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Abstract:  Structural evolution of the central part of the Spr Rondane Moun-
tains (SRM) is divided into seven stages, from D, to D, based on their characteris-
tics of deformation, metamorphism and igneous activity. The metamorphic
history of the central SRM is divided into three stages, prograde metamorphic
peak stage, retrograde metamorphic stage related to its exhumation and contact
metamorphic stage. The metamorphism of the former two stages has occurred
not only with ductile deformation but also with various kinds of magmatic
intrusions. The D, stage before the tonalite intrusion corresponds to the pro-
grade metamorphic peak stage. The retrograde metamorphism and exhumation
of the lower crustal rocks in the central SRM began at the D, stage, closely related
to the tonalite intrusion and mylonitization. The D,-deformation and subse-
quent D;-mylonitization were caused by the top-to the SW to S and top-to the SE
displacements, respectively, in extensional tectonic regimes.

After these mylonite-forming tectonics, poly-stage folding occurred in com-
pressional tectonic regimes. The NNE-SSW compressional stress acted after the
D, stage, resulting in the WNW-ESE trending folds and minor thrusts with top-to
the N sense. The SRM rocks during this stage were emplaced under the
greenschist-facies condition. Subsequently, the E-W compressional stress worked
during the Dj stage, and then NW-SE compression during the Dg stage.  Granites
and syenites intruded in the last stage. Strain-free quartz ribbon and random-
oriented kyanites and biotites might have been produced by the contact metamor-
phism with the non-foliated 500 Ma granites.

1. Introduction

High- and medium-grade metamorphic rocks and many kinds of igneous rocks crop
out in the Sgr Rondane Mountains (SRM), Queen Maud Land (22° to 28°E longitude),

East Antarctica.

Belgian and Japanese geologists have carried out field surveys and

outlined the geology of the mountains (VAN AUTENBOER, 1969; VAN AUTENBOER and Loy,
1972; KosMma and SHIRAISHI, 1986; IsHIZUKA and KosiMA, 1987; SHIRAISHI et al., 1991, 1992).
Moreover, petrological and petrochemical studies have been performed by many authors
(e.g. Asami and SHIRAISHI, 1987; SAKIYAMA et al., 1988; OsaNAl et al., 1991, 1992).
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However, the structural geology of the mountains is not so clear and only few authors have
discussed the tectonic processes of formation of the SRM rocks (e.g. OsaNal et al., 1991,
1992; ToyosHIMA et al., 1991). The present authors have performed a detailed geological
survey in the central part of the SRM (25°E longitude), as members of the Japanese
Antarctic Research Expedition (JARE-32, -31). This paper describes the structures of the
SRM rocks and reveals their deformation history and related intrusive history. Movement
picture of the SRM rocks will also be synthesized on individual deformation stages.
Mineral abbreviations used are after Kretz (1983).

2. Outline of Geology

The central part of the SRM is underlain largely by Neoproterozoic granulite and
amphibolite to greenschists-facies metamorphic rocks and Neoproterozoic to early Cam-
brian plutonic rocks containing minor dikes (e.g. KonMa and SHIRAISHI, 1986; ISHIZUKA
and KonmMma, 1987; SHIRAISHI et al., 1991, 1992; OsaANal et al., 1992). The metamorphic
rocks can be divided into two terranes on the basis of the metamorphic peak conditions:
northeastern (NE) and southwestern (SW) terranes (OsaNAl et al., 1992). The former is
rich in psammitic to pelitic gneisses associated with amphibolites and calc-silicate gneisses
(AsaMI et al., 1992; SHIRAISHI et al., 1991, 1992; OsANAI et al., 1992; IsHIzuKA et al., 1993).
They have orthopyroxene or related granulite facies mineral assemblages such as Sil+
Grt+ Bt+Crd+ Pl4 Kfs+Qtz and Opx+ Cpx+ Grt+ Hbl+ Pl+Qtz (Asami et al., 1992;
SHIRAISHI et al., 1991, 1992; OsANAI et al., 1992; IsHizuKA et al., 1993). The latter terrane
consists mainly of metatonalites and basic gneisses which have amphibolite facies mineral
assemblages such as Hbl+ Bt+Grt+ Pl +Qtz (SHIRAISHI et al., 1991, 1992).

