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THE MOINE THRUST ZONE IN THE
ASSYNT REGION, NORTHWEST SCOTLAND

BY

JOHN M. CHRISTIE

ABSTRACT

On the basis of a preliminary survey of the Moine thrust zone in the Assynt region, several areas
were selected for a detailed study of the small folds and lineations, and of their relationship to
the major thrusts and faults. A study was also made of the microfabric of quartz-bearing rocks
in the Moine thrust zone and of the Moine schists, and of deformed dolomite rocks below the
Moine thrust at Loch Ailsh.

Two groups of mylonitic rocks are developed in the thrust zone. The primary mylonitic rocks,
which show considerable evidence of recrystallization, form a thick zone along the boundary
mapped as the Moine thrust. Locally, these mylonitic rocks and the Moine schists are crushed
and phyllonitized, resulting in the secondary mylonitic rocks. This evidence indicates at least
two distinet periods of deformation (I and IT).

Structural evidence shows that the first deformation (I) affected the primary mylonitic rocks,
the Moine schists, and the Cambrian rocks. Folds and lineations (B) resulting from this defor-
mation plunge at low angles to the east-southeast; the deformation was contemporaneous with
the regional metamorphism of the Moine schists, which must therefore be of post-Cambrian age.
Structural and petrofabric data suggest that three phases may be recognized in this deformation.
During the early phase (Ia) there was movement of the Moine nappe to the south-southwest
along the Moine thrust zone, along with displacement of the underlying thrust sheets. This was
followed by a phase (Ib) in which the Moine schists and the primary mylonitic rocks were
flattened in a direction normal to the Moine thrust and elongated in a west-northwest direction,
parallel to the fold axes; the preferred orientations of quartz originated during this phase of
deformation. This may have been followed by a third phase (I¢) during which the Moine schists
were shortened in a north-south direction, perhaps with some transport of the Moines to the
north. During the second deformation (IT), folds with northerly trend were developed in the
Moine thrust zone and the underlying thrust sheets. The Ben More thrust and associated reverse
faults date from this deformation. The Moine thrust and the Glencoul (Assynt) thrust are dis-
placed by the Ben More thrust (the former by approximately 500 feet), and the most extensive
development of secondary mylonitic rocks is in the Moine thrust zone immediately above the Ben
More thrust. The Moine schists were transported to the west during this deformation (II), but
the amount of displacement may have been small.

Two large thrust sheets, the upper and lower Assynt nappes, are recognized between the Moine
thrust and the sole, and their mode of emplacement is discussed.

INTRODUCTION

TraE MoINE THRUST is now known to geologists throughout the world as one of the
classic examples of a large-scale thrust zone. The zone extends from the Point of
Sleat in Skye, in the south, to Whiten Head on the north coast of Sutherland, in
the north—a distance of approximately 120 miles. It is well developed at both
extremities and must extend farther in both directions. The thrusts are very well
defined in the Assynt region, between the Cromalt Hills, in Wester Ross, and
Loch Glendhu, in Sutherlandshire. In this region there is a wide embayment in
the outerop of the Moine thrust, generally known as the “Assynt bulge” or the
“Assynt Culmination” (Bailey, 1935). Within this bulge several slices of rock
carried on thrusts underlying the Moine thrust erop out. The region has become
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memoir, The Geological Structure of the North-West Highlands of Scotland

(Peach et al., 1907). The survey of the central parts of Sutherland and Ross-shire

was initiated while the main Survey party was working on the thrust zone and

the areas to the west. Sheets 102 (Strath Oykell and lower Loch Shin) and 108

(eentral Sutherland) both contain parts of the zone of dislocation, and these were

not published until 1925 and 1931, respectively, but a ecomposite geological map

of the Assynt region, comprising parts of sheets 101 and 107 and the uncompleted
sheets 102 and 108, was published in 1923. The geology of the areas covered by
sheets 102 and 108 is deseribed in two memoirs: The Geology of Strath Oykell and

Lower Loch Shin (Read et al., 1926) and The Geology of Central Sutherland

(Read, 1931).

The structure of the Assynt area is described in detail in the memoir on the
northwest Highlands (Peach et al., 1907) and summarized in the guide to the
geological model of the distriet (Peach and Horne, 1914). The structure of the
area and the sequence of movements, as described by Peach et al. (1907), are out-
lined below.

The region is traversed by four great thrust planes, each with a general dip
toward the east-southeast. From east to west, these are (1) the Moine thrust,
(2) the Ben More thrust, (3) the Glencoul thrust, and (4) the sole, or the lowest
thrust plane. The Moine thrust is the most important of these structures. The
trend of the outerop of the thrust, which is remarkably constant to the north and
south of Assynt, varies considerably in the area, giving rise to an embayment 15
miles long from north to south and approximately 7 miles wide. In the north the
thrust dips at low angles to the northeast, whereas in the south it has a gentle
southerly dip. It carries the erystalline schists of the Moine series, which underlie
most of the northern Highlands, over the Lewisian gneiss, the Torridonian sand-
stone, and the Cambrian sedimentary rocks to the west.

The Ben More thrust carries a slice (the Ben More nappe) of Lewisian, Torri-
'donian, and Cambrian rocks, showing their normal unconformable relations. The
thrust has been folded and a number of klippen of the nappe lie to the west of the
present outerop of the thrust, on Beinn na Cnaimseag, on Beinn an Fhuarain, and
between Ledbeg and Lioch Urigill.

The Glencoul thrust to the west carries a slice (the Glencoul nappe) of Lewisian
gneiss, capped by Cambrian sedimentary rocks. No Torridonian sandstones are
exposed in the Glencoul nappe. The zone of thrusts is bounded on the west by the
lowest thrust plane, or the sole,

Imbricate structure, or Schuppen Struktur, is commonly associated with the
thrusts; in imbricate systems the Cambrian rocks are repeated by steep reverse
faults which generally dip toward the east-southeast at steeper angles than the
strata themselves. Imbricate zones are particularly well developed below the Glen-
coul thrust north and south of Loch Glencoul, and below the Moine thrust at
several localities.

Each of the thrusts appears to be overlapped in turn by the overlying one; the
Ben More thrust overlaps the Glencoul thrust south of Ben More, and appears to
be truncated by the Moine thrust near the Stack of Gllencoul and at a number of
localities to the south of Assynt. A remarkable feature of the Moine thrust is its
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schists are consistently oriented in a more or less well-defined girdle; that is, they
are B-tectonites in the terminology of Sander (1930). The micas also show a
strong preferred orientation; the poles of (001) cleavages generally lie in a strong
point maximum, normal to the foliation, but there is a gradation to a girdle, which
generally coineides with the girdle of quartz c-axes. The axes of these girdles
(b-axes) plunge to the southeast over the whole area of outerop of the schists, and
Phillips emphasizes that they are everywhere parallel to the megaseopic linear
struetures, including fold axes, lineation, and rodding and mullion struetures.

Some of the quartz diagrams show a preferred orientation of the c-axes in two

intersecting (OFkl) girdles, instead of a single (ac) girdle. Phillips considers that
such orientations are due either (a) to a “crossed strain” eausing rotation in a
plane normal to the first girdle, or (b) to the influence of later movements on
simple girdle patterns. He concludes that “b-axes. .. have a similar significance
to fold-axes, and it can safely be asserted that the deformation...has acted in a
plane more or less perpendicular to them.” In Phillips’ view, the fabrie evidence
indicates that this deformation, which was concurrent with the regional meta-
morphism, was “prior to the dislocation phase [thrusting] of the Caledonian
movements.”

Phillips examined the effect of the “dislocation metamorphism” on the Moine
schists and concluded that the later movements had had little, if any, effect on
the schist fabries. The larger relict grains in partially mylonitized rocks show
the typical girdle fabries and b-axes parallel to those in the schists. Cambrian and
Torridonian rocks from the foreland and the zone of thrusts show little evidence
of preferred orientation of quartz; but in a few such rocks from the thrust zone
Phillips found an incipient girdle (éf quartz c-axes, with a northwest-southeast
strike, “with its b-axis perpendicular to the direction of movement in the post-
Cambrian dislocations.” He eoncludes that these data lend support to Read’s view
that the “Moine series and its metamorphism are of pre-Torridonian date, whilst
a Lewisian age is not excluded.”

Phillips (1945) has strikingly demonstrated the homogeneity of the fabrie over
the total area of outerop of the Moines. He infers, from the econtrast in fabries
between the Moine schists and the rocks in the thrust zone, that schist fabries
were not imprinted during the thrust movements. He now aseribes the “crossed-
girdle” patterns of quartz to “overprinting” on simple B-tectonite patterns (single
girdles) by the thrust movements; the slight divergences of orientation between
quartz and mica girdles in some specimens are also attributed to this overprinting.
Later (1947, 1949, 1951) Phillips drew attention to certain similarities between
Moine and Lewisian fabries. While hesitating to press the identity of these fabries,
he emphasizes that the similarity favors the hypothesis that the general Moine
metamorphism was of Lewisian age (1951, pp. 234-235).

