles, because the final shape is influenced
by factors other than that of strain (Higzins, 1964). The ratios are
influenced by =

(a) Errors of messurement.

(b) Variation of pebtle compositionm,

(e) Variations of the original shape of the pebbles
and orientation to the stress axes,

(d) Volume loss during deformation,

(e) Effect of repeated deformation.

(2) Exrors of mensurement
‘ Pebble axial ratios were measured as accurately as possible with
eallipera, On the advice of Flinn, 30 ratios were measured in each of two
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joint planes at a station. In order to determine whether 30 measurements were
sufficient to define the average axial ratio along any one joint plane, a
comparison was made between the average calculated from 30 measurements and
thet caloulated from over 1,200, The comparison was made on the X/Y ratio

at station 20 and the error calculated at : 1,84, A sample of 30 measurements
is thus sufficient to define quite accurately the average axial ratio of the
ellipsoid se¢tions on the joint planes,

However, an error might result if the sections through the pebblas
on the joint planes are not parallel to the principal planes of the pebble
ellipsoids. Such deviations could be umused either by variations @ the
orientation of the joint planes or by an independent variation in the orien-
station of the pebbles. This error is probably quite small at Bygdin because
rost of the pebble axes are parallel to oene another and joint planes can be
found within 5% of the principal planes of the pebbles. lowever, in some Y2
sections at Olefjell, the long axes of the pebbles have a large variation in
orientation about the Bl lineation (Fig.27). This is a result of the super-
iposition of a tectonic strain ellipsoid upon a pre-deformation sedimentary
ellipsoid shape where the two ellipsoids are not parallel (Fiz, 28), The
resultant poet-deformational ellipscid is parallel to nefther the initial
sedimentary ellipsoid shape or the true strain ellipscid, Thus a tectonic
strain superposed on initial sedimentary ellipsoid pebbles vhich have no
preferred orientation of axes, will result in a variation in orientation
of the axep of the deformed pebble ellipsoids., Very large doformat.'iona will
be required to bring initially disorientated axes into parallelism, The
pebbles at Olefjell may have had u random (or nesr random) orientation of
predeformation Z-axes in the YZ tectonic plane,
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In order to reduce possible errors, measurements at Olefjell were
taken in the YZ plane vhere possible, irrespective of the orientation of the
Z-axes. However, measurements in the other plane (e.g.) XY will be in error
because many of the ellipsoid sections are not parallel to the prinecipal
planes, The amount of this error is unknown because of the lack of pebble
orientation data in any one station,

(b)

Compositional variation between pebbles will cause the viscoeity
to vary between pebbles during the deformation., Viscosity differences
probably give rise to varying strain rates and thus pebbles of differing
compoeitions may not have the same shape at the end of deformation even if
they were part of the same streess field. This is not an important problem
at Bygdin because over §575 of the pebbles are almost pure quartzite and only
quartzite pebbles were measured, During the pebble deformation, most of the
pebbles probably had the same viscosity.

(e)

This factor probably gives the largest errors encountered ih
measuring deformed pebbles, The writer's strain calculations are based on
the assumption that the original pebble shape was a perfect sphere,

However, the pebbles of most undeformed conglomerates do not have spherical
shapes but are ellipsoids. This error is much larger than has been supposed
in the past (liggins, 1964). In addition, the orientation of the principal

exes of the undeformed pebble ellipsoids with respect to the stress axes
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is important in determining the final shape of the pebbles, This problem has
been studied by Ramsay and Hisgins (Higgins, 1964), who have defined fields
within which a pebble shape may fall at the end of a deformation, given

any initial shape and orientation with respect to the stress axes, and a glven
strain, The fields are defined by the & possible orientations of ths initial
ellipscid shape with respect to the stress axes so that the stress axes are
parallel to the pebble axes, [.sble orientations which are not parallel to
the stress axes lie within the field, Some of the fields given by iiggins
are recalculated and plotted on the strain plane (Fige, 29 and 30), The
error induced by this initial shape factor with regard to the amount and
symmetry of strain may be up to 100s or more. Vowever, the larger the
deformation, the smaller the errom,

In order to calculate the possible error at Bypdia, an initial shape
festor has been Subiracted from the measured pebble shapes of two stations
representing the highest and lowest amount of deformation (Fig,3l), The shape
factor chosen was one with X:Y3Z = 1,0:1,52:2,17 as this is near the average
of shapes of undeformed sandstone and quartzite pebbles (givea in Carrol, 1951;
Flinn, 1956; Weniworth, 1925), DBecause natural strain unite can be simply
added or subtracted to provide addition or subtraction of strain, the initial
shape factor was converted to natural strain units (Z 1. = +0,33, 2, 2’ = +0,02,
E, = =0,40) and then subtracted from the measured strain to provide the
possible error iavolved by neglect of the shape factor in the sirain
ealculations. [ike the calculations of Higgins, € different subtractions
vere carried out for each station, representing the 6 possible oriemtations
of the pre-deformation shape to the measured post-deformation shape, so
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Shib by il oF BAR shapes are parallel. The field defined after the sub-
straction of an initial shape factor represenis the possible error in strain
‘measurements (Fig.3l). The true strain msy lle anywhere within the hesagon
about the measured pebble shape (provided the pre-deformation shmps at Bygdin
was close to that averaged from the literature).

The n-mr in the measurement of the amount of strain (€ ) is up
to * 254 for the high deformation, and s 505 for the low. The error in
symmetry ( ¥ ) is up to % 0,45 y-units for the high deformation and : 0,90
g-units for the lov deformation, This last error with respect to the total
-range of symmetry i one of i 50k

(d) Yolume loss
Any volume loss during dttomtiéa (such as material on;riod awey

in solution) will affect the accuracy of the strain calculations becsuse
these caloulations assume that the volume loss during deformation is szero.
Estimation of poszible volume loss at Bygdin is impossible because of the
absence of undeformed pebbles. The difficulty of trying to add on any
possible volume loss is deciding whether the volume loss has an isobtrépic
W:v or a symmetry similar to the deformation ellipsoid, Cllmhtiom
by Ramsay (unpublished data) indicate that a volume loss (up to 20:) can
. mlter the shape of the final ellipsoid and place it in the flattening field
even althouzh the deformation waes not one of flattening, All stations at
Bysdin in the flattening fleld might have only undergone two dimensional
deformation with the "flattening" purely a result of volume loss,



(e) Eepeated deformation.

This is an important problem at Bygdin.because the area hses under-
igone three separate strains (Bl, 52, B3) all of a plsstic nature, The two
later strains have probably modified the actusl walues of the first strain,
but more important, they may have udi.fiod the symmetry,

The minor structural evidence indicates that, despite modification
by the second and third movements, the cake pebbles are clearly seen to have
_ formed prior to the B2 and B3 movements, because the cake pebbles are
folded about 52 and 33 folds, :

Similarly, the rod pebbles can be shown to pre-date the third
movenent phase because they are folded by the B3 folde, Honm,ﬂtb-o rods
cannot be dated with respect to the B2 phase because of the absence of 32
minor folds in the areas of the rods, The rods either pre=date 52 or were
formed from cake pebbles dm'ing:"(tlu B2 phase.

Now any hypothesis d= rod conglomerate forming from cake conglomerate
during the second movement phase, must explzin the restricted distribution
 of the rod conglomerates in contrast to the widespread diairib%ion of the
B2 strains (i.e, folds), The restricted distribution of the rods sould
- result of -

i)  wvariations in the symmetry of the B2 strain throughout

the area.

11) the B2 strain being superposed on cake pebbles which
vary in orientation as a result of the 31
deformation,

57.