By using various geothermo-barometers, the metamorphic P-T conditions have been
estimated to be 750" to 850°C and 700 to 800 MPa for non-mylonitized gneisses, and 530°
to 630°C and 500 to 550 MPa for mylonitized gneisses in the granulite facies NE terrane
(SHIRAISHI and KonMa, 1987; AsaMi and SHIRAISHI, 1987; OsaNAlI et al., 1988, 1992; Asami
et al., 1992). AsaMi et al. (1992) divided metamorphic evolution of the SRM into four
metamorphic stages on the basis of detailed petrological study: prograde, main (metamor-
phic peak), retrograde and contact metamorphic stages. The metamorphic grade after the
main stage decreases from granulite facies to greenschist facies after contact metamorphism
with non-foliated granitic intrusives.

Foliation of metamorphic rocks generally trends E-W to NE-SW and dips southward
in the western part of the SRM (SHIRAISHI ef al., 1992). But it trends variously in the
central part of the SRM (Figs. | and 2) as well as the eastern part where NE-SW and
NW-SE trending folds develop (IsHizukA et al., 1993). The central part of the SRM is
characterized by a few stages of fold (Figs. 1 and 2). Discontinuity of fold axes of
WNW-ESE trending antiform and synform implies a N-S trending fault in the central
SRM (shown by a broken line in Fig. 1), as shown by SHiraIsHI et al. (Fig. 1, 1991).

3. Deformation History of the Central Sér Rondane Mountains

Tectonism and metamorphism of a metamorphic belt is generally understood in terms
of the P-T--D path of the constituent units The first step of the P-T--D path analysis is
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to clarify the deformation history.

Rock structures and mineral textures in the central SRM rocks were formed through
multiphase deformation, as outlined in Table I. Seven stages of deformation are recog-
nized, alternating between ductile (folding and formation of foliation) and brittle deforma-
tions (fracturing and faulting). The deformations of three early stages (D, to D,) are of
penetrative type (Fig. 1), but those of three later stages (D5 to D;) are not of penetrative
type. Rock-fracturing and faulting were associated with magmatic intrusions and minor
shear zones. Because each stage of deformation is associated with metamorphism and in
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Fig. 2. Lower hemisphere equal area projections of foliations (S), mineral lineations (L)
and fold axes (B) within the central Spr Rondane Mountains.
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Table 1. Deformation history of the central part of the Spr Rondane Mountains.

Deforma- Structure Magmatism Metamor- Movement Age
tion event g phism picture (Ma)
banding-parallel peak of prograde
D, foliation (S,) with metamorphism ? 1000*
boudins, tight to granulite to
isoclinal fold (B,") amphibolite
facies ?
fracture filled with  tonalitic and
D, tonalite and gabbro gabbroic top-to the SW to S 950**
intrusives, mylonitic displacement
foliation (S,) and amphibolite formation of the
tight fold (B,) facies MSzZ
mylonitic foliation  pegmatite |
D, (S3), minor tight and granitic top-to the SE
fold (B;) and major displacement
recumbent fold (B,) retrograde formation of the

metamorphism SRS
WNW-ESE trending

D, open to tight fold pegmatite 11 N-S trending
(B,), minor shear compression and
zone and fracture greenschist northward
filled with intruded facies thrusting ?
granitic rock
D; N-S trending open E-W trending
to gentle fold (B;) compression
Ds NE-SW trending NW-SE trending
gentle fold (Bg) compression
D, fracture filled with  syenitic and 500**

intruded syenitic and  granitic

granitic rocks
*SHIRAISHI and KAGAMI (1989), **TAKAHASHI et al (1990).
MSZ: Main Shear Zone (KoJIMA and SHIRAISHI, 1986).
SRS: S¢r Rondane Suture (OsANAI et al., 1992).

some cases with magmatic intrusion, the deformation history is intimately related to the
metamorphic and magmatic history.

3.1. Deformation before tonalite intrusion (D,-stage)

The deformation stage (D, stage) before tonalite intrusion is characterized by the
formation of lithological banding-parallel foliation (S,) with boudins and by tight to
isoclinal folding of the S,-foliation but not by mylonitization. Most of the D,-structures
appear to have strongly lost their initial structural characteristics owing to overprinting of
subsequent deformation such as mylonitization and folding. The subsequent deforma-
tions were associated with retrograde recrystallization of metamorphic minerals and with
contact metamorphism by the latest non-foliated granite intrusion. Therefore, the trace of
the D,-stage metamorphism was also frequently lost during the later events associated with
mylonitization.