Since the existence of the Moine thrust was first established, the parallelism of
the thrust outerop with the general strike of the Moine schists throughout the
Highlands has led many investigators to assume that the thrusting and the tilting
and folding of the schists was caused by the same large-scale movements. The
down-dip (east-southeast and southeast) lineations were considered to be a type
of slickensides produced by the movement of the Moines to the northwest. Thus
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an appendix to Meclntyre’s paper (1954, pp- 219-220). A numberi) zf]l (i)u;' (:);1&
clusions are at variance with the hypothem's favored by .Read, 474 :) t,hrust
Wilson on the connection between the folding of the Moines an

movements:

e 4 : st
1. There has been a single penetrative movement about a common B-axlg in jche Mo(;ngs::zias!;
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rozks {)elow . The conspicuous B-axis must have been imprinted in post-Cambrian -

. 3 Re e;a.t(;d r.nox;em‘ent. is.im'iic:;te(.l lo.cal.ly I.Jy brecciation, movement on joints2 i.;_dzg\(')e]n myloni-
tisa:tionpof the older mylonites of the Moine Thrust. [Christie et al., 1954, pp- k
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iti i t zone has been noted by Wilkinson
mylonitie rocks in the thrus R 2
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boll and by Johnson (1956) in t ;
structural zelations in the Coulin and Lochcarron areas have been deseribed by
Johnson in later publications (1957, 1960).

STATEMENT OF THE PROBLEMS

The Survey memoirs contain a full and detailed deseription of the 1arge—s.ca1i
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i “plastie” style of folding m
Wilson, 1953; MecIntyre, 1954) the “p f fol o
l(Jeerll Scontrasted with the “brittle” style of deforl'natlor'l in the mlyoglt?‘s. g
The authors of the Northwest Highland memoir claim that the t\.m ;ys i
of folding” in the schists were “evidently produced };y 1t{he dsame ts}(imzih(; : e}z::nd
i i i 468, 601). Read, on the ’
» in post-Cambrian times (1907, pp- ; . gk Ko
Zt)lﬁssis;:rs (Riad et al., 1926, p. 121) that they were fogmed durmgd tvw:1 d(;itll‘rlif;
son: the east-southeast trending folds were proc uce
g g t ine folds originated with the thrust
nd the north-northeast trending folds orig 1w :
?11110321125115: a(llslfr?ng a later phase. Read (1934) has developed this 1nterpreta::r(i)z1};
ine folds were contemporaneous
ludes that the east-southeast trending rere ¢ neot
31111;1 ;:s:ral Moine metamorphism and are of pre-Tox.*rldonlan age. Tl(lils Jllelxgthaz
been supported by Phillips (1937, 1949, 1951), Wilson (1953), -z;n Kcnne)gr
(discussion of Wilson, 1953; 1954). The evidence presented t})lthtzlu el}\rl[, 'n(; met?;’
) 5 v gests that the Mo1 -
Gregor (see MacGregor, 1952), howevgr, s’}lg : -
i?(i'glilsin ax%d ff)lding were entirely “Caledonian (po}slt-Cam:)hrlang X };i gc}(l)llzﬂgs
i i d in the northwes
1 t is in harmony with the views expresse : : : :
Smrrln(:?raor: the origin of the folds. These closely related issues are the main ISI}bd
I'x(:t of dispute in the present-day “Highland controversy.” The problems involve
Jin these issues may be summarized in the following way: e
1) What is the relationship between the two groups of folds?
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2) What is the relationship of each group of folds to

a) the regional metamorphism of the Moine schists, and
b) the thrust movements?

ScoPE AND PROCEDURE

The primary purpose of the present study is to give a detailed account of the
tectonics of a part of the thrust zone embracing large- and small-scale structures,
and to develop a kinematic interpretation of the structures on all scales. The
following phenomena, listed in order of decreasing scale, have been investigated
during the course of the work:

1) The orientation and mutual relations of the major thrusts and faults, and

the form of large-scale folds associated with these structures.

2) The orientation and form of small-seale folds and lineations in the mylonitie

rocks along the major thrusts and in the Moine schists.

3) The grain orientation in deformed rocks, notably in the mylonitie rocks and

the Moine schists.

The importance of minor structures, such as folds and lineations, in determin-
ing the nature of rock deformation is now generally recognized, and particular
attention was paid to these structures during the investigations. The relation-
ships between the folds plunging to the east-southeast in the Moine schists and
the structures associated with the Moine thrust were investigated with special
care, in order to determine the sequence of the metamorphie and tectonic events.
It was hoped that the study might also give some information on the significance
of the Assynt “culmination,” as indeed it has done.

A preliminary survey was made of the structures in the mylonites along the
Moine thrust in order to determine the course to be followed in the later stages
of the study. On the basis of this survey certain critical areas were selected for
detailed examination, which included mapping on a scale of 6 inches to the mile.
The Moine schists were examined in these areas and also along a number of
traverses extending up to 3 miles eastward from the Moine thrust.

Petrofabric analyses of a large number of rocks, including quartzites, dolo-
mites, mylonitic rocks, and Moine schists, have been made. The analyses were
carried out in close association with the study of megascopic structural features,
in order to supplement the information obtained from the field studies. For con-
venience in the presentation of structural data, the megaseopic and the micro-
secopic data are described separately, but I wish to emphasize that the synthesis
and the final conclusions are based on a joint consideration of hoth aspects of
the fabrie.

Most of the techniques employed in the study are standard procedure in struec-
tural petrology. Orientation data throughout the paper are recorded on the lower
hemisphere of an equal-area projection.
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PRINCIPLES AND TERMINOLOGY
FaBrIiC AXES

i ted for fabric axes (Cloos, 1946,
1 systems of notation have been sugges :
Seve;fG) ybut the one proposed by Sander is now almost umversall}.r adopte':l :as;
Ias)tpr-ueturz;l petrologists. Because at least some of the controversy in st?lc ulChe
problems stems from a lack of uniformity in dt-he usedof symbols denoting
i a, b, B, ¢), their meaning 4s here discussed. ! : 5
fatél;fx;;'es(l(%O) déﬁned the fabric axes a, b, and ¢ for.fabrlcs Wlthfmonoch?rlc
symmetry as follows: ab is the principal fabrie plane; ac 1s.the plam'a 0 symmf'Il 1}:3
in the fabrie; and ¢ is normal to ab. Around any ﬂ.exual §11p fold .Wlthl ngmoc li ;
symmetry (f{g. 2, @) the orientation of a and c varies, w?nl(.'a b, whlch. ist e ax1; (;s
symynnnetry retains a constant orientation; b is the pmnc.zpal fabric azis gn 8
generally ,designated B. Weiss (1955, pp. 229-230) .has dls::lusse(-i gle mgglaszr(liz
istinguished fabric axes, which are deseriptive an de-
of these terms and has distinguis . g A o
i ic relations of the elements In a Tabrie,
fined in terms of the geometric re i
i i f a movement system: e kine
i ¢s, which are defined in terms of . \ ny
ngwag: defined for rotational strain i,'pvolvmg slip on ;)lne sl-planef. (;I‘I;e srlrllzt?(}zni:
i i he normal to the plane of deior
i the deformation plane is ac, and t for: s
;)s’?l')lzhe notation B is adopted in the present study to denote the principal kine
o is and also the principal fabric axis. : :
m%;;fisa}fleﬁnition of fabric axes, it must be noted, I}olds. only for f‘abrlc.shmth
noclinic symmetry and cannot be transferred arbitrarily t‘? fabr.'l?,s w1ft ba.n-
z;(l)ler order of symmetry. Sander extends the use of the ;clerm . Béaf'ls t(; ah 1;1;:
i iclini i try. He relates the orientation of a
with trielinic and orthorhombic symme lat s g 4
i i i “g.planes” (a deseriptive term signilying any
fabrie elements in tectonics to “'s-p : ( g pe
i terms of these fabrie planes,
structure in a rock). Descrlbed. in .
(I)Sf I:tlif_;nizlllrmonoclinic fabries is the axis of intersection of t\jvo or more s—pl}almest;—
# ss = (hol) (Sander, 1948, p. 81, Case III). In fabries with orthorhombie
:lymm, o etsr; (ibid., Case II), one or more pairs of equlYalent s-planes—s; zgxd 8a,
s and s, sP and sb= (h0l)—intersect in an axis which Sander calls B, by an-
0{ e 'th”thé fabries with monoclinic symmetry. Sander refers to Cases II. and
Re Sars
;I(;ngVY‘IOrthorhombic B-tectonites” and “Monoclinie B-te'ctomtes, res.pectlvely‘;
and states that the latter is the commonest type of t(;acﬁong;e.‘%n:th:rn;tngﬁtiﬁe
i ics is exhibited by the “B-tecto
ymmetry in natural rock fabries is e . .
ts};izﬁ s(3)rder” (};bid Case IV). In these rocks s-planes mters:;c; 111 g:;}clh of bt;:g
bal i designates B an : ere
erpendicular axes, which Sandex" : ' .
III;;?;I;?}: Iﬁws the characteristies of the B-axis In orthorhombic B-tectonites (Case
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[P Pz]
Fig. 2. a. Flexural slip fold showing orientation of fabric axes. b. Diagram illustrating fabrie
axes in orthorhombic fabrics, after Sander (1930). S, and 8, are equivalent slip planes; arrows
indicate axes of flattening and extension. ¢. Reference codrdinates used in the present study for

orthorhombic fabries; p,, ps, and p, are planes of symmetry in a projection showing the statistical
orientation of a hypothetical fabric element.