1i1) the B2 strain being superposed on cake pebbles which vary
in orientation as a result of the B2 deformation,

1) Variations in the symmetry of the B2 strain are difficult to
discuss because arguments used to support this hypothesis could also be
used to support a hypothesis of cakee and rods forming during the Bl
‘deformation, This latter hypothesis is obviously more atiractive than the

former,

11)  The fimal shape of & pebble at the end of deformation is dependent,

not only on the initlal shape, but alsc on the orientation of the pebble axes

with rospect to the stress axes (Higgins, 1964). Hence a constant strain
superposed on pebbles with varying initial orientations will produce different
shapee at the end of the deformation. Rods could quite conceivably form
from cakes given initial variations in orientation of the principal axes

" of the cakes, Such variations in orientstion have beem produced by the
writer in experiments carried out on "silly putty" (pp. 69-70), low the

- postulated variations could have been similar to those in the putty
experiments and oonld have formed during the Bl deformation. Superposition
of the B2 strain might then have produced rods, like the hypothetical
~deformation discussed on pp. 71-72.

i11) The variations in orientation of the cake pebbles formed prior
to the B2 plastic strain could also have been produced by 32 concentric

58.
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folding, After folding, the orientation of the pebble axes could change
systematically around the fold hinge, The superposition of a B2 plastie
strain on the cskes could then form rods in the fold core and cakes on the
limbs (or vice-versa). £

If the hypotheses of rod econglomerates forming from cake
conglomerates by the superpositlon of the 52 phese, are true, the 32 folds
might then be expected to control the distribution of the rod conflomerates,.
A comparison of the distribution of the pebble shapes and major second fold
traces (Fige32) indicates that the B2 folds might have controllsd the rod
formation as the areas of the rods lie in line with the fold traces.
However, rods are absent in the largest fold of the area (the Bygdin Antiform)
Shf the Fods of aspifarwes Lin outaide She fuld Erees: - This 1iwe nedtidesd
rod area lies at a tectonic level where the dihedral angle of antiform-a
is only 150°-170° The postulated difference in oriemtation of pobh:; axes
of the shapes on the limb and in the fold core is only 10°-15° and this does
not seem sufficieni to cause mmeh divergence in abﬁ during a second
deformation,

The correlation between rods and second fold traces is probably
the converse of the above hypothesis, The rod conglomerates may have been
areas of weakness during the second deformation which controllsd the
'poaitien of the major second fold traces.

The writer believes that the rods and cakes were the result of
a single deformation (Bl), There is a complete continuity in the field
between the rods and oskes (i.e. intermediate shapes between rods and



cakes) with the intermediate shapes being folded by B2 mimor folds proving
that they are pre-B2, The variations in symmetry of the conglomerate
- deformation are largely unaffected by the later strains.

In spite of the probable errors in the strain measurements, the

areal patterns of the two strain parameters (& g and ¥) seem to the writer

to be highly significant (Figs. 33, 3% and 35). They show well defined maxima

and minima that do not appear to be the result of the random distribution,
&s such, the patterns give a clue to the distribution of the symmetry and

amount of strain.

(a) Amount of strain (

EL)

The general pattern of ES at Bygdin and Olefjell indicates that
the amount of distortional strain is generally highest at the thrust plane
and decreases downwsrds towards a minimum (Fig.33). The only exception to
this downward decrease iné‘s is in the conglomerate wedge on the southwest
limb of antiform-a where the amount in faet increases downwards.

Two minima are present, one on the northeast limb of the Bygdin
Antiform and the other at Olefjell, These minima seem to be almost
completely surrounded by areas of higher distortional strain and may be
the result of a lower strain rate in the minima than in the surrounding
areas, The minimum at Olefjell has a lower value (58 = +1,0) than the
minimum at Bygdin (&5 = +2.0).
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(b) Symmetry of strain (v)

The distribution of the symmetry coefficients of strain is similar
in the Bygdin and Olefjell areas (Figs. 34 and 35), Throughout the whole
area the dominant symmetry of strain was one of flattening (defined by $-values
of 0 o + 1,0). Only one station could be measured on the north side of
Vinstrivatn (Station Ho.50), but a visual comparizon of the conglomerate
here with that of Bygdin and Olefjell suggests that the dominant deformation
here was one of flattening. (Visual estimation also suggests that the
amount of strain here was higher than that of Clefjell, but almost egqual to
that of Bygdin, o.fs Fiz.33). |

The presence of cake conglomerate in thrust slices up to 300 metres
above the basal thrust plane north of Bygdin, suggests in addition that much
of the Jotun Neppe may also have undergone flatteniag,

The rod conglomerates at Bygdin (v £ «0,5) wivlch have a eonstrictional
symmetry, are restricted to northwest trending plug-like areas (Fig., 3%). The
plugs are elongated parallel to the rod elongation with a lenticular oross-
eection, and are completely surrounded by conglomerate which has undergone
flattening,

X Th.plupllem—ochclonenthonorthoutlmbofthes“dm
Antiform so that each successive plug to the southeast lies at a lower
structmal level with respect to the thrust plane, A plug-like area of
rod conglomerate is also situated on the southwest limb of antiform-a.

Flinn (1965) suggested that the symmetries of deformation discussed
above can also be recognised in non-conglomeratic rocks. For exanple,



schists which have undergone a flatiening deformation can be expected on symmetry
arguments, to have a foliation but no linestion (S-tectonites), Similarly

rocks which anwﬂﬁmwthmdtohnsmh
fabriec but no folistion (I~tectonites). lHowever, these fabrics might be
difficult to recognise in areas which have undergone more than one deformation,
For instance a later lineation could be superposed on an S-tectonite to produce
a fabric which Flinn would call an L S<tectonite (i.e. one with a symmetry

clogse to that of pure or simple shear)., In this case the symmetry is a

result of tWo deformations and does not give any guide to the symmetries of

the two deformations prodnchg the tectonic fabric.

I~tegtonites were marped by the suthor in the granitic rooks of
the Upper Jotun Nappe (Fig.34) and consist of granitic rocks without a
foliation but with a strong lineation of elongate felspars or hornblendes.
Bacause of the apparent absence of minor structures of post-Bl deformations
throughout most of the nappe, the above objection to Flinn's hypothesis does
not apply and the writer accepts Flinn's view (Flinn, 1965) that these
I-tectonites have a symmetry equivalent to the rod conglomerate,

The precence of [-tectonites and cake conglomerate slices within
the Jotun Nappe sugpests that the distribution of the symmetiry of strain is
gimilar in the nappe to that of the conglomerste near Bygdin, Mapping of
these variations in the nappe however camnnot be done in such detail as that
of the conglomerate,

Daspite the fact that the whole of the conglomerate at Olefjell
has undergone flattening (Flz, 35), the distribution of the locii of equal
y-values is similar to that at Bygdin, Areas of approximate two



dimensional deformation (y=values-2-0) lie in two northwest trendin; tongues
similar to the plugs of rods at Bygdin; In contrast to Bygdin, the tongues
are only surrounded by areas of flattening on three sides, The absence of
strong flattening on the fourth side (at the lowest structural level) however
may only be a result of the absence of strain data from the sparagmite below
the eonglou:ito.

The movement pictures put forward by the writer to describe the
deformation in the conglomerate at Olefjell and Bygdin are completely analogous
and will be &scribod in the conclusions,

6e DEFURVATION PATHS

Recognition of deformstion paths and the shape of these paths is
extrenely important in the understanding of the physics of rock deformation,
Any determined geological deformation path would record the stages taken by
the rock during its deformation and must influence any ideas of the possible
movenent picture of that rock.