The metamorphic peak P-T conditions of pelitic gneisses have been estimated to be
about 750° to 850°C and 700 to 800 MPa in the NE terrane (Asami and SHIRAISHI, 1987;
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OsaNal et al., 1988). The present authors regard the P-T sets as the conditions of the
D,-stage, because the gneisses are not mylonitized. Thus, the D,-deformation may be
synchronous with the peak of prograde metamorphism of the SRM rocks. Granulite
facies basic gneisses yielded Rb-Sr and Sm-Nd whole rock isochron ages of ca. 1000 Ma,
which has been regarded as the age of the granulite-facies regional metamorphic peak in
the SRM (SHIRAISHI and KAGaMi, 1989).

Fig. 3. A. B,-boudins (dark colored) (B) in biotite gneiss (light colored) rotated (r),
folded (f) and shortened (s) by D,-folding in the southern part of Salen
(locality no. 91012204). Dark colored boudins and lenses vary in length from 5
to 20 cm. B. B,-fold of S,-foliation with S,-boudins (B), cut by D;-pegmatite
(Pm, pegmatite 1 after Owapa4 et al, 1991, 1992) in the southern part of Salen
(locality no. 91012203). After the pegmatitic intrusion, the interlimb angles of
the B,-fold progressively decreased owing to the Bs-folding. The S,-boudins are
folded (f) and rotated by the D,- and Ds-foldings.
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3.1.1. Boudinage (S,-phase)

The earliest phase (S;-phase) of deformation in the SRM rocks is defined by S,-
foliation with boudins. The S;-boudins are quartzo-feldspathic veins and thin layers of
coarse-grained amphibolite intercalated within fine-grained amphibolites, pelitic-psammitic
and charnockitic gneisses. Most of the S,-boudin and -foliation are folded and rotated by
deformation after tonalite intrusion (Fig. 3).

3.12. Tight to isoclinal folding (S,’-phase)

The deformation of the S,’-phase is characterized by the folding of the S,-foliation in
tight to isoclinal shapes (B,”) with well developed axial foliation (S,”). The B,’-folds are
cut across by tonalite dykes (Fig. 4A). The tonalites rarely contain metamorphic inclu-

Fig. 4. D,-tonalite. A. B,-isoclinal fold (B,) in calc-silicate gneiss intruded and cut by
D,-tonalite (T) in the southernmost part of Lunckeryggen (locality no. 90010208).
B. D,-tonalite veins (T) injected along shear fractures into biotite-hornblende
gneiss (dark colored) in the northwestern part (Kusuriyubi Ridge) of Brattnipane
(locality no. 90122801).
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sions that preserve B,’-folds.

32. Topto the SW to S displacement associated with retrograde mylonitization and
tonalite intrusion (D, stage)

The deformation of the D, stage is characterized by tonalite intrusion, the formation
of S,-parallel mylonitic foliation (S,) and folding of the S,- and S,’-foliations (B,) with
well developed axial foliation (S,). The D,-tonalitic intrusives cut S,- and S,’-foliations
(Fig. 4). The S,-foliations trend E-W to ENE-WSW and dip southward with NE-SW to
N-S trending mineral lineation (L,) (Figs. 1 and 2). The L,-lineation is frequently cut
across by NW-SE trending mineral lineation (L;) on another mylonitic foliation (S;)
formed after the D, stage. Moreover, some of the L,-lineations curve from a NE-SW trend
toward a NW-SE trend showing a U-shape. The D,-structures are cut by leucocratic
granite and pegmatite (Fig. 3B) (pegmatite I after OwaDA et al., 1991, 1992) which were
folded and/or mylonitized during the D, stage. The D,-structures are folded by post-D,
folding (Figs. I and 2), with tight to isoclinal shape and NW-SE trending fold axis (Fig.

Fig. 5. B,-fold (B,), shown by granitic vein (G), refolded by B,-fold (B,) at the south-
ern end of Brattnipane (locality no. 91010602).
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5) and with open to tight shape and WNW-ESE trending fold axis (Fig. 14).

