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THE NODULAR METAMORPHIC ROCKS 
FROM THE ENVIRONS OF KRAGERO, 

SOUTH COAST OF NORWAY 

BY 

R. B. ELLIOTT and R. D. MORTON 

(University of Nottingham, England) 

Abstract. The nodular rocks of the Kragero district range from nodular 
quartzites, through nodular schists to nodular gneisses. The name nodular 
'granite' has, in the past, been applied to the most felspathic members of the 
series. New analyses show that the composition of the sillimanite quartzite 
nodules is remarkably constant in that Si01 and Al208 together exceed 95%, while 
the compositions of the matrices constitute a fairly well-defined chemical group 
characterized by high Si02, Al103 and a dominance of K20 over Na20. The 
matrix composition of the nodular quartzites corresponds to a sandstone and 
that of the nodular schists to an impure sandstone. The matrix composition of 
the nodular gneisses ('granites'), with its high normative quartz and K-felspar 
and negligible plagioclase, resembles many arkoses and differs markedly from 
normal granite. 

The nodular structure is explained by the operation of two phases of oblique 
folding on a series of rocks with variable competence. The first folding produced 
rods; the second folding broke the rods into nodules. The two sets of folds have 
been revealed by recent mapping. It is postulated that the nodular rocks owe 
their origin to the multiple folding of a series of arkoses and impure sandstones 
which contained hard ribs of high-alumina quartzite. Neither significant meta
morphic differentiation nor felspathization need have taken place. 

Part I : C omposition 

R. B. ELLIOTT 

Introduction 

In the neighbourhood of Kragero, S. Norway and especially well
exposed on the island of Bæro, are a group of highly banded meta
morphic rocks characterized by the presence of small lenses and len-
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ticles, many about 5 cm in diameter, composed of quartz and silli
manite (Pl. I a). According to BuGGE (1943 p. 102) similar rocks are 
widely distributed throughout the Kongsberg-Bamble series and 
are best developed in the tracts from Indre Sondeled northwards past 
Kragero and again in the vicinities of Modum and Snarum. Recent 

surveying in Bamble (Morton, Pettersson, Burrell, et al.) has confirmed 
the presence of these rocks north of Morland, near Lindfjell, near 
Mo in Sannidal, north east of Skardvatn and at widespread localities 
south east of a line from Feset to Gjerstad. The nodular rocks were 
originally called quartz-conglomerates by VoGT (1893) and subsequently 
renamed 'nodular granites' by BROGGER (1905, 1934) who invoked a 
complex magmatic hypothesis to explain their origin. This hypothesis 
is summed up as follows: The nodular 'granite' is a hybrid rock and 
its nodules have crystallized from a magma of special composition, 
essentially originating from the melting and dissolving of quartzites. 
The quartzites were melted by the eruption of granite magma aided 
by pneumatolytic gases to produce a special siliceous magma. The 
special siliceous magma mingled with the granite magma in the form 
of immiscible schlieren which later split up into drops and finally 
crystallized as nodules. 

Largely as a result of investigations around the periclinal Levang 
granite, HoFSETH (1942) proposed a difficult concept involving possible 
magma and ichor. She suggested that granite might have been arrested 
in its upward rise by sillimanite bearing quartzites in which nodules 
of sillimanite already existed. 'The dissolving action of the intruding 
ichor would be a ble to completely dissolve ... (the sillimanite quartzite) 
. . . while the larger sillimanite nodules were preserved.' Presumably 
the nodular 'granite' was regarded as a kind of migmatite. 

BuGGE (1943) supposes that the nodular 'granites' are metasomatic 
rocks formed by the granitization of a variable series of aluminous 
pelitic sediments in which a lens structure had earlier been formed by 
metamorphic differentiation. 