IT), the over-all symmetry of the fabrie is orthorhombie, or very rarely tetragonal
or isometric. Where B has the properties of a B-axis in an orthorhombie B-tecto-
nite, and B’, of a B-axis in a monoelinic B-tectonite, the symmetry of fabric is
monoelinie. In the final instance, where both B and B’ have the characters of
monoclinic B-axes, the resultant symmetry is triclinic. Sander deseribes rocks
with fabries of these three types respectively as orthorhombie, monoclinie, and
triclinic B | B’ tectonites, and considers B and B’ to be syngenetic in such rocks.
There is a further group of triclinic tectonies in which two mutually oblique
B-axes are recognizable (the B A B’ tectonites). This group, according to Sander,
has not the same significance as those deseribed above, as he believes that the
B- and B’-axes are not syngenetie, but have been produced by the superposition
of two unrelated deformations.
In fabries with orthorhombiec symmetry there are at least two, and usually

three, mutually perpendicular planes of symmetry and, consequently, two or
three symmetry axes which have the same “symmetrological” significance as B
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in the monoclinic fabric. Sander has defined one of these as @ in orthorhombie
B-tectonites. He considers that the orthorhombie B-tectonites have originated by
slip on one or more pairs of slip planes intersecting in the B-axis (fig. 2, b), in
response to a flattening or squeezing. In a body subjected to such a deformation
there is a resultant elongation in a direction normal to the axis of flattening in
the plane containing this axis and the poles of the slip planes. Sander designates
this axis @. This e-axis is not, however, strictly analogous to @ in monoeclinie fabries,
for, although it is the direction of maximum elongation in the body, it is not a
direction of slip movement, as the aB-plane is normal to the axis of flattening
and there is no shear movement along this plane. Moreover, it is not possible,
with our present imperfeet knowledge of the mechanism of deformation of min-
erals such as quartz, to identify slip planes in many orthorhombic tectonites as,
for example, in the lineated quartzites described below. Consequently, it is im-
possible in these rocks to fix the orientation of the B- and a-axes, as defined by
Sander. In discussing orthorhombic fabrics I have adopted the deseriptive nota-
tion employed by Weiss (1959, p. 147). The planes of symmetry are designated
D1, P2, and ps, and it follows that the symmetry axes are the intersections of these
planes: [pi:p2], [p2:ps], and [pi:ps] (fig. 2, ¢). This system of notation';'is ade-
quate for reference and does not necessitate the selection of a B-axis from two or
three similar axes of symmetry. Thus the use of the terms a and ¢ is confined, in the
present work, to monoelinie fabrics or to those elements of a fabrie which have
monoclinie symmetry. :

According to the terminology adopted here, the expression “folds in a” is
meaningless; the fold axis is B in monoclinic fabries. “Noncylindroidal” folds are
triclinie structures, and an e-axis has never been defined for fabries with this
order of symmetry. In rocks that are folded about two mutually perpendicular
axes (“Querfaltung,” Koark, 1952; “cross folds,” King, 1956), the fabrie should
be desceribed with reference to two B-axes (B | B’ tectonites). -

INTERPRETATION OF THE F'ABRICS OF DEFORMED ROCKS

The fabrie of a rock comprises the geometry of all the structural elements (folia-
tion, lineations, textural relations, and orientation of mineral grains) in the rock.
The type of movement which the rock has undergone may, to some extent, be
inferred from its fabrie. Sander (1911) first suggested that the orientation of the
fabric elements records in some way the movements that have given rise to the
fabrie. Later (1930) he developed this idea and postulated that the symmetry
of the fabriec of a tectonite has the same symmetry as the movements that pro-
duced the fabrie. Three types of symmetry—orthorhombie, monoeclinie, and tri-
cliniec—are common in the fabries of tectonites, and Sander has interpreted such
fabries in terms of a “movement picture” with the same order of symmetry.
Though numerous writers on petrofabric analysis have neglected symmetry,
the principle has been used frequently in the interpretation of fabric data. The
validity of the principle has been questioned (Kvale, 1947, 1953; Anderson, 1948),
but all recent experimental work on deformation of rocks and other materials
tends to support the theory, with certain qualifications (Turner, 1957). Both
Weiss (1955) and Turner (1957) have considered the effect of original anisotropy
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in rocks, and conclude that the symmetry of the final £

(t)?et}sgrgznfztlzizf the fabrie of a rock before deformation, as well as the symmetry

g Sg I:lno‘;ements. Paterson and Weiss (1961) examined in detail the

- asy;r; pclai erg t.'?L(fgfl:lllzlreixcl;csa‘cli)ddeformed rocks; they clarified the meaning
: movement inciple i

more rigorous terms: “Whatever the nature zriitihiniofliiiﬁgnglef;)(ftl;(;lp[lz m

, the symmetry that is comm o

abric may be influenced by

absent in at.least one of the contributing factors” (p. 880).
the mechanism of deformation of minerals is known from

ove.
TERMINOLOGY OF Mryvo~iTIc ROCKS

;ﬁl;i ;65112 ;‘}inylf:nite” was first used by Lapworth (1885) for rocks developed
rusts constituting the Moine thrust zone in Ei
: reboll, on the nort
:gizt i?f Sultlh:;1 land. I}t was subsequently used by geologists Workin:g in the thill;s}tl
; or a e crushed rocks in the zone. The ter
T s ; erm was carefully defined by
) ver, any of the rocks mapped as mylonites i
, 1 Ylonites in the thr
zone.do not conform to his rather restricted definition (Christie, 1956 1960) UIS;
inated rocks that constitute the zone generally
; ow considerably more recrystallization than i
J1Q 3 ; an
(E(ETsl‘st’en‘thwnh the use of the term “mylonite.” These are really augen schis;:
; ap'\;ozlt , 1885) an('i blastomylonites (Sander, 1912), and ﬁlany might be
escribed as quartz schists and chlorite schists, These rocks are texturally similar

;(e};:rystglhzatlon. .Lammated.mylonites, augen schists, and blastomylonites are
Ierre to collectively as primary mylonitic rocks (Christie, 1960).
mylr(lmz;,tir;z(rinll?erl of localized areas in the_ '.chrust zone, other types of erushed or
e (z}clzs occlllr.b At several .locahtles, notably at Knockan Crag and near
oy redef:;::;d’ azt;l (’:I}.lssﬁé'émtar}; myloglitic rocks and the Moine schists
4 re 0 Iorm breceias consistin isori
£11 a?‘e_nts”m a very fine-grained matrix of erushed material. T{ie:i :;:0:::‘2::2
ism irites” (Quensel, ]9}6). Where this deformation is most intense the product
an extremely fine-grained rock, which lacks well-developed planar struct
and shows no neomineralization or recrystallization. The term “cat | 1'C 'ur’?
( Gl"l}benmann' zfnd .Niggli, 1924) is used for these rocks, Many of thé i((;(;;{ssltef
§>ehtlc composition in the zone have the textural features of phyllonites (Sande(;
911; Knopf, 1931), indicating that they have originated by deformation of rocks;
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that were originally of coarser grain size. These outerop extensively in the vicinity
of the Stack of Glencoul in the northern part of the area, and near Cnoc a’
Chaoruinn in the south, but most of the pelitic rocks in the mylonite zone show
phyllonitie textures. Kakirites, cataclasites, and phyllonites are referred to below
as secondary mylonitic rocks, as there is good evidence that many of them were
produced from primary mylonitiec rocks (Christie, 1960).

The textures in the primary mylonitie rocks are predominantly erystalloblastie,
and the gradation into normal low-grade Moine schists suggests that they may
have been produced at the same time as the schists. The textures of the secondary
mylonitiec rocks, on the other hand, are almost purely cataclastic; as they are
formed from primary mylonitic rocks, they indicate at least one later phase of
deformation affecting the rocks in the thrust zone. The relationship between these
separate phases of deformation and the metamorphism and deformation of the
Moine schists is discussed after the struetural evidence is described.