Ramsay (1964) has determined that the simplest deformation path
(1.0, one in which the stresses remain constant in value and orientation
during the deformation and involves the application of the minimum amount
of work) has the form a = b 2% ®1/1og b, and plots as a straight line on a
logarithmic deformation plot (or on the strain plane), This is implicit in
the engineering view that the minimum amount of work is applied in the
deformation (i.e., the flow is unrestricted) when the increments of strain
have a constant ratio during deformation (i.e. dg]/dga and "1‘2"“,12/:1;3
remain constant) (Nadai, 1963 ppe 73~74)e If the ratios of increments are
constant, the deformation path on the strain plane must be a straight line,
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If the deformation is more complex than that described above (i.e.
the values or orientation of the stresses change during deformation) the
deformatiog path on a logarithmic plot will become curved,

Recognition of these deformation paths, however, will prﬁhdbly
be extremely diffiealt in geological strains, The strain measured in deformed
oolites or pebbles represents the final stage in streining and gtnqnoclm
to the path taken to reach this final stage. Theorstically, sy peth can be
taken to reach the final point. '

In any one area, however, a oolhctic;a of strain data might combine
rock strains which have had the same symmetry of strain but differing strain
rates, Therefore some parts will undergo less deformation than others and
the spread of points which would result might then reveal a deformation path,

The combined plot of strains from Bygdin and Olefjell (Fig.36)
does not reveal any easlly defined deformation paths. Each point on the
plot may have been reached by a unique deformation path, However, the
strains of Olefjell reveal a possible deformation path (Figs37). The majority
of points define a curved line which may be a deformation path,

If this indeed represents a deformation path, the value and/or the
orientation of the Bl stresses would appear to have changed during the first
deformation (i.e. constrained flow; Nadal, 1950, ppe 426=429).



VI, CONCLUSIONS

1. INTRODUCTION

Reconstructions of the movement pictures of the three main deform-
sations are attempted using the strain data from the pebbles and the symmetry
of the minmor structures, Problems which affect these reconstructions include
the discrepancy between the symmetry of the deformed pebbles and the symmetry
of thrusting; the mechanical problem of the movement of a large thrust block
of the scale of the Upper Jotun Nappe; the significance of fold axes and
lineations and the porsibility of determining stress axes from the geometry
of folds,.

Possible stress fields which caused the movements are tentatively
derived from the movement pictures.

The symmetry of the pebble deformation cannot be directly related
to the symmetry of thrusting, The kinematiecs of thrusting would be expected
to have a monoclinic simple shear symmetry which would induee monoclinie
fabrics in the rocks,

In puch a simple shear, the pebbles would deform by shear along
planes parallel to the thrust plase (Fig.33a) and the long axes of the pebbles
would be oblique to the thrust plame, In addition, the plane of pebble
flattening (equivalent to S1 at Bygdin) would be truncated by the thrust
plane, As a simple shear has a two dimensional symmetry, the intermediate
axes of the pebble should not be strained,
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In fact the actual pebble deformation is of a high symmetry
(orthorhombie to near-axial) and the plane of pebble flattening (S1) and
the long axes of the pebbles are parallel to the thrust plane (Fig.38 b).
The high symmetry of the pebbles (which is a result of strain along the
intermediate axial directlon) and the parallslism of the pebbles to the
thrust plane, suggests that if the pebble deformstion is to be correlated with
- the thrust plane, the movement picture must contain a component in addition to
that of simple shear.

The deformation might include a rotational component which was
sufficient to rotate the pebbles into parallelism with the thrust plane, Two

types of possible rotation are -

1) Rotation of axes accompanying a simple shear component
of the deformation,

14 ) An independent external rotation which is a result of
inhonmogeneous flow, Febbles would rotate as a result
of the flow of the conglomerate matrix,

1) The high symmetry of the deformation suggests that any simple shear
component of the deformation must be minor. Infinite simple shear would be
required to align the long axes of the pebbles with the thrust plane, This
alignment must be due to some process other than that of simple shear.

11) An independent external rotation seems unlikely because the amount
of matrix in many parts of the conglomerate is now small, AL least towards

the final stages of the deformation, the pebbles could not rotete



independently of each other; they were probably locked togather and deformed
as a unit,

However, the pebble deformation may mot be directly related to the
thrusting because structural evidence indicates that pebble deformation may
actually post-date thrusting. OCataclasis and phyllonite formation, which
were probably synchronous with the actual thrusting of the nappe, may pre=date
81 formation (i.e, plane of pebble flattening) because phyllonite bands in the
nappe are folded sbout £1 (p.. 20).

The writer tentatively suggeste that the pebble deformation post=-
dates at least some of the thrust movements, It is possible that the
initial stages of the Bl deformation were produced by the thrust movements
and had a monoclinic symmetry which was later effaced by a ’non-rotational
high symmetry deformation, However, the high symmetry of pebble deformation
demands that the postulated initial monoclinic pebble deformation must have
been slight, '

There is really no discrepancy between the symmetries of pebble
deformation and thrust movements if a post-thrusting, high symmetry
deformation took place.

(b) Bebble microfabrice

A few quartz-fabrics were measured by the writer, but are not
reproduced here. These fabries are identical to those published by Strand
(1945) and thus the discussion of the pebble microfabrics will be based
solely on Strand's results,

The quartzemicrofabrics have near-orthorhombic girdles with the
girdle axis parallel to the pebble elongzation direction, Thus the
orthorhombie symmetry of the microfabrics is essentially parallel to the
orthorhombie symsetry of the deformed pebbles.

€7,



The writer, however, does not agree with Strand's suggestion that
the quarts girdles formed simultaneously with the pebble deformation, The
writer b.lhvts that these girdles post-date the pebble deformation and are
actually of B2 age. The reason for this interpretation is that Strand's
diagrams show the girdles and girdle maxima to have a constant geographic
orientation throughout the whole area, irrespective of the strike and dip of
the S1 foliatlon (which is plotted on all of Strand's diagrams), If the
girdles were of Bl age, they mizht be expected to have some symmetrical
orientation with respect to 51, like the symmetry of the deformed pebbles.
The B2 major folding should then have rotated the microfabries so that the
orientation of the fabric maxima would vary over the B2 major folds,

In fact, the girdls maxima have a constant geographic orientation
throughout the Bygdin Antiform, and the girdle axes are also parallel to the
B2 fold axes, This suggests that the quartz girdles could also be inter-
spreted as a penetrative microfabric of B2 age.

Bven if the writer's interpretation of the quartz fabrics is in
error, at least the symmetry of the girdles is consistent with the
aymmetry of the pebble deformation.

(¢) Yeriation of strain svametry
The dominant pebble deformation at Bygdin and Olefjell was one of
flatgening normal to the nappe (. p. 61 ) . This is indicated by positive
y-values between O and +1,0, However, the movement was not a pure

flattening with equal extension to the northeast and northwest. All the
$=-values are less than +1,0, thus the symmetry is not axial but orthorhombiec,



The greatest extension took place in a northwest-southeast direétion, parallel
to the assumed direction of thrust movement. '

Rxperiments were earried out to try and reproduce the other symmetries
of deformation (e.g. rods) using flattening as a motive foree, The area which
firet suggested a possible mechanisa was that of Olefjell. At Olefjell two
areas of near two dimensional deformation (v=-0) lie between three areas of
flattening (Fig. 33 ¢). These areas of flattening may have squeezed the two
dimensional aress in a vice-like grip which did mot allow them to extend in
the intermediate direction (i.e. Einengung flow, Sander, 1948) but relief could
only take place in a northwest-southeast direction,

Some qualitative experiments were carried out using "silly putty"
to see if two areas of flattening can constrict the area which lies between
them. The experiments were set up so that the putty was allowed to flatten
under it's own weight. Flattening was the oaly motive force in the
deformation, but a rotation of stress axes was produced by the geometry of
the experiments,

Three blocks of putty were sel up such that a shorter block was
sandwiched between twe larger blocks (Plate 12 a and b). Because the oﬁtaido
blocks were higher than the internal block, the axial force of gravity which
causes the putty to deform, was greater on the outzide blocks than in the
internal block, Circles were impressed on the surface of the putty at the
start of the deformation to determine the symmetries of the strains
throughout the model, As all the blocks deformed, theese circles deformed
into ellipses and the areas of these deformed circles increased and decreased
as a result of the three dimensional deformation, The middle block in all



70.

the experiments underwent constriction in a horiszontal direction with this
direction decreasing in length.

These experiments show that pressure gradients can cause a rotation
of stress axes, The outside blocks have a larger vertical stress and deform
at a faster rate than the internal block, This restricte Lhe space within
which the istormlblockeandofonnx;dso causes constriction in a horizontal
direction, With large pressure gradients, the internal block is actively
squeezed in the horizontal direction so that it decreases in length.