Most of the D,-intrusives show tonalitic affinity, though partly gabbroic and granitic
(OwADA et al., 1991, 1992; SHIRAISHI et al., 1991, 1992). The tonalites are mainly made
up of hornblende, biotite, plagioclase and quartz. The gabbros are composed mainly of
hornblende and plagioclase, and the granites are mainly made up of biotite, plagioclase,
quartz and alkali feldspar. Almost all of the D,-intrusive rocks have S,-mylonitic folia-
tion and L,-mineral lineation, showing that they, together with surrounding metamorphic
rocks and contained metamorphic inclusions, were deformed immediately after the intru-
sion. Structures of the D, stage are prominent structures in the central SRM. Only a
little D,-intrusive rock in the southern part of the SRM does not show mylonitic foliation
and lineation, and contains metamorphic rock blocks which have S,’-foliation (Fig. 4A).
The D,-intrusives of the SRM are cut by pegmatites, syenites and granites (OWADA et al.,
1991, 1992; SAKIYAMA et al., 1988).

The main masses of D,-tonalites occur as parallel large-scale sheets in an E-W trending
zone (SHIRAISHI et al., 1991, 1992). The northern edge of the zone was named the Main
Shear Zone because the tonalites are strongly mylonitized after their intrusion (Koyma and
SHIRAISHI, 1986). The tonalite sheets are parallel to the S,-mylonitic foliation. Many
D,-tonalite veins are injected along shear fractures (Fig. 4B). These imply that the tonalite
intruded into a regional fracture zone at first, and then the zone functioned as a mylonite
zone. The tonalite intrusion may have occurred in the same series of movements as the
mylonitization. The D,-mylonites show various kinds of asymmetrical structures such as
rotated boudins of amphibolites (Fig. 6), S-C structures (BERTHE et al., 1979; LisTER and
SNOKE, 1984) and C’ surfaces (PONCE DE LEON and CHOUKROUNE, 1980) (Figs. 7A and B)

Fig. 6. Sinistrally rotated boudins (B) of amphibolite in mylonites derived from Br-Hbl gneiss and
D,-granitic rock in the northern part of Lunckeryggen (locality no. 91010501). Long axis
(L) of individual boudin is oblique to the enclosing mylonite with a low angle. Extension
fracture (E) is filled with quartz vein. Top-to-the-SW sense of shear.
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as well as porphyroclasts with asymmetrical tails of recrystallized fine-grained minerals
(Fig. 7C). These structures indicate that the deformation of the D, stage was caused by
a top-to the SW to S sense of shear.

The D,-mylonitization also developed folding of D,-tonalite dykes and veins in tight
to open shapes with S,-axial foliation. The B,-folds of pre-S,-foliations show tight to
isoclinal shapes. Some folds are of asymmetric type and show rootless forms, owing to a
high-strain magnitude during the folding. In some places the D,-folding progressively
induced decrease of interlimb angles of B,’-folds (Fig. 8).

The S,-mylonitic foliation and L,-mineral lineation in the D,-tonalites are mainly
defined by Hbl+Bt+Pl+Qtz (Fig. 7B), in pelitic to psammitic mylonites by Bt+ Sil+
Qtz+ Pl +Kfs (Fig. 7C) and in intermediate to basic mylonites by Hbl +Bt+Pl+Qtz. In
the SW terrane, the D,-structures are defined by the same mineral assemblages as pre-D,-
structures. Orthopyroxene and related granulite facies mineral assemblages are not found