MEGASCOPIC STRUCTURES

TaE MoINE THRUST
PRELIMINARY SURVEY

The strike of the Moine thrust, which is so remarkably constant over most of its
outerop, varies considerably in Assynt, giving rise to the embayment in the out-
crop known as the “Assynt bulge.” Round the southern part of the bulge, east of
Knockan Crag, the strike of the thrust is approximately east and the dip is toward
the south at low angles; along the eastern margin of the bulge the strike of the
thrust is north-northeast and the dip is toward the east-southeast; to the north,
from the headwaters of the river Cassley to the Stack of Glencoul, the strike
becomes northwest with dip toward the northeast. Mylonitic rocks of various types
are developed both above and below the surface mapped as the Moine thrust. The
commonest of these are the finely laminated, color-layered primary mylonitie
rocks which oceupy a zone of variable thickness above the thrust. Overlying the
mylonitie rocks are-the low-grade quartzo-feldspathic schists of the Moine series.

‘Where the trend of the outerop of the thrust is north-northeast, the mylonitic
rocks form a well-marked searp feature which generally affords good exposures.
In the northern and southern portions of the bulge, however, where the outerop
trends northwest and west, the scarp feature is not so distinet and the rocks are
poorly exposed. Only at a few localities, notably at Knockan Crag and the Stack
of Glencoul, is the thrust well exposed. The Moine schists throughout the area
are very poorly exposed; they give rise to rounded, featureless hills which are
thickly covered with peat, and the only available exposures are in the beds of
comparatively large streams and at widely scattered localities where the peat is
deeply eroded.

The foliation in the primary mylonitic rocks and the Moine schists is parallel
to the Moine thrust. East of Knockan Crag the strike of the foliation is east, and
the dip is toward the south. The strike swings round the southeast corner of the
bulge and becomes north-northeast, parallel to the regional strike of the Moine
schists. In the northern part of the area the strike of the foliation is generally
northwest, and the dip is toward the northeast. There is no evidence of large-scale
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folding o.f the foliation in the mylonitie rocks or in the Moine schists within at
least a mile of the thrust, but small-scale folds are conspieuous in the mylonitie
rocks. A fine penetrative lineation is present in the primary mylonitic rocks and
the Moine sch'lsts, and also in some deformed Cambrian and Torridonian rocks
b.elow_the Moine thrust.* The orientation of small-scale folds and penetrative
lineations measur.ed in a survey of the thrust zone extending from Knockan Cra

to the Glencoul River is shown in figure 3. There is a marked preferred orientatiofl

Fig. 3. Orientation of linear structures meas i imi
: ¢ ured in the preliminary survey of iti
along the Moine thru_st. a. Axes of 166 small folds. Contours: .6, 2 + rg 12 pzz :en'in ylonlltlc G
area. b. 112 penetrative lineations. Con r cent p gy

tours: 1, 5, 10, 20, 30 per cent per 1 per cent area.
of fold axes (fig. 3, a) with a strong maximum plunging at a low angle to approxi
n.rlatel)'r N. 100° E., and a submaximum with north-south trend. The penetrative:
lineations (fig. 3, b) show a higher degree of preferred orientation than the fold
axes; they 'deﬁne a strong maximum which coincides with the maximum of fold
axes. 'The _hneation is therefore a B-lineation. The east-southeast-plunging folds
and lineations are present in the mylonitic rocks along the whole extentgof the
outcrop of the Moine thrust, but the majority of the folds with north-south trend
occur 1n two small areas. The larger of these areas is in the north of Assynt. n
the Stack of Glencoul, and the other is in the southeast, on Cnoe a’ Cﬁo,ruii? ’
(Cnoce Chaornaidh on the 1-inch geological map of Assyn’t). It is significant thartl
these are the two areas in which the Survey geologists reported the greatest
development of mylonites in the Assynt region (Clough, in Peach ef alg 1907
pp. 502-507; Phemister, in Read et al., 1926, p. 21). ’ A :
The di.stribution of the minor folds has been mapped in these two areas, and
the rglatmnship of the two groups of folds to each other and to the thrust’s ha;
bqen investigated. The fabric of a third area, at Benmore Lodge, north of Lo lf
Ailsh, has also been studied in detail. Certain other sections across,the thrust zoze

and the overlying schists notably in the vicinit
: : ) y of Knockan Crag, h
subjected to a detailed investigation. AT Vo

* This lineation, defined by the elongati i
k on, de ] gation of quartz grains and a i i
glilgginte .zuad_ sericite, is continuous throughout the rock; itgis described a};r;;el;igﬁovr;e;taggn "
nguish it from superficial streaking on foliation and shear surfaces, such as slickens‘i)dese S
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Fig. 5. Structural data from the Stack of Glencoul area. a. The orientation of the Ben More
thrust and three reverse faults associated with it. Crosses represent th'e poles of the planes;
b. Poles of foliation planes in primary mylonitic rocks (dots) and phyllonites (crosseg). S and 8
represent the mean orientations of foliation in primary mylonitie rocks and phyllonites, respec'-;
tively. c. Axes of 97 small folds in the area. Contours: 1, 3, 5, 10, 15, 20 per cent per 1 per cen
area. d. 70 penetrative lineations. Contours: 1.5, 10, 30, 50 per cent per 1 per cent area.

THE STACK OF GLENCOUL AREA

General description of area—Figure 4 (in pocket) is a structural map of the
Moine thrust zone between Beinn Aird da Loch and the Fionn Allt. The contacts
of Lewisian, Torridonian, and Cambrian rocks to the west of the Moine thrust
are based on the Geological Survey maps. The data recorded on the map represent
only a small proportion of the measurements I made in the area. The data are
recorded more fully in the fabrie diagrams (figs. 5, 6).

The outerop of the Moine thrust in the area is sinuous, but the general trend
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Fig. 6. Partial diagrams showing orientations of fold axes (circles) and lineations (dots).
a. Cambrian and Torridonian rocks below the Moine thrust. b. Primary mylonitic rocks. ¢. Moine
schists. d. Zone of secondary mylonitic rocks (Ba).

of the outerop is northwest. To the west of the thrust, Lewisian and Cambrian
rocks forming parts of the Glencoul and Ben More nappes are exposed. In the
western part of the area shown in figure 4 (in pocket), the Lewisian gneiss and
the Cambrian quartzites belong to the upper part of the Glencoul nappe. The
Ben More thrust outerops to the southeast of Loch nan Caorach, and the rocks
to the east of this thrust (Cambrian quartzites, Fucoid Beds, Serpulite Grit, and
limestones) represent the most northerly exposures of the Ben More nappe. Thrust
slices of Cambrian quartzite and Torridonian rocks, earried on other important,
but unnamed, thrusts, outerop immediately below the Moine thrusts; a small
lenticle of quartzite outerops at the base of the Stack of Glencoul and a consider-
ably larger slice of Cambrian quartzite and Torridonian sediments extends from
Loch an Eireill southeastward beyond the limits of the map. The Cambrian rocks
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to the east and southeast of Loch nan Caorach are broken by a complex of reverse
faults which form an imbricate zone. The outerops of the faults are parallel to
that of the Ben More thrust, and the faults are most common in the vicinity of this
thrust. It is probable, in view of these facts, that the imbricate zone is related to
the Ben More thrust rather than to the Moine thrust. The orientations of the Ben
More thrust and a number of the related faults, determined by structure con-
touring, are shown in figure 5, a. The strike of the Ben More thrust is approxi-
mately N. 10° W., and the dip is between 30° and 40° toward the east. The associ-
ated faults have approximately the same strike, but the dip is variable and
considerably steeper.

For a considerable distance above the Moine thrust, and for several feet below
it, the rocks are intensely mylonitized. The mylonitic rocks form a distinetive
scarp, which is most marked where the outerop of the thrust trends north-south;
it is especially well developed on the west side of the Stack of Glencoul and to
the north of the Glencoul River, where the rocks form a precipitous cliff, locally
approaching 200 feet in height.

Both primary and secondary mylonitic rocks are present above the Moine thrust.
Primary mylonitic rocks form a zone of variable thickness above the thrust; to
the north of Loch nan Caorach this zone is 150 to 200 feet thick, thinning toward
the southeast. Secondary mylonitic rocks oceupy a zone, approximately half a mile
wide, to the east of the Moine thrust and the primary mylonitic rocks associated
with it. They comprise slightly erushed rocks, still recognizable as primary mylo-
nitie rocks and Moine schists, and more intensely deformed rocks showing varying
degrees of phyllonitization. To the east of this zone there is a second zone of unde-
formed primary mylonitic rocks, considerably thinner than that deseribed above,
extending for a mile north-northeast from Loch an Eireill. The primary mylonitie
rocks of this eastern zone grade upward into normal granulitic Moine schists.
The gradational boundary between the primary mylonitic rocks and the Moine
schists can be traced southward from Loch an Eireill toward the Moine thrust,
but in this area both types of rock have suffered severe secondary deformation.