This constriction causes the internal putty bleck to elongate
outwards and upwards (Plate 13 a and b), thus the deformation in this block
is in effect a flattening deformation which is normal to the flattening in
the outside blocks. The author's experiments are not strictly analogous to
the deformation in the rod conglomerate as the rods have undergone shortening
in the horizontal and vertieal dirsctions.

Flinn (1961) carried out some experiments to try and repreduce the
deformation of the Bygdin conglomerate, using a model nappe with a deep
groove in the base, This deep groove represented the Bygdin "Invagination"
(Map III) which was thought by Flinn to have been present in the base of
the nappe during thrusting., Strains equivalent to the rod and cake
conglomerate could only be produced by Flinn (ibid) when the deformation
was a static flattening, Elongation in the model rod conglomerate took
place parallel to the groove (equivalent to the northwest elongation at
Bygdin) but in addition, elongation atfuotm-es were also formed normal to
the groove (equivalent to a northeast direction at Bygdin), Flinn suggested
that the flattening and constrictional fabrics in his model were the
result of pressure gradients, but because northeast elongations were absent

~



at Bygdin, he suggested that the "Invagination" did not cause the constriction
in the rod conzlomerate at Bygdin, but in fact the constriction may have formed
the "Invagination", The present work (pp. 41-42, and Map III) has shown that
this "Invagination" is post-pebble flattening and is a B2 major anbEfoead
Thus the " Invagination” in the base of the nsppe was not present during
thrusting. WNeither Flinn's nor the writer's experiments are really analogous
to tﬁo pebble deformation, but they at least show that pressure gradients can
cause rotation of stress aves and can reproduce constrictional and flattening
fabrics.

The writer tentatively suggests two mechanisms to produce rod and
cake fabries in a general flattening field,

i) Rod and cake fabrics can be produced in a model similar to the
putty axperiments if the deformation has two phases. In the first phase
(a) fabrics like those in the putty model would form with a flattening in a
horizontal position on the cutaide and another flattening normal to this in
the middle (Fig. 9a). The strains represented by these two types of
deformation would plot on the complete strain plane as in Fig. 39 c.

Now 1t»t.ho pressure gradients which cause this rotation of stress
axes were to decrease so that there was a uniform flattening in the rocks
parallel to the general flattening of the first stage, the outside areas
would continue to flatten into cakes but the internal areas would redeform
in such a way as to produce rods (Figs. 39 c, phase b). The deformation
paths taken by the external and internal deformations are different.
During the first phase, the external deformation path would move along one
ray of pure flattening and the internal deformation slong another. In the

second phase (b) ,the external path would contimue along the flatteming ray
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and remain cake~like in forms

~ Howsver, the deformation path of the internal deformation would change
direction during the second phsse and move in the same direction as phase b
of the external deformation, This would move the internal fabric towards a
field of constriction and the fabric would become rod-like, The change in
direction of the deformation path is purely a result of the dying out of the
pressure gradients,

However, one strong objection to this theory is that at the end of
this hypothetical deformation, the apparent amount of distortiomal strain
(és) in the rods would only be half that in the cakes whereas in fact
(Fig.36) the apparent amount of strain in the rods and cakes are equal.

41) The rods and cakes may also have formed in a deformation which
did not have two phases like 1) above, Uomplex pressure gradients like
those developed in Flimn's model may have produced rotations of stress axes
so that the areas of rods were compressed in a radial vice-like grip (Figz. 40 a).
This radial compression could have caused two of the pebble axes to decresase
at the same time rather than one decreasing and then the other as in
hypothesis 1).

The distribution of the stress trajectories nquired for this type
of deformation are given in Fig. 40b, but the cause of the complex nature of
these trajectories remains unknown, Flinn (1961) suggested that pressure
gradients were produced by depressions and elevations in the base of the
nappe. However, these depressions were not recognised by the writer in
the field,

724
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(d) Sienificance of Bl llngar structures.

The Bl linear structures of the Bygdin area may have oreof two
possible origins, The rod conglomerate has a symmetry which suggests that it
has been elongated in & northwest-southeast direction to produce the rod
lineation, mut lincation is equivalent to the "stretching lineation" of
many structural geologists (c.f. Clough, in Guan et al., 1397, pp.76-82).
Similarly the L-tectonites of the nappe rocks (p. 60 ) seem to indicate a
sinilar origin. '

Most of the linear fabrics of the conglomerate lie in a northwest-
southeast direction parallel to the rod linsation and the strain data indicates
that this direction was one of maximum elongation. The writer tentatively
suggests that most of the northwest Bl lineatlons in the nappe and the
sediments are "elongation" or "stretching" lineations, which were produced
by elongation of minerals and pebbles in the direction of maximum elongation
and were formed at the same time as the pebble deformation.

However, the Bl fold axes are difficult to explain using this
"glongation" hypothesis, Most of the Bl folds have northwest axes
parallel to the prinecipdl elongation direction. Applying the symmetry
principle, these folds could have formed by a shortening in a northeast-
southwest direction, However, the strain data of the conglomerate
indicates that this direction was generally ome of elongation. The folding
of the speragmite bedding (p.22), the phyllonite bands in the nappe ( p.
20), and the Bl folds in the pebbles (p.22.) seem difficult %o produce in a
general field of flattening, Most of these folded slements were probably
initially nearly horizontal, parallel to the base of the nappe and in a
fleld of flattening (which was also parallel to the base of the nappe) and
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would tend to boudinage rather than fold (i.e. the planar elements lle between
the lines of no finite deformation in the boudinage field, Flina, 1962, p.408).
The Bl boudinmge structures ( p. 23 ) sive evidence of this boudinage field,

The writer tentatively suggests that these Bl folds were not formed
by the flattening deformation, but were in fact earlier, These folds could
have formed during the thrusting phase, being produced by the shearing forces
of thrusting, AlL the ?BL folds in the sparagmite at Olofjell have a sense
of movement consistent with a thrust movement from the northwest to the
southeast,

Structural evidence for the detailed dating of the Bl folds is
lacking, They can be shown to post-date much of the cataclasis ('p. 20 )
but they cannot be sepsrated from S1 and pebble deformation, If, however,
the Bl folds pre-iated the flatteming deformation, the folds would be
modified by the flattening deformation making a separation difficult. This
postulated modification could account for the northwest trend of some of the
Bl folds. The shesring hypothesis suggests that folds would form with a
northeast axial trend, There is in fact some evidence of the northeast
trending Bl folds (Figes)s The modification by the flattening would cause
some of the fold axes to rotate (Flinn, 1962, p.394)s The variation in
symmetry of deformation would tend to cause complex patterns in the
orientation of the rotated Bl folds at the end of deformation., As the
maximum extension was in a northwest-southeast direction, the majority of
fold axes would tend to rotate towards this direction, Thus the present
northwest trend of the majority of these folds might be a result of later
modification,
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The writer therefore suggests that the Bl linear fabrics are of
two types.

1) Bl fold axes were produced by the shear forces of
thrusting and were modified by the later flattening
deformation,

ii) Bl "stretching" lineations which were formed in the
direction of maximum elongation during the flattening
deformation (G.f, Pa27)s

The veriations in the symmetry of pebble deformation are similar

to, but not as regular as, the strain perturbations of Turmer and Yeiss
(1963, ppe. 366-378), Now such perturbations must induce "constrained flow"
in the rocks as there is a space problem in the areas between the perturbations,
The deforming material there must adjust itself to the two different
deformations on either side. This adjustment is termed "constrained flow"
(Nadai, 1950, pp.426=428), and necessitates a rotational deformation where
the stress axes must change in orientation from point to point within the
material, This type of flow is illustrated by the extrusion experiments
of Riedel (1929) where the stress axes can vary through 90° (Fig. 4la)e

If lineations were produced in Riedel's experiments, they would have the
directions deplcted in Fig. 41b,
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Now extending the constrained flow theory to the rod and cake
conglomerstes, the northwest Bl lineetions which form during the pebble
amvmmhmmmm-mmmwm. The
expected swings are depicted in two diagrammatic sections through a plug
of rod conglomerste, Ome section (Fig.42 a) is orientated parallel to
81 and the other (Fig. 42 b) normal to S1 and parallel to the pebble
rodding. The two types of swing of the Bl lineation direction sre a result
of constrained flow which muyst take place Letween the rods and the cakes.
m,tmommmtwidouhonnnpofthmnmum
(Fige43)s In fact, the variation in orlentation is as great within the
mmmu_mtm‘mwmtmmmmw.
However, possible swings might have been destroyed by later refolding.