In spite of the interest which these rocks have aroused and the 
discussion which they have stimulated, there is only one analysis of 
their 'granitic' matrix (BRoGGER 1934). The principal aims of this 

paper are to provide more data so that the nature of the problem 
presented by the nodular rocks becomes clearer and to discuss the 
genesis in the light of the new information. 
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Field Relation on Bæro 

The nodular rocks on Bæro show great variations. Same of the 
rocks are nodular mica-schists with a strong schistosity and flattened 
lenticles. Same are nodular grey quartzose granulites also with flat
tened lenticles. Others are pink quartzo-felspathic rocks with a strong 
foliation and gneissose structure. The nodular rocks are interbanded 
with non-nodular rocks and all share structural elements in common. 
The most obvious common structure is a strongly-developed almost 
vertical foliation parallel to and embracing the lithological boundaries. 
Cross-cutting relations are not shown. These characters are well shown 
at Fiskerodden of which a new section is shown in Fig. l. 

This differs in minor detail from that drawn by Brogger, the agree
ment in terms of variability and structure is more significant. 

In the interior of Bæro the trend of the foliation turns through 66 
degrees from N 54 o E at Fiskerodden to N 12° W on the east coast of 
the island. In the hinge of the fold the characteristic foliation of the 
flanks is missing and the nodular gneiss is more massive and granitoid. 
The nodules are also less flattened and they lie in complex trains about 
what appear to be steeply-plunging fold axes. A fea ture of importance 
to an interpretation of the origin of the nodular gneisses occurs in 
this central region, in that same of the nodules are not discrete 
entities but are portions of partially fragmented lenses and layers 
(Pl. I b). 
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Fig. l. Section across Fiskerodden, Bæro. 
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Composition of the Nodular Rocks 

Five nodular rocks from Bæro were selected for analysis; two 
nodular 'granites' and two nodular schists from Fiskerodden and one 
nodular quartzite from M uffetangen. In each case an analysis was made 
of (a) the whole rocks, (b) the nodules, and (c) the matrix. The method 
of preparing a rock for analysis was to cut a large slice about 3-4 mm 
thick out of the centre of a rock specimen with a large diameter dia
mond saw and to dissect this slice carefully into matrix and nodules. 
An adjacent piece of rock was then ground up for the 'whole rock' 
analysis. 

The Nodules 

The nodules are rather constant in composition and consist of 
quartz and subordinate sillimanite with or without muscovite. The 

si li. bi. muse. 

micr. qz. 

Fig. 2. Nodular quartzite, Muffetangen, Bæro. x 20. 
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quartz crystals are invariably flattened and the mica flakes are often 

large. Their analyses are shown along with those of their enclosing 
rocks in the appropriate Tables and are plotted on Fig. 3, b, e, h, and 
j. The features of the analysis are that Si02 and Al203 together total 
between 95% and 98% of the rock and that no other constituent 
exceeds 1%. 

The N odular Quartzites 

These are tough grey medium-grained rocks with small flattened 
nodules and a somewhat diffuse banding without schistosity (Pl. I c). 
They consist mainly of quartz with subordinate quantities of silli

manite, biotite, muscovite, microcline and micaceous aggregates 
which are probably pseudomorphs after plagioclase. The texture is 
shown in Fig. 2. The relative proportions of these vary from band to 
band so that in a single thin section one band may have 10% of micro
cline whereas a neigbouring band may be felspar free. Modal analysis 

Quart1 

Albite Orthoclose 

Fig. 3. Normative Ab--Or-Qz in nodular rocks. Localities as in Tables l, 2 and 4. 
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Table l. Chemical analyses of the nodular quartzite 
from Muffetangen 

Si01 o • • • • • • • •  o o o 

Al108 • • • • •  o • • • • •  

Fe103 • • • • • • • • . . •  

FeO o • • • • •  o • • • • •  

MgO ............ 
Ca O o .  o .  o .  o .  o • • •  

Na10 • o .  o o • • • • •  o 

K.O o • •  o o .  o .  o o o o 

H.O o o o • • • • • •  o .  o 

Ti O • •  o • • • • •  o o • •  

Pa06 ............ 
co. o o • •  o o .  o o .  o .  

norms: 

qz .............. 
or o o o o .  o .  o .  o .  o o .  

ab ......... ..... 
an . . . . . . . . . . . . . .  