Structural data.—The position of the Moine thrust can be determined within a
few feet along most of its outerop, although it is seldom exposed. The thrust has
a northwesterly strike and dips at approximately 20° to the northeast. East of
Loch nan Caorach the thrust is warped into a gentle antiform (pl. 1, a; fig. 9, b),
so that on the ridge southeast of the loch it is at the same topographic level as at
the west side of the Stack of Glencoul. This gentle fold in the thrust plane was
noted by the Survey geologists (Peach et al., 1907, p. 505, fig. 30; p. 506). Peach
considered, moreover, that the eastern zone of primary mylonitic rock (g, fig. 4, in
pocket) was caused by a fold affecting the Moine thrust, so that the mylonitic
rocks were warped upward along this zone (illustrated in a diagram “explaining
B. N. P.’s views” on Clough’s field maps). It should be noted that the antiform is
just above the Ben More thrust, an important fact that apparently escaped the
notice of the Survey geologists.

The Moine thrust is exposed only on the west side of the Stack of Glencoul and
due east of Loch nan Caorach. At both localities there is an alternation between
mylonitized Cambrian quartzites and color-layered primary mylonitic rocks
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through a vertical distance of 10 to 20 feet. There is no well-defined surface repre-
senting the thrust. The quartzite in the thrust slices below the thrust is foliated
and lineated (and locally folded) like the primary mylonitie rocks. The horizon
mapped as the Moine thrust in the area, then, is not a fault surface but a boundary
between rocks of different composition and similar fabrie.

The orientation of the foliation (8) in the primary mylonitie rocks, where they
are not affected by the secondary deformation, is shown in figure 5, b. The folia-
tion dips consistently toward the northeast, parallel to the Moine thrust. The
strike of the foliation in the secondary mylonitie rocks (fig. 5, b, §’) is slightly

NNE SSW

Fig. 7. Style of folding in the Stack of Glencoul area. a. Profile of fold in Moine schist, Fionn
Allt. Black layers are quartzite. b. Profile of fold in mylonitized Cambrian quartzite below the

Moine thrust, east of Loch nan Caorach. ¢. Profile of fold in rimary myloniti
t : > 0L onitie rock, C
Fhuarain Bhain. Shaded layers are chloritic. . A ki

east of north and the dip is approximately 35° toward the east. Figure 5, cd,
shows the orientation of all the small-seale folds and penetrative lineations, re-
spectively, measured in the mylonitie rocks and the Moine schists in the area.
There is a strong maximum of fold axes plunging toward the east-southeast (B),
and a submaximum with north-south trend (Bn) ; there is a slight spread of the
axes in a great cirele parallel to the regional foliation (§). The lineations are
consistently parallel to the maximum of fold axes (B), and show a very high
degree of preferred orientation.

The partial diagrams in figure 6 show that all the folds and lineations in the
deformed rocks below the Moine thrust, in the primary mylonitic rocks and in
the Moine schists, plunge toward the east-southeast, whereas the B,-folds are
confined to the zone of secondary mylonitie rocks. Folding is comparatively rare
in the Moine schists, but is very common in the rocks in the vieinity of the thrust.
The style of the folding in the Cambrian rocks (fig. 7, b), the primary mylonitie
rocks (pls. 1, b; 2; fig 7, ¢), and the Moine schists (fig. 7, a) is remarkably similar.
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The folds are generally overturned, with closely appressed limbs, and the style
suggests considerable mobility. The majority of the folds are overturned toward
the south-southwest. Thus there appears to be a common B-axis in the Cambrian
rocks, the primary mylonitie rocks, and the Moine schists.

Along the margins of the zone of secondary deformation, fold structures plunge
to the east-southeast and toward the north. The east-southeast-plunging folds are
similar in style to those in the primary mylonitic rocks, and are obviously relict
B-structures which have survived the secondary deformation. In the central parts
of the zone, however, only B,-folds are present (fig. 4, in pocket, inset, top right),
and this inner zone will be called the B,-zone. There is a small area of B,-folds,
isolated from the main B,-zone, above the Moine thrust south of Loch an Eireill.

Certain types of mylonitic rock are characteristic of each of these struectural
zones. The primary mylonitic rocks (with B-structures) show the whole range of
textures from true mylonites to quartz and chlorite schists. True mylonites are
present near the thrust plane, but neomineralization is extensive and most of the
rocks are augen schists and blastomylonites. Even some of the mylonitized Cam-
brian quartzite below the Moine thrust is completely recrystallized. The rocks
in the zones of relict B-structures show the first stages of phyllonitization, and
near the eastern margin of the zone there is considerable brecciation. At the
localities marked by crosses (fig. 4, in pocket, inset, bottom left), kakirites are
developed. The rocks in the B,-zone are chiefly dark-colored phyllonites (p), but
in the northward extension of the zone (p’) the rock is similar to the quartzo-
feldspathic Moine schists in appearance and composition. On weathered outerops,
however, the rock develops a carious surface due to the isolation of small lenticles.
This lenticular texture is not found in normal Moine schists, but is characteristic
of phyllonitie rocks.

There is an increase in the effects of phyllonitization from the margins of the
zone of secondary deformation toward the eenter. Near the margins of the zone
the lineation on the s-surfaces is obscured, and the surfaces assume a dull, uneven
appearance which has been aptly described as “diseased” (Knopf, 1931, p. 6). In
some pelitic layers a new s-surface, parallel to §” (fig. 5, b), defined by the orienta-
tion of chlorite flakes, is produced; this is steeply inclined to the old s-surfaces (S .
Near the center of the zone the s-surfaces (§) are intensely folded, but in the most
extremely phyllonitized rocks the old foliation (8) has been completely trans-
posed. These rocks bear a superficial resemblance to phyllites, but close examina-
tion reveals that the s-surfaces are uneven or wavy, as in the “frilled schists” and
the “oyster-shell rock” of the Survey geologists (Peach et al., 1907, pp. 481, 598).
Lineations are not common in the phyllonites, but in some there is a faint streaking
on the s-surfaces, resembling slickensides. This lineation is approximately normal
to the axes of B,-folds; that is, it is an a-lineation. In some of the quartzite layers
the old penetrative lineation (B) is preserved and is locally folded about north-
trending axes (B,).

Although many of the rocks that show phyllonitic textures are of pelitic com-
position, some are highly siliceous. The factor controlling the development of
these textures seems to be the presence of a well-defined lamination in the rocks

before deformation. Although the lamination is most marked in the chlorite-rich
varieties of primary mylonitie rock, it is also present in the more siliceous members.
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The unusual nature of the rocks in the Stack of Glencoul area was recognized
by Clough, who named them “Stack-schists” (in Peach et al., 1907, pp. 502, 505).
He described them as “crumpled schists” and “puckered schist with thin siliceous
streaks.” With customary attention in detail, Clough recorded evidence of late-
stage deformation: “The shear-planes are contorted and crossed by many almost
horizontal fault-planes, which also eross the red mylonised stripes, and must have
been formed after the rock was in a mylonised condition” (ibid., p. 502; italies
added).

The style of the B,-folds is shown by the profiles in figure 8 and plate 3. The
simplest type is illustrated by the fold in plate 3, a, on an outerop near the eastern
margin of the zone of secondary deformation. The s-surfaces (8) are sharply
folded, so that the steeper limbs define regular layers which dip between 30° and
60° to the east. The more complex folds (pl. 3, b) are angular, with axial planes
dipping toward the east. The folds show all the properties of flexural slip folds
(Knopt and Ingerson, 1938, pp. 160-162) ; in competent siliceous and pegmatitie
layers the folds have rounded profiles, whereas in adjacent incompetent layers
the folds are smaller and more angular, In general, the complexity of the folding
varies with the composition of the rocks, the quartzites showing the simplest style
and the pelitie rocks, the most complex. The folds commonly show attenuation
along the limbs and thickening at the crests.

Folds of the type shown in plate 3, a, have been described by German writers
and are variously termed “Knitterung,” “Knickbander,” “Zerknitterung,” “Ver-
schiebungsflachen,” and “Knickzonen” (Hoeppener, 1955, pp. 34-35). The strue-
tures are analogous to the so-called “kink-bands” in deformed erystals (Turner
et al., 1954, p. 896). They are referred to below as kink zones.