The only evidence of swings in the trend of the Bl lineation
which may be a result of comstrained flow are those at Barmesodden (Map II)
and Synberg (Fig. 17). At Barnesodden, the Bl "stretching" lineation is
roughly east-west and may swing into the regional northwest trend in
Ieke Vinstri., At Symberg, the Bl lineation is east-west in the lower
Cambro-Ordovician sediments but ewings into a northwest trend in the
Mellsenn Division and continues in the northwest trend up into the Valdres
Sparagnite,

However, these swings at Barnesodden and Synberg could also have
boon- produced by rotation of an early Bl lineation by the flattening
deformation,
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(£) Mechanics of thrusting

The mechanical paradox of large overthrusts has been described
by Hubbert and Rubey (1959, pte 1, pps 122-129). They showed that frictional
resistance to thrusting restricts the size of a thrust block that can be
moved, Theoretically, a thruet block of the same thickness as the Upper
Jotun Nappe could only be moved if it were 18’4 km, wide. (Present day
width, 90 km, ). Even if the nappe was moved by gravity gliding down a slope,
the inclination of the slope required would be about 30%

Hubbert and Rubey (1959, pt. 1, pp. 129-162) have shown, however,
that frictional resistance can be overcome by high pore fluid pressures
in the rocks at the base of the nappe or in the rocks below the nappe,

High pore fluid pressures have a buoyancy effect similar to the "hover-
scraft™ principle in which much of the weight of the nappe can be supported
by the fluid pressures end thus effectively reduce the frictional resistance.
With fluid/overburden pressure ratios of about 0,90, thrust blocks of the
scale of the Jotun Nappe can be moved (Present day dimensions - 180 km. by
90 km, by 5 kms ).

If these high fluid pressures developed in the Jotunheim, they
probably existed in the DMI below the nappe rather than in the nappe
itself, The rocks of the Upper Jotun Nappe consist mainly of basic gneisses
and gabbros which appear to be almost completely impermeable.

The Valdres Sparagmite and conglomerate were probably still
unconsolidated when they were overthrust by the nappe (p.22)s The over-
sthrusting of a thick impermeable gneiss and gabbro nappe would tend to cause
high fluid pressures in unconsolidsted ?water-saturated sediments, If the



f1luid /overburden pressure ratio reached 0,90, the Upper Jotun Nappe could have
been moved quite easily. ) I ST X

(g) Conclusions
The first movement picture is conceived as starting with large scale

thrusting of the Upper Jotun NHappe towards the southeast, The origin of
this nappe is unknown because rocks of the Bergen-Jotun kindred have not been
found in situ, The metamorphic facies of the Jotun Nappe suggests that the
nappe was once part of a basement complex and may have been brought from an
area at present in the sea off the west coast of Norwsy.

The mechanical paradox of thrusting cannot be solved for the initial
stages of thrusting because the state of the rocks over which the nappe moved
is unknown, but once the nappe reached the Sparagmite region, it was
probably supported by high fluid pressures developed in the Sparagmite.

The thrusting developed extensive cataclasis and phyllonitisation
in the basal nappe rocks and may have caused folding of the phyllonites and
sparagmite,

Because evidence of a rotational deformation is absent in the
conglomerate, the general flattening deformation is ascribed to a post-
thrusting phase when the nappe was essentially "dead". This flattening
took place in part of the nappe (p.60) and the sediments below the nappe.

It is suggested that the variations in symmetry of this
deformation were caused by complex pressure gradients which induced plug-like
areas of constictional flow to develop in the IL-tectonites of the nappe

(p. 62 ) ,, the two dimehsional deformation areas at Olefjell, and in the

78.
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in the rod conglomerates. The dominant flow direction of the flattened and
constricted aresas was towards the southeast and may have caused the sediments
o i Sk Undesuadth. $he Thvat of She sappi This dominant flow towards the
southeast induced extensive northwest-southeast "stretching® lineations in
th-upjomahmdtbndmﬂ. The cavse of the pressure gradients is

The swings in trend of Bl lineations at Barnesodden and Symberg
are either a result of constrained flow or they were pre-flattening
lineations which were rotated by the flattening deformation (ppe 73<74)e

The amount of distortional strain decreases downwards from the
thrust plane towards a minimum (Fig, 33) and then at lower structural
levels incresses again, Two minima are present, one at Bygdin and the other
at Olefjell, The swing of Bl at Barnesodden could be caused by the constrained
flow which would exist between the minimum at Olefjell and the maxium to the
northeast of Barnesodden,

If the principal stresses were parallel to the principal strains
of the Bl flattening, the maximum compression direction seems to have been
nornal to the thrust plane with the minimum stress direction in a northwest-
southeast direction (provided the flattening was largely non-rotational: this
is a reasonable assumption). A possible force causing this deformation may
have been the weight of the overlying nappe.

The nappe was probably moved into its preseat position either by
gravity gliding or under the influence of a force acting on the back face of
the thrust block, The force of friction was probably reduced by high pore
fluid pressures in the cediments, The nappe may have then reached a statie
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phase where it was supported by these high pore fluid pressures. However,

this fluid pressure would tend to decrease if the fluids were allowed to eseape,
(perhaps out underneath the nappe bloeck). With decreasing fluid pressure,
tbnblo&mldmdnlhntthdmontopofthendhu&aunﬂlthowdd#
of the nappe was sufficient te flatten the sediments, With zere fluid
pressure, the vertical pressure acting on the sediments would be approximately
1Y% kilobars (equivalent to the weight of the overlying nappe’. Provided the
sediments were unrestricted in directions parallel to the thrust plane, so that
they could flow out underneath- the nappe, this 1% kilobars would probably

be sufficient to cause the late phase Bl deformation,

Quantitative strain measurements are not available for the B2
structures. However, arguments based on the symmetry and orientation of the
second folds might suggest that the maxium compressive stress of the second
deformation was nomal to the second axial planes (Turner and Weiss, 1963,
Pe 524)e The fact that many of the second fold exes are axes of buckling
(pe25) suggests thet at least some shortening took place in this direction
with a partial movement upwards, A structural section of the Bygdin Antiform
(Fige 44) seems to indicate that the main movement of the antiform was
upwards into the nappe. Some movement, howevey, could also have taken place
parallel to the B2 axes,

The writer tentatively suggests that the maximm compressive
stress during the second movement phase was near horizontal in a
northeast~southwest direction normal to the second axial plsnes,



The minor B3 structures indicate that the movement picture of the
third deformation may have been a complex mixture of concentric buckling
(cefs "brittle" conjugate folds, p.29) and plaptic flow (c.f. pure "similar”
folde, pp.B-29). .

The analysis of the symmetry of the third structures indicates that

the third deformation may have had a three dimensional symmetry (p.32) end
the stress axes were orientated such that the maximum coupression was

almost vertical with the minimwm stress axls north-south near the horisontal,

and the intermediaste stress direction east-west.,
The vertical maximum compression, like that of the 351 deformation,

suggests that gravity may have been the motive forece of the third deformation.
Active horizontal compression during the second movement phzse may have caused

the Bygdin Antiform to rise vertically into the nappe. As the B2 forces
declined, the weight of the nappe may have exerted an increesing restraint
upon the uprising antiform, and thereby induced the development of B3
structures,

The origin of the large synclinal depression or "Faltungsgraben"
(Goldschmidt, 1912 ) is unknown. This depression now causes the Bl and B2
linear structures to plunge at 20°-N° towards the northwest, fowever,
without detailed structural investigations from the whole of the Jotunheim
area, the age of the depression cannot be determined. The "Faltungsgraben"
could be a primary structure forming at the same time as thrusting, or it
could be later,

8l.