c o o .  o • •  o o • • • •  o o o 

di .. . . . . .. . . . . .  } 
hy ............ 
mt o o o • • •  o .  o • • •  o 

il .. ............. 
ap ... ........... 
rest • • •  o .  o .  o o o o o 

Qz o .  o o o .  o .  o .  o • •  

Or • o o o • •  o • •  o • •  o 

Ab .............. 

a 

88.30 

4.20 

0.00 
1.74 
1.40 

0.41 
0.63 
2.13 
0.65 
0.10 
0.10 
0.08 

99.74 

{a) 

72.54 

12.23 

5.24 
1.67 
0.31 

6.67 

-

0.15 
-

0.10 

80.59 
13.59 

5.82 

100.00 

b c 

86.70 88.3 
9.30 4.10 
0.28 0.16 
0.42 1.38 
0.25 1.05 
0.10 0.41 
0.38 0.79 
0.88 2.46 
0.65 0.71 
0.02 0.09 
0.11 0.10 
- 0.03 

99.09 99.58 

{b) (c) 

80.22 70.92 

5.56 15.01 

3.14 6.81 
0.28 -

7.55 -

1.13 5.54 

0.46 0.23 
- 0.15 
0.34 0.34 
- -

90.22 76.47 
6.25 16.19 
3.53 7.34 

100.00 100.00 

a Nodules from Nodular Quartzite, Muffetangen, Bæro. Analyst, M. Dowlman 
b Nodular Quartzite, whole rock Muffetangen, Bæro. Analyst, M. Dowlman 
c Matrix of Nodular Quartzite, Muffetangen, Bæro. Analyst, M. Dowlman 
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of the groundmass is unsatisfactory; the chemical analyses are given 
opposite, Table l, and are plotted on the Qz-Or-Ab diagram in Fig. 3, 

a, b and c. 

The N odular Schists 

These are light grey medium-grained rocks, with small flattened 
lenticles, characterized particularly by the large size of their mica 
flakes. Like the nodular quartzites they are diffusely banded and the 
mineral proportions vary from band to band. A mode is given below 
and the texture is shown in Fig. 4. 

Quartz 57.9 
Microcline 11.7 
Plagioclase . O.l 
Biotite. 14.2 
Muscovite 14.4 
Sillimanite 

} 1.7 
Tourmaline 
+ Acc. 

100.00 

The chemical analyses are given in Table 2 and are plotted on Fig. 3, 
d-i, from which it can be seen that these schists are not the chemical 

equivalents of crushed nodular gneiss. 

The N odular Gneis ses 

The nodular gneisses are pink or pinkish-grey medium grained rocks 
with abundant felspars. Where the foliation is strongly marked the 
nodules are lensoid and where, as in central Bæra, the foliation is 
weak the nodules are fatter and may occur in bands (Pl. I b and Pl. 
Il a). The groundmass is composed mainly of quartz and microcline 
with subordinate muscovite, biotite, plagioclase-pseudomorphs and 
accessory minerals, among which tourmaline is very prominent 
(Fig. 5). Modal analyses are given in Table 3 and are plotted in Fig. 6. 

Mineralogically the matrices of the nodular gneisses are not 
equivalent to magmatic granites; their quartz contents of 45-55% 
are at least 15% too high and their felspar contents of 30%-45% are 
more than 20% too low. 
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muse bi micr 

qz 

Fig. 4. Nodular schist, Fiskerodden, Bæro. 

Chemical analyses of the nodular gneisses are given in Table 4 
and plotted in Fig. 3. 

The original matrix analysis, m, was obviously anomalous and 
was repeated only to give the same set of figures. Petrographic exam
ination showed that there was a small diffuse quartz vein contrib
uting a few per cent to the specimen and ha ving the effect of increasing 
the Si02 and of depressing all the other oxides. Estimating 5% contam
ination and recalculating gives analysis m* which has been plotted 
on Fig. 6. At the same time a new analysis of the matrix from a some
what similar nodular gneiss also from Fiskerodden gave the analysis, 
n. m * and n are in good agreement with one another and in fair agree
ment with Brogger's analysis although poorer in Na20. 