Figure 9, b, is a diagrammatie section across the Stack of Glencoul area showing
the relationship between the Moine and Ben More thrusts and the structural zones
(fig. 4, in pocket, RB and B.,). Peach and Horne (Peach et al., 1907, pp. 471-472;
Peach and Horne, 1914, p. 19) considered that the Ben More thrust was over-
lapped by the Moine thrust in this area, indicating that the movement on the Moine
thrust outlasted that on the Ben More thrust. It is clear, however, that the Moine
thrust has suffered a reverse displacement of 500 to 1,000 feet above the Ben
More thrust and the associated system of faults; and it is also in this zone that
the primary mylonitic rocks and the Moine schists have suffered the most intense
secondary deformation. Thus the evidence clearly indicates that the displacement
of the Moine thrust and the secondary deformation were produced by movement
on the Ben More thrust. Movement on the Ben More thrust, then, must have taken
place, at least in part, after movement on the Moine thrust had ceased. In the
kink zones within the zone of relict B-structures (fig. 9, a), the movement picture
is exactly the same as that in the rocks below the Moine thrust: the s-surfaces
(8:) are “kinked” along layers (82), which I believe are genetically related to
the Ben More thrust and associated reverse faults. Combined with the slip move-
ment parallel to 8,, there is slip on the foliation §,, The parallelism of the axial
planes of more complex folds with S, suggests that they have originated in a

similar fashion. The folds probably originated as kink zones and evolved into the
more complex forms by continued slip on 8,. The presence of the competent layers




Fig. 8. Profiles of folds in zone of north-trending folds (B,), Stack of Glencoul area.
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BEN MORE THRUST
| Mile
Fig. 9. a. Diagrams illustrating development of B,-folds in zone of secondary deformation,
Stack of Glencoul area. 8, is foliation in primary mylonitie rocks; 8, is the new s-plane produced

during secondary deformation. b. Diagrammatic section across Stack of Glencoul area, showing
relationship of the structural zones (BB and B,) to the Ben More thrust.

of quartzite and pegmatitic rocks (in black) has probably had some influence on
the formation of the folds, as there seems to be complete transposition of §; to S,
where no competent layers are present.

At certain localities the primary mylonitie rocks and the Moine schists near
the Moine thrust are traversed by parallel systems of planar quartz veins. The
veins, which are usually between 1 and 5 mm thick, are approximately normal to
the foliation and to the lineation in the rocks; that is, they are almost vertical,
and the strike is slightly east of north. These veins are also present locally in the
secondary mylonitic rocks, notably in the brecciated schists south of Loch an
Eircill. In these rocks the veins are considerably sheared and dip at variable
angles toward the east. The veins must have originated by the infilling of extension
fissures at some period before the phase of secondary deformation. I consider
that they were internally rotated by slip on the s-planes during the phase of
secondary deformation. The sense of slip on the s-planes must have been such
that the upper layers moved over the lower from east to west.
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THE CNOC A’ CHAORUINN AREA

General description of the area—Figure 10 (in pocket) is a structural map of the
area between Loch Ailsh and the Allt Ealag, in the southeast corner of the Assynt
“bulge.” The ground is comparatively well exposed in the vieinity of the Moine
thrust, where the mylonitic rocks form the customary scarp feature, but to the
west of the thrust zone and over the Moine schists to the east there is a thick
covering of peat and the rocks are poorly exposed.

The map (fig. 10) differs in a number of important respects from those pub-
lished by the Geological Survey. The Ben More thrust is shown on the Survey
maps crossing the peat-covered area south of Strathsheaskich and following the
course of the Benmore Lodge road north of Cnoc a’ Chaoruinn. The thrust is
supposed to extend westward from the area covered by figure 10, and to carry
the klippen of Lewisian, Torridonian, and Cambrian rocks which rest on the lime-
stones and marble south of Loch Urigill and Knockan village. My field observa-
tions indicate, however, that the thrust follows another course in this area. Cal-
careous rocks with basie intrusions outerop in a number of knolls projecting from
the peat south-southwest of Strathsheaskich. In the most prominent of these knolls,
an important dislocation separates the coarsely crystalline dedolomitized marble
(A) along the margin of the Loch Borolan syenite mass from unmetamorphosed
limestone and dolomite with fragments of basie sills to the east. This dislocation
may be traced southward toward the Lairg-Lochinver road, where it is associated
with a complex zone of imbrication (fig. 10, in pocket, inset map). The line of
outerop of this dislocation intersects that of the Moine thrust south of the road.
I interpret this dislocation as the southward extension of the Ben More thrust
from Sgonnan Beag, north of Strathsheaskich.

Another thrust, east of the Ben More thrust, carries the Cambrian quartzite
that overlies the limestones at Strathsheaskich and the quartzite, Fucoid Beds,
Serpulite Grit, and limestones on the north and west slopes of Cnoe a’ Chaoruinn.
It is the westerly continuation of this thrust which carries the klippen south of
Loch Urigill and Knockan (fig. 25). Sabine (1953, pp. 151-152) has proposed the
term “Assynt thrust-plane” for this thrust, which he believes to be, in effect, an
extension of the Glencoul thrust. I am in agreement with this interpretation, and
retain the term “Assynt thrust” for this dislocation. The relationship of the thrusts
is discussed in more detail below.

The rocks above the Assynt thrust are Cambrian quartzites, Fucoid Beds, Serpu-
lite Grit, and limestones, with numerous sills of felsite- and hornblende-porphyrite.
The rocks show a considerable degree of cataclastic deformation, and the intrusive
rocks are generally foliated. The stratigraphic sequence from quartzite to lime-
stone is recognizable only in the small area immediately to the west of the Ben
More thrust. East of the Ben More thrust the succession consists of a repetition of
serpulite grit, acid and basic sills, and limestones; there are at least two serpulite
grit horizons in the succession, indicating that it has been repeated by folding or
thrusting. In the Oykell Valley this repeated succession is gently folded about
an axis trending slightly north of east, whereas on the north slope of Cnoc a’
Chaoruinn the beds dip consistently toward the south. Here the succession, already
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repeated by folding or thrusting, is further disturbed by a number of reverse
faults of slight throw. These faults dip steeply toward the east. The reverse faults
become more closely spaced toward the Ben More thrust, and it is evident that
they belong to a zone of imbrication associated with the Ben More thrust.

On both sides of the Oykell Valley a slice of foliated and lineated quartzite,
gimilar to those in the Stack of Glencoul area, outerops below the Moine thrust.

The primary mylonitic rocks occupy a zone between 100 and 150 feet thick above
the Moine thrust. They show a high degree of neomineralization and grade upward
into low-grade “granulitic” Moine schists. A lenticle of quartzite, represented on
the Survey maps as quartz schist, outerops in the zone of primary mylonitic rocks
in the Allt nan Sleagh. The quartzite is similar to the Cambrian quartzites below
the Moine thrust and contains similar struetures. As there are no pure quartzites
in the Lewisian, Torridonian, or Moine, the lenticle probably represents a frag-
ment of Cambrian quartzite which has been isolated at some stage in the thrust
movements and included in the color-layered mylonitic rocks.

There is widespread secondary deformation of the primary mylonitie rocks and
the Moine schists. The degree of deformation is slight in the schists along the
southern and eastern margins of the area covered by the map; locally there has
been slight movement of joints but there is no breceiation. The effects of secondary
deformation increase toward the Moine thrust. The incompetent layers near the
thrust have been converted to phyllonite and at some localities (e.g., in the Allt
na Cailliche) there has been movements of joints and slight brecciation in more
competent primary mylonitiec rocks. Secondary deformation is most intense in
two zones (fig. 10, in pocket), one on the west slope of Cnoe a’ Chaoruinn and the
other in the river Oykell. In these zones the primary mylonitic rocks are phyl-
lonitized and the Moine schists are severely brecciated. The larger of the two
zones outerops above the fault system associated with the Ben More thrust, as in
the northern area at the Stack of Glencoul. The smaller zone, in the river Oykell,
cuts across the Moine thrust and the boundary between the primary mylonitic
rocks and the Moine schists. At the southern end of the smaller zone the schists
are penetrated by discordant veins and stringers of granitic material, which are
also sheared and brecciated.

Structural data.—The foliation in the primary mylonitic rocks and the Moine
schists throughout the area dips consistently toward the southeast (fig. 11, ). In
the secondary mylonitic rocks (fig. 11, b) the strike of the foliation is generally
north-northwest, and the dip, though variable, is generally toward the east-north-
east at approximately 45°. The fold axis (8, fig. 11, b) plunges at 15° to the south-
southeast. Small-seale folds are common in the quartzites below the Moine thrust
and in the primary and secondary mylonitic rocks. The Moine schists, on the other
hand, are unfolded except at a few widely scattered loecalities. Figure 11, ¢, shows
the orientation of small-scale folds measured throughout the area. The majority
of the folds plunge to the east-southeast (B), but there is a submaximum in the
diagram, representing folds that plunge toward the south-southeast (Bs). A per-
sistent lineation, plunging to the east-southeast, is common to the quartzites below
the Moine thrust, the primary mylonitic rocks, and the Moine schists (fig. 11, d).
The partial diagrams in figure 12 show the orientation of folds and lineations in
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Fig. 11. Structural data from the Cnoc a’ Chaoruinn area. a. Poles of foliation planes in pri-

mary mylonitie rocks and Moine schists; § represents the mean attitude of the foliation. b, Poles *

of foliation planes in phyllonites on Cnoec a’ Chaoruinn, showing the great cirele (m) and the fold
axis (). c. Axes of 143 small folds. Contours: %, 2, 6, 10, 14 per cent per 1 per cent area. d. 80
penetrative lineations. Contours: 1.25, 5, 10, 20, 30 per cent per 1 per cent area.

the quartzites, the primary mylonitic rocks, the Moine schists, and the secondary
mylonitic rocks. The folds and lineations in the quartzites, the primary mylonitie
rocks, and the schists plunge, with few exceptions, to the east-southeast, whereas
the B,-folds are confined to the phyllonites in the two zones shown on the map.
These zones are analogous to the B,-zones in the Glencoul area and will be referred
to as the B- and B’;-zones, the latter of which is smaller.