T

Fig. 7. Deformation structures and textures of D,-deformed rocks. Top-to-the-SW sense of shear.
A and B. S-C-C’ mylonites derived from D,-tonalite and Bt-Hbl gneiss. A is found in the
southeastern part of Walnumfjellet (locality no. 90123004). B. Quartz ribbons (Qr) are
strongly elongated oblique to S,-foliation but consist of subequant to equigranular quartz
grains in the Bt-Hbl mylonite from the northwestern part (Koyubi Ridge) of Brattnipane
(sample no. 90122603-B-TB-6). The scale bar is 2.0 mm. Plane-polarized light (PPL). C.
Garnet porphyroclast (Grt) with asymmetrical tails of recrystallized fine-grained sillimanite
(Sil), biotite (Bt) and quartz in pelitic mylonite from the southern end of Austkampane
(sample no. T91020102C). The scale bar is 2.0 mm. PPL. D. Random-oriented biotite
grains (Bt) cutting mylonitic foliation in D,-mylonite from the northwestern part (Koyubi
Ridge) of Brattnipane (sample no. 90122603-D-TB-6). The scale bar is 1.0 mm. PPL.
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in the foliated D,-tonalite and host metamorphic rocks of the NE terrane which were
suffered by D,-mylonitization and post-D, stage deformations. The sillimanite and
biotite defining S, resulted from the breakdown of garnet porphyroclast in pelitic mylonite
from the NE terrane (Fig. 7C). These show that during the D, stage, retrograde am-
phibolite facies mylonitization occurred in the granulite facies NE terrane. On the other
hand, the amphibolite facies SW terrane during the D, stage appears to have mylonitized
under the same amphibolite facies conditions as its metamorphic peak. SHIRAISHI et al.
(1991) pointed out in the petrological study that in the SW terrane, the tonalites were
emplaced immediately after the peak regional metamorphism and that they were metamor-
phosed and mylonitized during the retrograde stage. This suggests that the D,-magmatic
intrusion and -mylonitization caused the metamorphic rocks of the SRM to be detached
and exhumed from the lower crust immediately after the granulite and amphibolite facies
metamorphic peaks.

Tonalites of the D, stage yielded a Rb-Sr whole rock isochron age of 950 Ma, which
has been regarded as the age of the tonalite intrusion (TAKAHASHI et al., 1990). This age
is conformable with the above interpretation that the D,-tonalite intrusion occurred after
the 1000 Ma granulite facies metamorphism in the NE terrane of the SRM.

Fig. 8 B,_,-fold (B,) developed from D, to D, stages at the northeastern corner of
Walnumfjellet (locality no. 91010301). D,-tonalite (T), intruding D,-folded gneiss,
was deformed by B,-folding. Lens cap of camera is 5.2 cm in diameter.
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3.3. Top-to the SE displacement associated with retrograde mylonitization and minor
magmatic intrusion (D, stage)

The deformation of the D, stage is characterized by the amphibolite facies mylonitiza-
tion developed S,-parallel mylonitic foliation (S;) with NW-SE trending mineral lineation
(L;), by refolding (B;) of B,-folds (Fig.S) and by dioritic to granodioritic intrusion.
Structures of the D, stage are prominent ones in the central SRM. The L;-lineation on
the S;-foliation cuts L,-lineation. The Dj-structures are folded with open to tight shape
and WNW-ESE trending fold axis by post-D; folding (Figs. 1,2, 9 and 10).

D,-mylonites show various kinds of asymmetrical structures such as S-C structures and
C surfaces as well as porphyroclasts with asymmetrical tails of recrystallized fine-grained
minerals (Figs. 1A and B). These structures indicate that the deformation of the D, stage
was caused by a top-to the SE sense of shear.

The D;-mylonitization also developed folding of pre-D;-structures in tight to isoclinal
shapes with well developed axial foliation (S;) (Fig. 5). Some B;-folds are of large-scale
recumbent type with isoclinal shape and NE-SW trending fold axis (Figs. 1 and 12). The
S;-axial foliation is generally parallel or sub-parallel to the S;-mylonitic foliation. Most
axes of the B;-fold are parallel to L;-lineation. In some places the D;-folding progressive-
ly resulted in decrease of the interlimb angles of B,-folds (Fig. 3B).

The D,-structures are defined by the same mineral assemblages as the D,-structures.
This suggests that the Dj-deformation occurred under the same amphibolite facies
metamorphic conditions as the D,-deformation. The D; stage after the present authors
corresponds in movement and metamorphic conditions to the mylonite-forming event after
OsaNal et al. (1988). Therefore, the S¢r Rondane Suture (OsaNAl et a!., 1991) was formed
during the D; stage. Asami and SHIRAISHI (1987), OsaNAl et al. (1988) and Asami et al.
(1992) suggest that the metamorphic conditions of the D, to D; stages were 530" to 580°C
and 550 to 450 MPa in the central part of the SRM.