There is naturally some variability in the analyses but certain 
features are consistent and it is clear that they differ materially from 
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Table 2. Chemical analyses of the nodular schists from Fiskerodden 

Si01 . . . . . . . . . .. . 

Al.01 • • • • • • •  o • • •  

Fe108 . • • • • • • • • • • 

FeO . .. . . . . .. . . . .  

MgO . . . . . . . . . . . . 

CaO . . . . . . . . . . . . .  

Na20 . . . . . . . . . . . .  

K.O 
H10 

• • • • • • • • • • •  o 

• •  o • • • • • • • • •  

Ti01 • • • • • • • • • • • •  

Ps05 . . . . . . . . . . . .  

co. . . . . . . . . . . . .  

Total. . . . . . . . . .. .  

qz . . . . . . . . . . . . . .  
or • • • • • • •  o • • •  o • •  

ab . . . . . . . . . . . . . .  
an . . . . . . . . . . . . . .  

c • o .  o • • • • • • • • • • •  

hy . . . . . . . . . . . . . .  

mt • • • • •  o • • • • • • •  

il ............... 
ap . . . . . . . . . . . . . .  

ca . . . .. . . . . . . . . .  

Qz • • •  o • • •  o • • • • •  

Or . . . . . . . . . . . . . .  
Ab • • • • •  o • • • • • • •  

d 

82.40 
7.30 
0.73 
0.96 
2.42 
0.19 
0.54 
2.36 
1.74 
0.14 
0.10 
0.05 

98.93 

65.34 
13.90 

4.72 
1.11 
3.47 
7.42 
1.16 
0.30 

-

0.10 

77.82 
16.55 

5.62 

99.99 

e f 

83.20 84.40 
13.30 6.90 

- 0.66 
0.54 0.72 
0.37 1.94 
0.10 0.10 
0.64 0.50 
0.74 3.58 
1.13 0.53 
0.02 0.10 
0.12 0.08 

- 0.02 

100.16 99.53 

75.72 64.32 
4.45 21.13 
5.24 4.21 

- -

11.42 2.42 
1.96 5.46 

- 0.93 
- 0.15 
0.34 0.20 

- -

88.65 71.75 
5.21 23.57 
6.13 4.67 

99.99 99.99 

g h 

81.40 79.90 82.70 
9.50 18.20 6.50 
0.76 - 0.16 
0.72 0.54 1.74 
2.68 0.27 4.30 

- - -

0.58 0.56 0.54 
2.60 0.50 3.08 
1.82 0.78 0.66 
0.14 0.02 0.27 
0.06 0.11 0.08 

- - -

100.26 100.88 100.03 

63.18 73.98 59.88 
15.57 2.78 18.35 

5.24 4.72 4.72 
- - -

5.61 16.78 2.24 
6.47 1.76 13.44 
1.16 - 0.23 
0.30 - 0.61 

- - -

- - -

75.22 90.80 72.19 
18.54 3.41 22.12 

6.24 5.79 5.69 

100.00 100.00 100.00 

d Nodular schist, whole rock, Fiskerodden, Bæro. Analyst, M. Dowlman 
e Nodules from nodular schist (d), Fiskerodden, Bæro. Analyst, M. Dowlman 
f Matrix of nodular schist (d), Fiskerodden, Bæro. Analyst, M. Dowlman 
g Nodular schist, whole rock, ·Fiskerodden, Bæro. Analyst, M. Dowlman 
h Nodules from nodular schist (g), Fiskerodden, Bæro. Analyst, M. Dowlman 
i Matrix of nodular schist (g), Fiskerodden, Bæro. Analyst, M. Dowlman 
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Table 3. Modal analyses of the matrix of nodular gneisses 

Quartz . . . . . . . . . . . . . . . . 
Microcline • • • • • • • • • • •  o 

P lag • o .  o • • • • • • • • • •  o .  o 

Muse • o .  o o • • • •  o • • •  o o o .  

Biotite o .  o .  o o o o • • • •  o .  o 

The rest . . . . . . . . . . . . . .  