82.

VIL ACKNOWIEDGEMENTS

I wish to express my gratitude to Professor F.H. Stewart for
the use of research facilities at the Grant Institute of Geology and
also to Dr. M.R.W. Johnson for his supervision and critical reading of
this thesis,

I should also like to thank Dr. T.C. Hsu of the Engineering
Department at Edinburgh University for many profitable discussions on
Engineering Strain theories.

Thanks are also due to Dr. D, Flinn and Dr, J.C. Ramsay for
supplying the author with unpublished data.

Miss J, Tarrant and Mr, G. Flockhart are due thanks for their
photographic work.

The field work was carried out with the aid of a Department
of Scientific and Industrial Research Studentship which is gratefully
acknowledged,



83.

VIIL BIBLIOGRAPHY

ANDERSON, E.M,, 1948, On Lineation and Petrofabric Structure, and the
Shearing Movement by which they have been produced. Quart,J,
geol, Sog, Iond., 104, 99-132.

BATTEY, M.H., 1960, Observations on the Peridotites and Pyroxenites of

the Jotunheim Complex in Norway. Int, geol, Congr., 21,
Copenhagen, 1960, pt. 13, 198=207,

BJPRIYKKE, K.O., 1902, Fra Hardangervidda, III. Norg, geol, Unders.,
Nr. 34, 51.

BJPRIYKKE, K.O,, 1905, Det centrale Norges fjellbygning, Norg, geol.
Unders., Nr. 39.

BRIGGER, W.C., 1893, Isgfdlgen pe Hardangervidda og den sakaldte
"Hfifjellskvarts". Norg, geol, Unders., Nr. IL

CARROL, D., 1951. Pebbles from a Pothole: a Study in Shape and Roundness.
J. _sedin, Petrol., 21, 205-212.

CHRISTIE, J.M,, 1963, The Moine Thrust Zone in the Assynt Regionm,
Northwest Scotland, Univ,Calif, Publs geol, Sci., 40, 345-i40

FIEUTY, M,Js, 1964s The Deseription of Folds. Erog, Geol, AssoG., 75,
461=492,

FLINN, D,, 1956, On the Deformation of the Funzie Conglomerate, Fetlar,
Shetland, J, Geol., 64, 480-505.

FLINN, D,, 1959. On certain geological similarities between Northeast
Shetland and the Jotunheim area of Norway. Geol, Mag,, 96
473=481,



FLINN, Ds, 1961, On Deformation at Thrust Planes in Shetland and the
Jotunhein Area of Norway. Geols Mag., 98, 24,5-256,

FLINN, D,, 1962, On Folding during Three-Dimensional progressive
Deformation. Quart. J. geol. Sog, lond., 113, 335-428,

FLINN, D., 1965, On the Symmetry Principls and the Deformation
Ellipsoid. Geols Mag., 102, 36=45.

GOIDECHIIDT, V.M., 1912, Die Kaledonische Deformation der SHidnorwegischen
Urgebirgstafel. _Skr, VidenskSelsk, Christiania lat,-naturveil.
2, N‘l‘- 19.

GOLDSCHMIDT, V.M., 1916a., Konglomeraterne inden Hgifjellskvartsen.
lorg. geol, Unders., lir. 77. d

GOLDSCAMIDT, V.Me, 1916b. 'I‘lharaicht der Eruptivegesteine im kaledonischen
Gebirge swischen Stavanger und Trondhjem. Ckr, VidengkSelak.
Shpigtianig late-naturve Kl., 2, 1916,

GREENWOOD, HeJe, 1963, The Synthesis and Stability of Anthophyllite.
Ja Fetrol., 4, 317-351.

GUNN, We et al, 1897, The Geology of Cowal. lome geol. Surv, Scobtland,

HIGGINS, A.K., 1964, The Structural and Metamorphic Geology of the Area
between Nufenpass and Basodino Tessin, S, Switzerland, Unpublished
Ph,D, Thesis, Imperial College, Univ. of London.

HOLTEDAHL, O,, 1936. Trekk av dét skandinaviska fjelljedestrgks historie.
Skand,listurfors, Vdde, 19, Helsingfors, 129,

HOLTEDAHL, 0., 1960, Geology of Norway. liorg. geol, Unders., Nr. 208,



85,

HUBBERT, MK, and RUBEY, W.W,, 1959, Role of Fluid Pressure in Fechanics
of Overthrust Faulting, Bull, geol, Soc, Am,, 70, 115205,

JOHNSON, M.R.W., 1956, Conjugate Fold Systems in the Moine Thrust Zone
in the lochearron and Coulin Areas, Geol, Mag., 93, 345-350.

JOMNSON, MeReWe, 1964 Conjugate Folds, Kinks, and Drag. Geol, }age
101, 466=467

JOHNSON, MJReWe, and STEMART, F.H., 1963. The British Caledonides.
Oliver and Boyd, Edinburgh, 269 pp.

KNOPF, E.B., 1931, Retrogressive Metamorphism and Fhyllonitization. Pt.l.
Ame Ja Sgle, 21, 1=27.

KULLING, O,, 1961, On the Age and Tectonic Fosition of the Valdres
Sparagmite. Geols F¥r, Stockh, FBrh., 83, 210-214.

KVAIE, A, 1953. Ildnear Structures and their Relation to Movement in the

Caledonides of Scandinavia and Scotland, Quart. J. geol, Soec. lond.
109, 51<74s

LAPWORTH, C., 1885, The Highland Controversy in British Geology. Nature,
lond., R, 558559,

LODE, W., 1926, Versuche fiber den Einfluss der mittleren Hauptepannung
auf das Fliessen des Metalle Eisen, Hkupfer und Nickel, Z.Fhys.
36, 913-939.

LOUDEN, T.Ve, 1963. The Sedimentation and Structure in the Macduff
District of North Banffshire and Aberdeenshire. Unpublished
Ph.D. Thesis, University of Edinburgh,



MURET, G., 1960. Partie S.E, de la Culminstion du Romsdal, Chaine
Caledonienne, Norvege. JInt.geol, Congr., 21, Copenhagen. 1960,
Pte 19, 28-32,

NADAI, A., 1950. Theory of Flow and Fracture of Solids: Engineering
Societies Momographs, MeoGraw-Aill, New York. Vols I, 572 pp.

NADAI, A,, 1963, Theory of Flow and Fracture in Solids: Engineering
Societies Monographs, McGraw Hill, New York, Vol, 2, 705 pp.

OFTEDAHL, C., 1961, On the Genesis of the gabbroic rock Bodies of the
Norwegian Oaledonides. Bull, geol, Instn Unlv, Upsala, 40,
B87=94e

RAMBERG, H., 1959. Evolution of Ptygmatic Folding, Norsk geol, Tidsskr.,
39, 99-152,

RAMSAY, J.G., 1957a« Superimposed Folding at Loch Monar, Inverness—
shire and Ross-shire. (uart. J. geol, Soc. lond., 113,
271=307,

RAMSAY, Ju.Ge, 1957b. loine-lewisian Relations at Glenelg, Inverness-
shire. Quarte J, geol, Soce Iond., 113, 437-523.

RAMBAY, J.Ge, 1960, The deformation of early linear Structures in Areas
of repeated Folding. J, Geol,, 63, 75-93.

RAMSAY, JuGe., 19622, The Geometry and Mechanics of Formation of
"similar" type Folds. JeGeole, 70, 309=327.

RAMBAY, J.G., 1962b, The Geometry of conjugmte Fold Systems, Geol, lag,,

99, 516-526,

86,



87.

RAMSAY, JoGe, 1964y Progressive Deformstion in tectonic Processes. ITrans.
Am, _goophvg. Un., 45, HNo. l. (Abstract of 45th Annual Meeting).