In certain layers in the B,-zone, deformation is slight and the rocks in these
layers retain the B-folds and -lineations (fig. 11, d). Where phyllonitization is
more intense the lineation is obliterated, but in quartzose layers it may be pre-
served, and the relict lineation is locally seen folded about south-southeast (Bs)

Christie: The Moine Thrust Zone

Fig. 12. Partial diagrams showing orientations of fold axes (circles) and lineations (dots).
a. Cambrian quartzite below the Moine thrust. b. Primary mylonitic rocks. e. Moine schists.
d. Phyllonitized rocks in zone of secondary mylonitie rocks (B.).

axes. As in the northern area, the only new lineation in the phyllonites is a faint
Inconstant streaking, approximately normal to the fold axes.

Figure 13 shows in profile a number of typiecal folds in the mylonitized quartz-
ites below the Moine thrust, the primary mylonitie rocks, and the Moine schists.
In the quartzite below the thrust east of the Oykell, and in the lenticle of quartzite
in the zone of primary mylonitic rocks, small folds with closely appressed limbs,
like that in figure 13, b, are present. Intrafolial folds (fig. 13, d—e) are common
in the primary mylonitie rocks, though the style of the folds is variable, At some
localities in this zone closely spaced kink zones (fig. 13, ¢) and slip surfaces
(“strain-slip cleavage”), steeply inclined to the foliation, cut slightly phyllonitized

rocks. Kink zones and slip surfaces were recorded dipping to the east and to the
south.

]
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The folds in the zones of phyllonite (B, and B’;) are closed and angular, similar
to those in the B,-zones, with axial planes dipping consistently toward the east.
The structures in plate 4 show the characteristic style of folding. The diagram-
matie section in figure 14 illustrates the relationship between the zones of B,-folds
and the major thrusts and faults in the area. The Bg-zone is situated above the zone
of imbrication associated with the Ben More thrust. The axial planes of the folds
are subparallel to the underlying reverse faults, suggesting that the folding is
probably related to movements on the Ben More thrust and the reverse faults in

cNoC A CNIADRU/NM R. OKA'ELL E

- BEN MORE THRUST

V2 I Mile

Fig. 14. Diagrammatic section across the Cnoc a’ Chaoruinn area, showing relationship between
zones of south-plunging folds (B,) and the major thrusts and faults in the area.

the same way as the B,-folds in the Stack of Glencoul area. It is probable that the
smaller zone of phyllonite (B’¢), which also contains B-folds, overlies another
thrust or reverse fault which is not exposed west of the Moine thrust.

The Moine thrust is displaced by the Ben More thrust and associated reverse
faults west of Cnoe a’ Chaoruinn; it is at a considerably higher level on the hill
to the east of the Ben More thrust than to the west. It is not possible to estimate

the displacement accurately, because the Moine thrust is so poorly exposed, but
the amount is less than 500 feet.

THE LOCH AILSH AREA

General description of the area.—The structural relationship of the rocks in the
Loch Ailsh area is shown in the map (fig. 15). The outerop of the Moine thrust
extends from the northeast extremity of the loch with a northeasterly trend. The
thrust gives rise to a marked topographic feature, the resistant mylonitiec rocks
and schists to the east forming a scarp of considerable height, and the calcareous
rocks to the west giving low-lying ground. The thrust is poorly exposed, as the
hollow at the base of the scarp is largely peat-filled, but the unexposed belt is
sufficiently narrow for the position of the thrust to be determined within a few
feet along most of the outerop. Exposures are common in the caleareous rocks and
the mylonitie rocks, but much of the Moine schist in the area is covered with peat
and few exposures are available.

The calcareous rock is, for the most part, yellowish cerystalline dolomite. Near
the center of the outerop are lenticles, a few feet in thickness, of dark, micaceous
marble. The low-lying ground, in which the dolomite is exposed, is traversed by




|
I
1

|
1]

A
|'1l|‘
l \,

|
il

I

LOCH AILSH

Alluvium

Plutonic Rocks of
@ L. Ailsh Mass

Hornblende Schist

Moine Schists
Dolomite and

fa ]
[ ]

== == == ==  Thrusts where concealed

Quartz schist-Granulitic
schist Boundary

~+ Movement horizons

%70 Attitude of fold-axis

=20 Attitude of lineations

=
Attitude of bedding-

foliation S

RS

20

ructural m: of area around Benmore Lodge, northeast of Loe (0) hown y
h Ailsh. Localities of dolomite specimens are s.
p J g t Iet en. T wn b
Flg. 15. Struetural a area y

spots and specimen numbers (e.g., M13). North is upward.

Christie: The Moine Thrust Zone 375

el to the outerop of the Moine thrust. These
e of the underlying rocks, and it is probable

ge lenticles of dolomite separated by movement
horizons in the intervening hollows.

Above the Moine thrust there is

composition are locally » a large body of hornblende

schist outerops immediately above the thrust. Farther to the northeast, a thick
lenticle, shown on the map (fig. 15), is represented on the Geological Survey maps
as foliated acid and basice igneous rocks with Cambrian sedimen

transition from the primary mylon
litic” Moine schists. The transition
a decrease in the fissility of the roc

itie rocks upward into the more typieal “granu-
is marked by an increase in the grain size and
ks; the “granulitic” schists are more slabby and

in the primary
cally the “granulitic” schists have suffered slight
crushing, but over most of the area the rocks are devoid of cataclastic struetures.

formation. The two types of s-surface ar
together. The bedding foliation (8

) is marked by thin, fine-grained, or cherty
layérs which are more resistant to s

olution than the more coarsely granular dolo-

, but commonly the rock is massive, with
no trace of this foliation. Figure 16, a, shows the attitude of 8, measured at

twenty-two localities. The dip of the beds, though generally at low angles to the
cast and the southeast, is locally variable. The B-maximum indicates that Sy is

folded about an eastward-plunging axis, but the B-intersections show a marked
tendency to spread along a great circle, containing
reflects the lack of diversity i

Close to the Moine thrust, 8, is obliterated and the second type of foliation is
developed. The orientation of this foliation is very uniform, dipping at 20° to 30°
toward the east-southeast, parallel to the Moine thrust. It is a very fine lamination
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Fig. 16. Structural data from the Loch Ailsh area. a. Orientation of bedding foliation (8,) in
dolomite. Crosses are poles of S, Contours of B-intersections: 2, 5, 8, 10 per cent per 1 per cent
area. b. Fold axes (circles) and lineations (dots) in dolomite. ¢. Fold axes (32) in primary
mylonitic rocks. d. Lineations in primary mylonitic rocks and Moine schists. Contours: 2.5, 20,
40 per cent per 1 per cent area.

defined by layers and lenticles of quartz and by slip surfaces coated with chlorite.
Within a few feet of the thrust it is plicated on a very small scale.

The foliation in the primary mylonitie rocks and the granulitic schists dips at
low angles to the east-southeast. Folding of the foliation is very common through-
out the zone of primary mylonitie rocks but decreases upward and is absent in the
slabby schists. The axes of a representative number of folds are shown in figure
16, ¢. The majority of the folds plunge toward the east and east-southeast (B),
but there is a spread of the axes round the great ecircle corresponding to the folia-
tion, and a few folds are inclined almost at right angles to the maximum. At one
horizon in the “granulitic” schist, exposed in the burn that flows into Loch Ailsh,
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quartz rodding (fig. 17, g) is developed. The axes of the quartz rods are parallel
to the axes of folds in the primary mylonitic rocks. There is a single faint lineation
on the s-surfaces in the primary mylonitic rocks and the Moine schists. The linea-
tions show a very high degree of preferred orientation (fig. 16, d), and define a
single strong maximum plunging slightly south of east, parallel to the maximum
of fold axes (B).

L 3 Ins.

Fig. 17. Style of folding in the Loch Ailsh area. a-b. Profiles of folds in dolomite, viewed
toward the east. ¢—f. Profiles of folds in primary mylonitic rocks, viewed toward the east-south-
east. g. Profile of quartz rods in Moine schists, viewed toward the east-southeast. h. Profile of
south-plunging fold in primary mylonitic rocks, viewed down plunge.

The style of the folding in the primary mylonitic rocks is illustrated by the
profiles in figure 17, c—f, h. The commonest type is a simple recumbent fold (fig.
17, d) with or without minor drag folds on the limbs, but more complex types
(fig. 17, f) occur. On a few folded outerops the orientation of the axial planes of
folds varies from place to place over the outerop. This type of folding is not unlike
that illustrated by Greenly from Anglesey (1919, pp. 190-191) and referred to
by him as “polyclinal.” Many of the smallest-scale folds are intrafolial and seem
to have suffered a considerable degree of flattening normal to the foliation (fig.
17, f, h). On a few exposures small-scale kink zones are visible (fig. 17, ¢), the
planes of the kink zones dipping steeply to the south. Although there is consider-
able diversity in the style of the folds, the general impression obtained is one of
extreme mobility during the deformation; this is the style of deformation which
has been loosely described as “plastic.” A few folds, such as the kink zones illus-
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trated, indicate less mobile conditions. Of the folds examined, approximately 70
per cent were overturned toward the south, 20 per cent were overturned toward
the north, and the remainder were polyclinal.