Quartz . . . . . . . . . . . . . . . . 
Microcline o o o .  o • • • •  o • •  

P lag o • • • •  o • • • • • •  o o • •  o 

l 

54.3 
30.7 

-

3.0 
7.7 
4.3 

64.0 
36.0 

-

100.0 

l. Nodular gneiss 

2. Nodular gneiss 

3. Nodular gneiss 
4. Nodular gneiss 

Fiskerodden, Bæro 
Fiskerodden, Bæro 
Central Bæro 
Skardvang, Levang 

muse 

2 

52.0 
30.8 

1.3 
2.2 

11.6 
2.1 

61.8 
36.6 

1.6 

100.0 

bi qz 

3 

55.8 
37.0 

1.6 
1.5 
2.4 
1.7 

59.1 
39.2 

1.7 

100.0 

micr 

4 

45.3 
37.1 

8.2 
1.3 
7.5 
0.6 

50.0 
40.9 

9.1 

100.0 

Fig. 5. Nodular gneiss ('granite' of earlier workers), Fiskerodden, Bæro. 
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Table 4. Chemical analyses of nodular gneisses from Fiskerodden 

k m l m* n o p 

Si01 • • • • • 82.70 75.30 77.85 81.70 76.70 75.80 77.39 78.30 
Al.Oa ... · 12.80 12.60 10.50 7.80 9.98 9.40 11.29 10.20 
Fe108 • • • • 1.91 1.40 1.24 0.62 0.79 1.35 1.33 1.33 
FeO ...... 0.40 1.32 1.16 1.38 1.77 1.30 0.39 0.39 
MgO ..... 0.29 2.14 3.10 1.75 2.24 3.10 0.97 0.97 
CaO ...... trace trace 0.30 trace trace 0.10 0.59 0.59 
Nap ..... 0.42 0.79 0.55 0.79 1.01 0.60 1.61 1.61 
K.O ..... 1.00 4.90 5.80 5.33 6.82 6.30 6.61 6.61 
H10 ..... 0.40 0.33 - 0.16 0.20 - 0.63 0.63 
Ti01 . • • • •  O.o7 0.14 0.43 0.08 0.10 0.40 trace trace 
Pa05 ..... 0.11 0.14 0.10 0.08 0.10 0.10 0.03 0.03 ---

100.12 99.06 101.03 99.69 99.71 98.46 100.84 100.66 

qz ....... 75.78 48.96 47.10 54.18 40.44 43.14 40.20 41.40 
or ....... 6.12 28.91 34.47 31.14 40.03 37.25 38.92 38.92 
ab ....... 3.67 6.81 4.72 6.81 8.38 5.24 13.62 13.62 
an ....... 0.0 0.0 0.56 0.0 0.0 0.0 2.78 1.39 
c ........ 10.90 6.02 3.06 0.71 1.02 1.53 0.51 0.0 
di. ....... 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.08 
hy······· 0.70 6.32 8.33 6.25 8.11 8.33 2.45 1.90 
mt ...... 1.39 2.09 1.86 0.93 1.16 2.09 1.39 1.39 
he ....... 0.96 0.0 0.0 0.0 0.0 0.0 0.0 0.32 
il ........ 0.0 0.30 0.76 0.15 0.15 0.76 0.0 0.0 

Qz ..... .  88.6 57.8 54.6 58.8 45.5 50.4 43.3 44.1 
Or ....... 7.1 34.1 39.9 33.8 45.1 43.5 42.0 41.4 
Ab ...... 4.3 8.0 5.5 7.4 9.4 6.1 14.7 14.5 

100.0 99.9 100.0 100.0 100.0 100.0 100.0 100.0 

j Nodule from nodular gneiss, Fiskerodden, Bæro. Analyst, M. Dowlman 
k Nodular gneiss, whole rock, Fiskerodden, Bæro. Analyst, M. Dowlman 