34. NNE-SSW compression resulting in WNW-ESE trending fold (D, stage)

The deformation of the D, stage is characterized by the formations of WNW-ESE
trending fold (B,) of the pre-D,-foliations and of fractures filled with pegmatitic intrusives
(Figs. 1 and 2). The B,-folds form open to tight shapes with subvertical axial foliation
(S,) (Figs. 13 and 14). The pegmatitic dykes and veins are often intruded along the axial
foliation (pegmatite II after OwADA et al., 1991, 1992) (Fig. 13). Some of the folds show
geological map scale antiform and synform (Fig. 1). The B,-fold refolds the pre-B,-fold
(Figs. 13 and 14). These D,-structures are deformed by folding in open to gentle shapes
with axial foliation (S;) (Fig. 16). The D,-folding may have resulted from NNE-SSW
compression. Chl+Ms+Qtz and Chl+ Epi+Qtz define the S,-axial foliation, suggesting
D,-deformation under greenschist facies metamorphic conditions.

Minor shear zones trending WNW-ESE and dipping steeply southward are developed
where the S;-foliation is steeply inclined to the south, especially in the SW terrane. The
minor shear zones cut across and deflect the S;-foliation (Fig. 15). The shear zone with
the deflection of S;-foliation has a monoclinic symmetry and a top-to-the-N shear sense
along steeply southward-inclined planes in a NNE-SSW compressional tectonic regime
(Fig. 15). The shear zones are defined by the same greenschist facies mineral assemblages
as the S,-axial foliation. Therefore the WNW-ESE trending fold and minor shear zones
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Fig. 9. Bj-fold (B,), defined by the mafic layer, refolded by B,-fold (B,) at the southern
end of Menipa (locality no. 91012504).

Fig. 10. Bs-fold (B;) refolded by
B,-fold at the southern end of
Menipa (locality no. 91012504).
Axis of the B-fold are curved
toward the orientation parallel to
the B,-fold axis.
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P .

Fig. 11. Microphotographs of D,-deformed rocks. The scale bar is 2.0 mm. Plane-

polarized light. A. Pelitic mylonite with S-C-C’ fabrics defined by green biotite
(Gbt) from the southern end of Brattnipane (sample no. T91010603A).
Top-to-the-SE sense of shear. B. Weakly preferred orientation of fine-grained
biotite (Bt) in Ds-pelitic mylonite from the central part of Menipa (sample no.
T910124-T09-B). Asymmetrical microstructure such as S-C-C’ fabrics in the
mylonite is unclear. C. Kyanite (Ky)+ quartz (Qtz) porphyroblast cutting
Ss-mylonitic  foliation (S,) at the southern end of Brattnipane (sample no.
T790123101). The foliation is defined by quartz ribbon (Qr).
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Fig. 12.  A. Photograph and sketch of B,-large-scale recumbent fold (B,) with isoclinal
shape, defined by mafic layer in the southern part of Menipa (locality no.
91012504). The cliff height is about 320 m. B. Photograph of hinge zone of
the B;-fold with well-developed axial foliation at the southernmost part of
Menipa.

89
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Fig. 13. Bs-isoclinal fold (B;) refolded by B,-open fold (B,) at the northeastern corner of
Walnumfjellet (locality no. 91010301). Pegmatitic granite dyke (Pg, pegmatite
Il after Owapa et al, 1991, 1992) is intruded into along the axial foliation of
the B,-fold.

appear to have resulted from the NNE-SSW compression during the D, stage.

3.5. E-W compression resulting in N-S trending fold (D stage)

The deformation of the D; stage is characterized by the formation of a N-S trending
fold (B;) of pre-S;-foliations (Fig. 2) and by refolding of pre-D;-folds such as B,- and
B,-folds (Figs. 16 and 17). The B;-folds form open to gentle shapes with subvertical axial
foliation (S;). Some of the D;-folds are geological map scale antiform and synform. The
D;-folding may have been attributed to E-W compression.

3.6. NE-SW trending folding resulting from NW-SE compression (D, stage)

The deformation of the D; stage is characterized by the formation of NE-SW trending
folds (Bg) of the pre-Dg-structures such as B;- and B,-folds (southern part of Austkampane
in Fig. I). The Bg-folds form gentle shapes with subvertical axial foliation (Ss). Some of
the Dg-folds are geological map scale antiforms and synforms (Figs. 1 and 2). The
D¢-folding may have been due to NW-SE compression.