RAST, N., 1956, The Origin and Significance of Soudinage. Gsol, Mag,, 93,
401408,
RIEDEL, W., 1929. Das aufquellen geologisches Schmelzmessen als plastischer

Formiinderungsvorgang. Neues Jb, Hiner, Geol, Pallont, Heilid,,
62b, 151-170,

SANDER, Bs, 1948. Fingllhrung in die Geffigekunde der Geologischen KBrper.
PteI, Springer-Verlag, Vienna, 215 pp.

SMITM, S4By, 1964e Forlgplge resultater av tryngdemalinger over Jotune
dekkene., Iidspkr. Hiemi Sergv. letall., 5, 97-101.

de SITTER, LeU., 1958, Boudins and Parasitic Folds in relation to Cleavage
and Folding, Geolozie Mijnb., 20, 277-236,

STRAND, T., 1945. OStructural Petrology of the Bygdin Conglomerate. lorsk
geol, Tidsgkr., 24, l«~3l.

STRAND, T., 1951, Slidre Memoir. Nopz, geol, Unders., Nr. 130, (English
Summary ).

STRAND, T., 1958, Valdres Sparagmittens stratigrafiske stilling. Horge
geol, Unders., Nr, 205, 18,-198,

STRAND, T., 196l, The Scandinavian Caledonides: A Review. Am, J, Scle,
259, 161-172, ‘

STRAND, T., 1962, On the Age and Tectonic Position of the Valdres Sparagmite,
Geol. IBp, Stockh, FBrh., 84, 230-231,



88

TURNER, F.J, and WEISS, L.E.,, 1963. Structural Analysis of Metamorphic Tectonites
MeGraw=-ii1l, New York, 545 ppe

WENTWORTH, C.K., 1925, Ohink-facetings A new Process of Pebble Shaping. Zugol.
33, 260-2067, :

WINHE-EDWARDS, H.T., 1963, Flow Folding. Amy Je Sola, 261, 793814



APPENDIX A.

Station No.
and No, of o= e L s
measurements X/t/2 € €2 €3 €g v
1 xy-30
xz=30 1,0/11,1/18,3 1,14 0,64 =1,78 2,21 0,66
2 xy-30
xz=30 1,0/44,2/32,0 1,83 =0,20 =l,64 2,47 =0,17
3 xy=30
x%=30 1,0/2,3/30,0 1,99 =0,58 1,41 2,52 =0,51
4 xy=30
x2=30 1,0/45,0/16,6 1,41 =0,01 1,40 2,00 =0,01
5 xy=30
x2=30 1,0/755/5443 1,99 0,01 =2,00 2,8, 0,01
6 xy=-30
xz=30 1,0/7,4/30,2 1,61 0,20 1,80 2,43 0,17
7 xy=30
x2=30 1,0/2,1/32,0 2,06 0,65 =l,41 2,59 =0,57
8 xy-30
xz=30 1,0/15,8/39,9 1,54 0,61 .=2,15 2,74 0,50
9 xy-30
xz=30 1,0/3,4/35,9 1,98 0,38 1,60 2,58 0,32
10 xy-30
x2=-30 1,0/448/1440 1,24 0,17 1,40 1,8 0,19
11 xy-30
x2=30 1,0/452/36,3 1,92 0,24 =1,68 2,56 =0,20
12 xy=-30
x2=30 1,0/8,2/3445 1,66 0,23 =1,89 2,53 0,19
13 xr-30
x2z=30 1,0/445/23,6 1,61 =0,05 =1,56 2,24 =0,05
L xy-30
x2=30 1,0/3,2/38,8 2,05 <=0,45 =1,61 2,66 =0,36
15 xy=-30
yz=30 1,0/2,5/36,9 2,10 =0,59 =1,51 2,67 =0,38



Station No,
and No, of — — 2 e —

measurements x/L/2 31 ) €3 €s v
16 xy=-30

x2=19 1,0/2,1/25,0 1,90 =0,58 =1, 2,40 =0,54

yz-11
17 xy=30

x%=30 1,0/2,1/24,3 1,88 =0,57 =1,31 2,37 =0,54
18 xy-30

x2z=30 1,0/2,6/12,2 1,35 =0,20 «1,15 1,79 = =0,24
19 xy-30

x2=30 1,0/5,7/21,3 1,46 0,14 =1,60 2,13 0,14
20 xy=30

y2=25 1,0/2,9/26,0 1,82  =0,39 =l,44 2,37 =0,36
21 xy-30

¥2=30 1,0/2,3/25,0 1,87 =0,52 =1,35 2,37 =0,48
22  xy=-30

x2%=30 1,0/5,9/22,0 1,47 0,15 1,62 2,20 0,15
23 xy-2

x2z~15 1,0/18,1/18,9 0,99 0,95 =1,95 2,40 0,97
24 xy=30

xS-BO 1,0/2,9/19’8 l’&p -0,30 -1’34 2.% -0’”
25 xy=-30

XZ-BO 1, 0/5.’4/16’2 1'36 0.07 -1’42 ) 1’98 0’07
26 xy-30

%230 1,0/459/22,2 1,54 0,03 =1,57 2,20 0,03
27 xy=-30

XB-BO 1’0/3.0A5.4 1’45 -0’17 .1.28 1’95 -0.19
28  xy-30

Xz=30 1,0/444/27,0 1,71 =0,11 =1,59 2,35 =0,10
29 xy-30

x%=30 1,0/3,8/16,4 1,42 =0,04 =1,38 1,98  =0,04



iii.

Station No.
and No., of - - —= T
measurements X/1/2 € €2 €4 €s v
30 xy=30

3-30 1,0”,7&0,1 1’67 -0’34 "1’33 2’17 ‘0’%
31 xy-30

yz-30 1,0/3,3/47,3 2,17  =0,49 <1,60 2,81 0,38
3R  xy-30

xz=30 1,0/3,5/21,7 1,63 «0,18 1,45 2,20 =0,18
33 xy-30

xz=30 1,0/6,1/13,7 1,14 0,33 =1,47 1,90 0,33
3% xy-30

x2=30 1,0/6,9/13,7 1,10 0,41 =1,51 1,92 0,47
3B  x-30
36 xy=30

xz=30 1.0/10’0/17’7 1,46 ‘0’04 "1342 2,05 ‘O,WO

xy-30

yz=30 1,0/4,0/41,0 2,01  =0,31 1,70 2,66  =0,25
33 xy-30

y2=30 1,0/444/60,9 2,25 =0,39 <=1,86 2,96 =0,29
39 x=30

%230 1,0/3,6/20,6 1,59 =0,16 =1,43 2,15 =0,16
40  xy=30

xz=17 1,0/3,2/24,7 1,75 =0,29 =1,46 2,31  =0,27

yz=-13
41 xy=30

xz=30 1,0/16,4/3% 44 1,43 0,68 2,11 2,65 0,58

xy=30

x2z=30 1,0/13,6/21,6 1,18 0,72 =1,90 2,35 0,70
43 xy=30

x2-10 1,0/17,6/32,4 1,36 0,75 =2,11 2,64 0,65
44  xy=30

x2=30 1,0/5,7/21,4 1,47 0,13 «1,60 2,18 0,13



Station No,

and Nos of

measurement.s X/x/z €1 €, S €8 -U—’
45 xy=-30

xz=30 1,0/455/25,1 1,65 =0,08 <1,57 2,29 -0,07
46  xy=30

x8=30 1,0/6,6/15,2 1,18 0,35 «1,5, 1,98 0,9
47 xy=-30

x2=30 1,0/459/32,2 1,79 =0,10 1,68 2,47 =0,09
48  xy-30

¥z=30 1,0/5,8/23,9 1,53 0,11 1,64 2,26 0,10
49 =y=-30

xz=30 1,0/7,7/16,0 1,17 Osah =1,61. < 2,04 0,47
50 xy=30

yz=30 1,0/5,4/28,1 1,66 0,01 1,68 2,37 0,01
51 xy=-30

x7=30 1,0/5,6/20,8 1,45 0,14 " =1,59 2.17 0,1
52 xy=30 :
53 xy-30

3-30 1,0/4’0/4’1 0’47 0’106 .0’94 1’15 0’99
54 xy=30

¥Z=30 1,0/452/541 0,61 0,42 =1,02 1,27 0,77
55 xy=30

yz=30 1,0/3,5/7,1 0,89 0,17 =1,07 1,40 0,27
56 xy=-30

yz=30 1,0/3,08/6,31 0,85 0,14 =0,99 1,32 0,23
57 xy=30

yz=30 1,0/2,8/5,8 0,82 0,11 =0,94 1,26 0,19
58 xy-30

yz=-30 1,0/3,8/7,7 0,92 0,21 1,13 1,48 0,31



Station No.