Nodular gneiss, whole rock, Fiskerodden, Bæro. Analyst, M. J. Ryan 
m Matrix of nodular gneiss (k), Fiskerodden, Bæro. Analyst, M. Dowlman 
m* Matrix of nodular gneiss (k), recalculated minus 5 % quartz 

n Matrix of nodular gneiss (1}, Fiskerodden, Bæro. Analyst, M. J. Ryan 

o Groundmass of nodular granite, Fiskerodden, Bæro. Brogger, 1934, p. 33 
p Groundmass of nodular granite, Fiskerodden, Bæro. Brogger, 1934, p. 33 
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Quartz 

Plagioclase Microcline 

Fig. 6. Modal Plagioclase-Microline-Quartz in nodular gneisses. Localities as in 
Table 3. 

normal igneous granites in their low Al203, CaO and Na20 and in 
their high Si02• The new analyses also show high MgO and indicate 
that the biotite must be Mg-rich. 

The norms of the Fiskerodden rocks differ from the modes because 
of the high percentage of modal mica. On the other hand the norm of 
the inner Bæro rock must be quite dose to the mode for, in this case, 
the content of mica is low and the rock is composed largely of quartz 
and microcline. 

Origin of the Nodular Rocks 

The Nodules 

These consist dominantly of quartz and sillimanite with a variety 
of accessory minerals. They are petrographically sillimanite-quartzites, 
similar in mineralogical composition to other sillimanite-quartzites 
which occur elsewhere in the neighbourhood often in the closest 
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association with normal quartzites whose origin is not in serious doubt 
(BuGGE 1943). Their composition is ·>imilar to that of a mixture of 
quartz with kaolinite, perhaps also with gibbsite or diaspore and no 
complex metamorphic or metasomatic process is necessary to account 
for their chemical constitution. It seems logical to regard them as 
virtually isochemically metamorphosed rocks. 

The Nodular Schists 

These have a matrix of quartz, biotite and muscovite with or 
without felspar. Some of the sections are practically identical with 
figured examples of metamorphosed impure arenaceous rocks (HAR

KER p. 245) and Bugge remarks that in general they are undoubtedly 
of sedimentary origin. Their chemistry and mineralogical composition 
support this conclusion and refute the suggestion that they are 'un
doubtedly only strongly pressed granites' (BROGGER 1934 p. 57). 

The N odular Quartzites 

Apart from the nodules these consist primarily of quartz with sub
ordinate quantities of microcline, altered plagioclase and micas. They 
differ from the nodular mica schists in containing a little less mica 
and a little more quartz. Their felspar is always evenly distributed 
in the bands in which it occurs and lends little support to hypotheses 
of felspathization. 

There are passages between the nodular schists and nodular 
quartzites and if the nodular schists are sedimentary in origin then 
the nodular quartzites would be also. Moreover the composition of 
the quartzite corresponds to that of a somewhat impure felspathic 
sandstone. 

The Nodular Gneisses 

These are the nodular rocks with the most felspar and the most 
granitoid aspect; they have been called nodular 'granites' by many 
previous workers. The granitoid appearance is due, first, to the fact 
that the rocks are often pink, and, second, that they have, in some 
cases, a granulitic texture. Notwithstanding this appearance there 
are several factors which require consideration. 

The nodular gneisses along with the nodular quartzites and nodular 

2 
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Ouartz 

Al bite Orthoclose 

Fig. 7. Normative Ab-Or-Qz in some analyzed arkoses and related rocks. 
Localities as in Table 5. 

schists behave as perfectly normal members of a series of 
metamorphosed sedimentary rocks in that they are conformable and 
show no eruptive relationships. This is a feature which has been re
ferred to many times. In addition the nodular rocks considered to
gether constitute a fairly well-defined chemical group which lies along 
the Qz-rich end of the Qz-Or join in the Qz-Or-Ab diagram (Fig. 3). 
Not only do the nodular gneisses belong to the group chemically, 
but in the field they are enclosed by the undisputedly metamorphosed 
sediments with which they share a common structure and, by in
ference, a common history. 