Structural Evolution of the S¢r Rondane Mountains 91

Fig. 14. B,-fold (B,) with D,-granite vein and dyke (G, pegmatite Il after Owap4 et al,
1991, 1992) in the northern part of Lunckeryggen (locality no. 91011405),
showing open shape and refolding B,_,-fold (B,_,).

3.7.  Non-foliated granite intrusion (D, stage)

The deformation of the D, stage is characterized by non-foliated granite and syenite
intrusives (OwADA et al., 1991; SAKIYAMA et al., 1988) cutting across the pre-existing
structures (Fig. 18). The granite and syenite occur as stocks, dykes and veins (OwWADA et
al., 1991; SAKIYAMA et al., 1988) and are the product of the last stage of the tectono-
metamorphic history of the SRM. Asami er al. (1992) suggest that the metamorphic
conditions of the D, stage were around 550°C and 300 MPa, using stability of an And+
Sil+Ms+ Qtz association in pelitic gneisses adjacent to the D,-granitic intrusives (AsAMI et
al., 1992). The mineral associations result from contact metamorphism with the D,-
intrusives.

Large Ky+Qtz porphyroblasts with random orientation are rarely found, growing
across S;-mylonitic foliation in the matrix of Dj-leucocratic granitic mylonites from the NE
terrane (Fig. I1C). The leucocratic granites intruded into pelitic gneiss consisting of Grt+
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Fig. 15. D,-minor shear zone cutting S,-foliation of mylonitic tonalite from the southern
part of Walnumfjellet (locality no. 91010103). The shear zone with refracted
pre-S,-foliation has a monoclinic symmetry and are with top-to-the-N shear sense
along steeply southward-inclined planes. The lens cap of the camera is 5.2 cm
in diameter.

Bt+ Sil+ Pl+Kfs+Qtz, and then were mylonitized during the D, stage. However,
preferred orientation is not clear in the leucocratic mylonites, except for shape preferred
orientation of strongly elongated quartz ribbons defining the S;-foliation. The porphyr-
oblasts show oval, prismatic or spindle shapes in the leucocratic matrix dominated by P14
Kfs+Qtz with small amounts of Ms+ Grt.  Each porphyroblast grain consists of a kyanite
grain mantled by quartz (Fig. 11C). The long axis of the kyanite is parallel to that of the
porphyroblast. The Ky+Qtz porphyroblasts do not have preferred dimensional and
lattice orientations, suggesting that ductile deformation did not occur after the porphyrob-
last formation. Such a mode of occurrence and the fabrics of the porphyroblasts indicate
that they were produced under non-deformational conditions in the kyanite-stable field
after the D;-mylonitization.

Asami and SHIRAISHI (1987) and Asami et al. (1992) stated that a retrograde kyanite-
forming reaction involved the breakdown of garnet in pelitic gneisses under static condi-
tions during a regional retrograde metamorphic stage. The retrograde kyanite is restricted
to biotite aggregate which penetrates into garnet grains and with which garnet grains are
fringed (Asami and SHIrAISHI, 1987). However, the kyanite in the pophyroblast is never in
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Fig. 16. Curve in B,-fold axis (B,) resulting from Ds-folding at the southern end of
Menipa (locality no. 91012504). The B,-fold refolded Bs-fold (B;) of layered
gneiss.

Fig. 17. B,-fold (B;) refolding Bs-
fold (B;) of layered gneiss from
the southern end of Austkampane
(locality no. 91020201).
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Fig. 18. D,-granite dykes (light colored, steeply inclined to the left) cutting layered gneiss
with pre-D,-structure (subhorizontal in this outcrop) at the southern end of
Austkampane (locality no. 91012802).

direct contact with biotite and garnet, which are sporadically scattered in the mylonites but
not near the porphyroblasts. Most of the garnets are embayed and replaced by biotites,
showing that breakdown of garnet occurred. Many garnets fracture, and the fractures in
the garnets are filled with biotites. The biotites formed through the breakdown of garnet
define the S;-mylonitic foliation, except for those in the embayments and fractures of the
garnets. From the occurrences of the garnet, biotite and porphyroblast, the random-
oriented and undeformed kyanites appear to be related to another metamorphic stage
during the last stage (D) after the retrograde kyanite formation (D).