and No., of . s = -
measurements x/1/2 €1 €, 63 €g M
59 xy=30

y2=30 1,0/4,0/9,4 1,03 0,17 =1,20 1,60 0,23
60 xy-10

x2=6 1,0/5,9/18,5 1,36 0,21 ~1,56 2,08 0,21
61 xy-30

xz=30 1,0/3,6/6,8 0,85 0,22 1,06 1,39 0,35
62 xy=30 2

y2-30 1,0/3,9/7,1 0,85 0,26 =l,11 , 1,43 0,39
63 xy-30

yz=30 1,0/445/10,6 1,07 0,21 =1,29 1,69 0,27
64 xy=30

yz=30 1,0/4,0/8,0 0,92 0,23 -1,16 1,50 = 0,33
65  xy=30 '

yz=30 1,0/432/752 0,84 0,30 =1,13 1,45 0545
66 xy-30

XZ-BO 1,0/‘0,0”,9 1,07 0,20 -1’24 1’65 0’21
67 xy=30

%2z=30 1,0/3,5/4,0 0,51 0,37 =0,88 1,09 0,80
68 xy=30

¥z=30 1,0/2,7/644 0,91 0,04 =0,95 1,32 0,07
6 xy-30

yz=30 1,0/3,6/8,2 0,97 0,15 =1,13 1,50 0,22
70 xy=30 :

yz=30 1,0/443/10,9 1,10 0,18 =1,29 1,71 0,23
71 xy-30

yz=30 1,0/3,8/7,7 0,92 0,20 =1,12 1,47 0,30
72 xy=30

¥x2=30 1,0/451/9,4 1,02 0,20 =1,22 1,61 0,26
73 xy=30

m-BO 1’0/3’6/8.5 l’w 0,13 -1’L+ 1’53 0’18



Station No,
and No,

of

measurements xX/1/e €1 €2 €3 €g U
74  xy-30

x2z=30 1,0/442/8,5 0,94 0,24 =1,19 1,54 0,3
75 xy-30
76  xy=30

%230 1,0/3,9/12,6 1,23 0,07 1,30 1,80 0,08
77 xy-10

x2=10 1,0/495/13,5 1,23 0,14 =1,37 1,86 0,16
78  xy-10

x2~-10 1,0/5,2/14,3 1,23 0,20 =144 1,91 0,24

xy-30

)(2-30 1’0/4’2/].6,2 l,” 0’02 -1"01 1’98 0’03

xy=-30

¥2=30 1,0/8,4/14,2 1,06 0,54 =1,59 2,00 0,61
8l xy-30

xZ=30 1,0/5,1/10,1 1,00 0,8 =~1,32 1,69 0,41
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a)

b)

PLATE 5.

Rhombold boudins in a phyllonite band of the Jotum Nappe
(locality 2, Figs 6)s Tension acd compression axes have
been derived Wy bisecting the angls between the rhomboid
planes,

large B2 fold refolding a Bl fold in a pegmatite vein on
the liub of antiformef,



























PIATE 8,

a)  Quartz-filled tension gashes.

b) B, minor fold with quartz-filled tension gashes which
cut & B3 minor fold (centre of photograph).









PIATE 9,

a) Photomicrograph of the S1 strain slip cleavage at
snbergo Mellsenn Mmio‘o

b) Photonicrograph of the S1 foliation in the Valdres .

Sparagnite showing the rounded relic ?clastic grains
of quartz and felspar.









PILATE 10,

Intermixing of the conglomerate and igneous lithologies in the
thrust zone near the Bygdin Hotel.

a) Deformed quartzite pebbles in a matrix of igneous
phyllonite, Limb of antiform-f,

b) Layers of non-conglomeratic igneous phyllonite inter-
slayered with deformed conglomerate. Limb of antiform-f,









PLATE 11.

a) Rhythmie layering in the Bitihorn gabbro,

b) Intermediate igneous xenoliths in the granitic rocks
of the Jotun Nappe.



























PIATE 3

Minor folds in the Valdres Sparagmite,

The origin of these folds in unknown, They may either be
tectonic or sedimentary slump folds,
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Title of Thesis Structural Analysis of the Bygdin Area, Southern Norway,.
At;straot

The area studied is situated at Bygdin on the southeast margin of
the Upper Jotun Nappe, which is the highest nappe of the marginal thrust
zone of the Horwegian Caledonides, and has been thrust over Cambro-Ordovician
sediments (including the Bygdin conglomerate).

Detailed field studies have been carried out to determine the structural
history of the area, and the deformation pattern of the Bygdin conglomerate
which underlies the basal thrust plane of the Jotun Nappe.

Four sets of minor structures are recognized (Bl, B2, B3 and B4) with
the earliest set (Bl) being produced by the overthrusting of the nappe, This
Bl phase caused the deformation of the Bygdin conglomerate and formed
cataclastic and mylonitic fabrics normally associated with nappe thrusting,
Most of the Bl linear structures trend northwest-southeast parallel to the
postulated direction of thrusting of the nappe. :

The second movement phase formed folds and lineations (B82) with a
northwestetrend exactly parallel to the Bl limear trend. In addition %o
the minor structures, ten major antiforms and synforms of B2 age are
recognized, The largest B2 fold of the area (the Bygdin Antiform) folds
the basal thrust plane of the Jotun Nappe.

The B3 folds occur only on the minor scale and have large variations
in orientation of the fold axes and axial planes., This variation is thought

to be due to the conjugate symmetry of the B3 structures,

The B structures are associated with joint formation and consist of
joint~drag folds and quartz-or chlorite-filled tension gashes. :

The deformed pebbles of the Bygdin .oong]mmto have been measured and
engineering strain units have been used to define the amount and symmetry of
" the Bl strain,

These measurements show that the amount of distortional strain is
generally highest at the thrust plane and decreases downwards towards two
minima, Structurelly below the position of these minima, the amount of
strain increases again.

The symmetry measurements show that the dominant pebble deformation
was a pancake-like flattening, normal to the thrust plane. The exisjence
of flattened conglomerate slices within the Jotun Nappe is taken to indicate
that the flattening deformationslso ook place in the nappe. Bl minor
structures and symmetry arguments suggest that this flattening post-dated
the thrusting and occurred when the nappe had stopped moving,

In addition to the pancake-like pebbles, rod shaped pebbles occur
in northwest trending plug-like areas which are completely surrounded by
the flattening fabrics, Rod-like fabrics also occur in the nappe rocks
and are believed to have undergone a deforWation similar to that of the

rod cong]pmemte.

Use other side if necessary.
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Antiform to rise vertically into the Jotun Nappe,
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STRUCTURAL ANALYSIS

Location of sub-areas

Lzgend

Poles to S1 foliation and bedding schistosity
- Contours at 1,23,4,5,6 %
Diagram A1 Poles to rhythmic layering in the Bitihorn Gabbro

Diagram A

Diagram B Axial structures

Diagram C Poles to axialiplanes and axial plane cleavage

y | Structures of the first movement phase

Structures of the second movement phase

+ -~ Structures of the third movement phase
|

Fig. 2
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COMBINED GEOLOGICAL AND STRUCTURAL MAP OF THE BYGDIN INVAGINATION
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