In terms of both normative and modal mineralogy, the matrices 
of the nodular gneiss differ from magmatic granite and from the ter
nary minimum in having too much quartz and too little albite. In 
these respects they resemble many arkoses and felspathic sandstones 
which are characterized by their richness in quartz and in the pre-
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Table 5. Chemical analyses of arkoses and related rocks 

q r s t u V 

80.89 82.14 75.80 75.57 82.01 81.89 
7.57 9.75 11.74 11.38 8.77 9.10 
2.90 0.83 0.59 0.82 0.98 0.17 
1.30 0.40 1.31 1.63 0.57 0.16 
0.04 0.19 0.54 0.72 0.17 0.02 
0.04 0.15 1.41 1.69 0.48 0.64 
0.63 0.50 2.40 2.45 1.14 0.11 
4.75 5.27 4.51 3.35 4.71 7.11 
1.11 0.64 0.89 1.06 0.54 0.24 
0.40 - 0.15 0.42 0.31 0.06 

- 0.12 0.60 0.30 0.03 O.Q7 
- 0.19 trace - 0.20 0.28 

99.63 100.18 99.94 99.39 99.91 99.85 

58.74 58.86 41.34 44.88 56.82 53.34 
28.36 31.14 26.69 19.46 27.80 42.26 

5.24 4.19 20.44 20.44 9.43 1.05 
0.28 - 3.61 6.67 1.11 1.11 
1.33 3.26 1.53 1.43 1.43 0.70 
0.10 0.40 2.98 3.38 0.40 -

3.02 1.16 0.93 1.16 0.93 0.23 
0.76 - 0.30 0.76 0.61 0.15 
0.80 l - - - 0.32 -

- 1.34 0.67 - -

0.30 - - 0.50 0.70 

63.61 62.49 46.73 52.9 60.41 55.19 
30.71 33.06 30.17 23.0 29.56 43.72 

5.67 4.45 23.10 24.1 10.03 1.09 

99.99 100.00 100.00 100.00 100.00 100.00 

q Sparagmite, Engerdalen, Barth, 1938, Table l, No. 2 p. 58 
r Torridon Sandstone, Scotland. Mackie, 1905, p. 58 
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w 

73.32 
11.31 

3.54 
0.72 
0.24 
1.53 
2.34 
6.16 
0.30 

-

-

0.92 

100.38 

34.68 
36.70 
19.91 

1.95 
-

0.60 
2.32 

-

1.97 
-

2.00 

38.00 
40.20 
21.80 

100.00 

s Arkose, Torridonian, Beinn na Seamraig Grit, Skye. Kennedy, Table I, 1954, 
p. 258 

t Arkose, Torridonian, Skye. An average. Kennedy, 1951, Table 4, p. 263 
u Granulite, Moine Series, Morar, Guppy, 1956, 761, p. 45 
v Quartz felspar granulite, Lewisian. Hogh Bay Paragneiss, Argyll. Guppy, 

1931, 446, p. 115 
w Arkose, Old Red Sandstone, Scotland. Mackie, 1905, p. 58 
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Fig. 8. Diagram to compare the compositions of nodular gneiss matrices, x, 

with arkoses. 

dominance of the potash variety of felspar. Analyses of a number of 
arkoses are given in Table 5 and plotted in Fig. 7, where it can be seen 
that they cover the same sort of compositional field as the felspathic 
nodular rocks. 

All the data, both modal and normative from the matrices of the 
nodular gneisses and from the felspathic sediments have been plotted 
together on Fig. 8. Two points eaU for comment. First, the coinci
dence of the composition of the two groups, and, secbnd, the fact that 
the more restricted compositional field of the nodular gneisses is cut 
off from the field of the magmatic �p.-anites by a 'barrier' of arkoses 
of common type, exemplified by the Torridon Sandstone and the 
Old Red Sandstone of Scotland. 

Conclusion 

It is concluded from the data that the nodular rocks need be nothing 
more than a series of metamorphosed psammitic and semipelitic 
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rocks, i.e., arkoses, felspathic sandstones and impure sandstones. If 
this is true then the problem that they present is neither one of mag

matic differentiation nor of metamorphic differentiation connected 
with granitization. Rather it is the problem of the mechanical disten
sion and disruption of layers of what is now sillimanite quartzite by 
powerful metamorphic movements during periods of folding and 
compression. This is considered in Part Il of this paper. 