Many mylonites formed during D, to D; stages have granoblastic texture of recrystall-
ized fine-grained minerals, quartz ribbons with strongly elongated shape but consisting of
subequant to equigranular quartz grains (Figs. 7B, 11B and 11C). The quartz ribbons
show slight undulatory extinction, suggesting almost strain-free conditions. Biotite
defining the mylonitic foliations and asymmetrical structures is replaced by random-
oriented and undeformed biotite, which cuts the mylonitic foliations (Figs. 7D and 11B).
Therefore, preferred orientation is not clear in the mylonites, except for shape preferred
orientation of strongly elongated quartz ribbons which define the S,- or S;-mylonitic
foliations.  Also, asymmetrical structures such as S, C and C surfaces are present but only
faintly visible in the mylonites (Figs. 7D and 11B). These appear to have been due to
reheating or annealing after the mylonitization. The strain-free quartz ribbons and
random-oriented kyanites and biotites cutting the S;-foliation were undeformed after their
formation. Therefore, their formation and the reheating may have resulted from the
contact metamorphism with the non-foliated D,-granite as shown by Asami et al. (1992).

The D, stage granite yields a Rb-Sr whole rock isochron age of ca. 500 Ma, which has
been regarded as the age of the intrusion (TAKAHASHI et al., 1990).

4. Summary

The structural evolution of the central part of the SRM is divided into seven stages,
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Fig. 19. Schematic diagram illustrating the structural evolution metamorphic and intru-
sive rocks from the central Sgr Rondane Mountains which occurred during the
D, to D stages. Solid arrows show compressional stresses. Open arrows
indicate shear directions (displacement vectors) lying within the shear planes.

from D, to D, based on their characteristics of deformation, metamorphism and igneous
activity (Table I and Fig. 19). It has been clarified that the metamorphic history of the
central part of the SRM is divided into three stages, prograde metamorphic peak stage,
retrograde metamorphic stage related to its exhumation and contact metamorphic stage.
The metamorphism of the former two stages has not occurred only with ductile deforma-
tion but also with various kinds of magmatic intrusion. The D, stage before the tonalite
intrusion stage is considered to correspond to the prograde metamorphic peak stage. The
retrograde metamorphism and exhumation of the lower crustal rocks began at the D, stage
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associated with the intrusion of the tonalite which was subsequently intensely mylonitized.
The S,-mylonitic foliation produced immediately after the tonalite intrusion was formed
parallel to the planes along which the tonalite magma was emplaced. These imply that
the initial stage of the exhumation tectonics of the SRM rocks resulted from the rise and
intrusion of the tonalite magma, and that the D,-shearing during the exhumation
controlled and enhanced the tonalite intrusion along the shear planes (Fig. 19). Because
the mylonitization and tonalite intrusion were caused by the top-to the SW to S displace-
ment along the planes dipping to the S, the exhumation may have occurred in an
extensional tectonic regime (Fig. 19). Therefore, the D,-deformation may have been
related to the rifting accompanying large-volume intrusion of tonalite magma (SHIRAISHI et
al., 1991). Subsequently, the D;-mylonitization was caused by the top-to the SE displace-
ment of the SRM rocks in another extensional tectonic regime (Fig. 19).

After these mylonite-forming tectonics, poly-stage folding occurred in some compres-
sional tectonic regimes. The NNE-SSW compressional stress acted on the SRM rocks
after the D, stage and resulted in the WNW-ESE trending folds and minor thrusts with
top-to the N sense (Fig. 19). The central SRM rocks was emplaced under greenschist
facies conditions during this stage before the contact metamorphism with the D,-granites.
Subsequently the E-W compressional stress worked during the Dy stage (Fig. 19), and then
NW-SE compression resulted in the Dg-folding. During the last stage (D, stage) of the
structural evolution of the central SRM, the non-foliated 500 Ma granite intrusion ac-
companied a thermal event (Asami et al., 1992) and the metamorphic grade increased from
greenschist facies to amphibolite facies.
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