N othing that has been said above about the genesis of the nodular 
gneisses precludes the possibility of felspathization playing a part in 
the formation; it simply removes the necessity for felspathization. 
If such a process is postulated the evidence for it must be more 
than merely the chemical and mineral composition of the gneisses 
themselves. 

Part Il : Structure 

R. D. MORTON 

Any hypothesis of nodule formation must explain the following 
phenomena: 

(a) the nodules are extremely uniform in composition 
(b) at one place and in one host rock they are also rather uniform in 

size (Pl. Il b). 
(c) often they occur in rows and strings (Pl. Il c) . 

(d) in some places the rows coalesce into layers (Pl. lb). 
(e) occasionally one finds rods and mullions rather than nodules 
(f) the nodules are normally flattened. 

Some of these characters seem to preclude the possibility that the 
nodules represent original pebbles. Others, e.g. (a) (d) and (e), positively 
suggest that an originally homogeneous layer has been disrupted. 
The purpose of this part of the paper is to suggest a mechanism for 
such a disruption and to demonstrate that this mechanism is entirely 
consistent with that which has become known about the geological 
history of the area. 

It is proposed that an original sequence of arkoses, impure fel
spathic sandstones and argillaceous sandstones contained sporadic 
thin hard hands of sedimentary quartzite rich in alumina. Folding of 
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such series, in which the high alumina quartzite would act as a com
petent layer, would result, by fracture cleavage or boudinage, in 
the formation of elongate boudins or mullions, oriented with their 
long axes in 'B'. With continued movement and flowage the boudins 
or mullions would separate, and appear as rods in a matrix of different 
composition. 

A second period of deformation about fold axes oblique to the 
earlier ones could then disrupt the boudins or mullions in the same way 
as the earlier folding disrupted the layers, i.e. by stretching in 'A' or 
by the development of a fracture cleavage. 

The mullions would be broken obliquely into short lengths which, 
with continuing movement and flow, would be distributed into a series 
of small elipsoids or 'nodules' (Fig. 9). Metamorphism accompanying 
folding would, by this stage, have converted the nodules into silli-

fl 

Fig. 9. Diagram to illustrate one possible mode of origin for the 'nodular silli
manite rocks'. 

The model shown has undergone two phases of deformation. The trends of 
the fold axes are indicated as fl and f2. The deformed unit consists of a relatively 

incompetent lithology {dotted on the front surface) surrounding a relatively 
competent lithology such as sillimanite quartzite {black on the front surface). 

The first deformation producing a series of separated elongate boudins is follow
ed by a second deformation which effects disruption of the fl boudins. The de

gree of disruption, being a function of the f2 fold intensity, is variable. Thus at 
location A the fl boudins are preserved as rods and in the vicinity of B the 
secondary disruption is at a maximum and nodules are produced. 
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manite quartzite and the enclosing arkoses, etc., into their metamor
phic equivalents. 

The requirements for such a process are a series of sediments with 
thin hard competent layers and two periods of folding. The former 
requirement has already been postulated, the latter is now shown to 
exist. 

Recent preliminary studies of the area (Morton et al.) have revealed 
considerable evidence for two phases of Precambrian deformation. 
It appears that an earlier phase of deformation produced a series of 
major and minor folds (fl) with axes trending ENE-WSW or E-W. 
These were subsequently deformed by a second series of folds (f2) 
whose axes trend approximately N-S. Both sets of folds are com
monly accompanied by well-developed lineations in 'B'. 

It is thus possible to explain all the macro-fabric features of the 
nodular rocks (a-g), on the basis of the anisotropic behaviour of 
parent lithologies during two periods of deformation. 

Conclusion 

On the basis of their field relations and chemical composition the 
authors postulate that the nodular rocks of this sector of the Pre
cambrian shield owe their origin to the multiple folding of a series 
of arkoses and impure sandstones which contained ribs of hard, high 
alumina quartzite. No significant metamorphic differentiation need 
be postulated to explain this type of macro-fabric and no felspathiza
tion need be appealed to in order to account for the composition of 
the rocks. 
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