The folds in the primary mylonitic rocks are similar with regard to orientation
and style to those in the other two areas deseribed above. The dominant fold axis
in the dolomitic rocks, however, differs slightly from the B-axis in the primary
mylonitie rocks, as it plunges to slightly north of east. Whereas the majority of
the folds in the primary mylonitie rocks are overturned to the south, the folds in
the dolomite are consistently overturned toward the north, as are a few of the
folds and the kink zones in the mylonitic rocks. Although it is conceivable that
the folds in the dolomite were produced in the same phase of deformation as the
folds in the primary mylonitie rocks, the slight difference in orientation of the
B-axes and the different directions of overturning suggest that there were separate
phases of movement with slightly different directions and opposite sense. This
problem is discussed more fully below.

In the vicinity of the thrust, S, is gently folded about an eastward-plunging
axis (B), but to the west, near the river Oykell, it becomes steep, and dips toward
the west. At this locality the small-scale folds, which are probably of the same age
as the other folds in the dolomite, plunge toward the west. The orientation of the
bedding foliation (8,) and the folds in the western part of the dolomite may be
explained by postulating warping of the rocks about a north-trending horizontal
axis after folding about the eastward-plunging axis, but, in the absence of more
folds with a greater diversity of orientation, this must be regarded only as a
possible hypothesis.

THE KNOCKAN CRAG AREA

General description of the area.—In the southern part of Assynt the Moine thrust
overlaps the thrust slices in the zone of dislocation, and at Knockan Crag the thrust
carries the mylonitized rocks and the schists directly onto the limestones in the
undisturbed Cambrian succession of the foreland. At the north end of the crag
a thin slice of heavily deformed white limestone, carried on the sole, rests on the
dark limestones of the foreland succession, and this is overlain by the mylonitic
rocks above the thrust. Near the southern end of the crag this slice is pinched out
and the Moinian rocks rest directly on the limestones of the foreland.

The Moine thrust, which is well exposed for some distance along the erag and
to the east, toward Druim Poll Eoghainn, is a sharply defined surface separating
the calcareous rocks from the intensely mylonitized siliceous rocks above. Imme-
diately above the thrust is a layer, 2 or 3 feet thick, of cataclasite and kakirite,
containing fragments of primary mylonitic rock. The degree of cataclastic de-
formation decreases rapidly upward until a few feet above the thrust the lami-
nated primary mylonitic rocks show only a slight degree of brecciation. The
primary mylonitic rocks show the normal transition into slabby “granulitic”
schists to the east. The transition is so gradual that it would be impossible to
place a boundary between the two rock types. The schists are comparatively un-
deformed for some distance to the east of the erag. Approximately 400 yards west
of Loch Odhar, however, there is a zone of intense secondary deformation in which
the schists are brecciated and locally slightly folded.
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Fig. 18. Style of folding in the Knockan Crag area. a—e. Profiles of folds in primary mylonitic
rocks at Knockan Crag. f. Rodded quartz vein in deformed Moine schist southeast of Knockan
Crag. Note bending of foliation (8). g. Folded quartz veins in deformed Moine schist near Loch
Odhar. § is foliation in the schist.

Structural data.—The foliation in the primary mylonitic rocks east of Knockan
Crag has an easterly strike and dips at angles up to 10° toward the south. The
strike swings at the erag and becomes north-northeast, and the dip is at low angles
toward the east-southeast. Folding of the mylonitic rocks, though not so common
as in the other areas deseribed, is by no means absent. Some of the folds are
symmetrical (fig. 18, @, d—¢) and others (fig. 18, b—¢) are asymmetrical but not
overturned. The folding is ecommonly associated with shear surfaces and some
degree of brecciation; that is, the style of folding is less “plastic” than in the other
areas described. The shear surfaces dip to both north and south at variable angles.
The sense of shear on the shear surfaces in a number of characteristic folds is
shown in figure 18 (a—c). The intensity of the folding decreases upward toward
the summit of Cnoc an t’Sasunnaich, and the highest folds are small symmetrical
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corrugations in the s-planes (fig. 18, ¢). The fold axes plunge to the east, or
slightly south of east, at low angles.

Whereas the folds elsewhere along the Moine thrust in Assynt are generally
recumbent and more or less consistently overturned in the same direction, at
Knockan many of the folds are symmetrical and the axial planes of asymmetrie
folds are not consistently overturned in one direction. The over-all movement
suggested by the folds is one of slight shortening parallel to the foliation and
normal to the fold axis (B). These folds (pl. 5, b) are not similar in style to those
in the primary mylonitic rocks in other areas; the brecciation indicates post-
crystalline deformation.

The Moine schists between Knockan Crag and Meall nan Dearcag Mor are
massive slabby rocks with a well-developed system of joints (pl. 5, a). The grade
of metamorphism is extremely low, and the rocks seem to have suffered little
deformation during regional metamorphism. The foliation is a bedding foliation,
and at several localities current bedding is preserved. At the only locality ex-
amined where this was sufficiently well preserved to determine the direction of
facing, the beds are right side up. There is no folding of the foliation but a faint
lineation (B), plunging to the east or the east-southeast, is visible locally.

Secondary deformation of the schists is not widespread and does not decrease
uniformly away from the Moine thrust. The schists immediately to the east of
the primary mylonitic rocks are unbrecciated, but the degree of cataclastic de-
formation increases farther east 'until, approximately 400 yards west of Loch
Odhar, it is intense; the foliation is distorted and there is considerable brecciation
of the rocks in this area. The rocks are traversed by complex systems of quartz
veins, with strike varying between north and north-northeast. The thickest veins
intersect the bedding at low angles and dip toward the east at angles between 20°
and 40° (fig. 18, f). These veins show marked evidence of shearing and the bedding
is bent along some of the veins, showing a sense of movement such that the upper
layers moved to the west over the lower. On the exposure illustrated in figure
18, f, one of the veins has been rodded by the shearing movement; the trend of
the rods is slightly east of north. Branching outward at right angles from the thick
veins are thinner veinlets, which are relatively undeformed. The origin of the
veins is problematical, but it is clear that they define a B-axis with northerly trend,
and their present disposition seems to be due to slip movement in which the upper
layers moved toward the west. In some instances the main movement has been
along the veins, but elsewhere (fig. 18, g) the foliation seems to have been the most
important slip plane, as the veins are themselves folded on a small seale about
north-trending axes. The veins have been folded by slip on §, a process analogous
to that postulated to account for the eastward-dipping quartz veins near the Stack
of Glencoul.

SUMMARY

A number of important facts emerge from the study of the Moine thrust zone in
the above areas.

; 1. There is a common B-axis, defined by the megascopic elements of the fabrie,
in the Moine schists, the primary mylonitic rocks along the Moine thrust, and
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some of the Cambrian rocks below the thrust. The rocks all belong to a single
structural unit which must obviously have suffered penetrative deformation in
post-Cambrian times.

2. The Moine thrust varies considerably in character along its outerop in Assynt,
but at all the localities studied, with the exception of Knockan Crag, the move-
ments have been distributed through a zone of considerable thickness. The Moine
thrust is merely a lithological boundary within this zone, separating rocks that
are recognizable as Cambrian or Torridonian from mylonitic rocks of unknown
origin.

3. After the deformation that produced the B-axis, the rocks locally suffered at
least one subsequent (secondary) deformation which was not generally related to
movements on the Moine thrust; the deformation was most intense in zones that
cut across the Moine thrust, the primary mylonitie rocks, and the Moine schists.
Late movement on or near the thrust is indicated by intense cataclastic deforma-
tion immediately above the thrust at Knockan, and by phyllonitization of pelitie
layers near the thrust at other localities (e.g., Allt nan Sleagh).

4. During the phase of secondary deformation, the Moine thrust was displaced
to the extent of approximately 500 feet by the Ben More thrust at the Stack of
Glencoul and at Cnoe a’ Chaoruinn. The imbricate structure in these two areas is
related to the Ben More thrust and not the Moine thrust.

5. The so-called “double system of folding” in the “Eastern Schists,” deseribed
by Horne (Peach et al., 1907, p. 468), does not exist in the Assynt area. The B,-
and B,-folds form two distinet maxima which were produced during the secondary
phase of deformation, and not synehronously with the B-structures.

6. The widespread lineation, plunging to the east-southeast, in the competent
rocks near the Moine thrust is not an e-lineation, as has previously been assumed,
but a B-lineation. A faint e-lineation (slickensides) is also present, however, in
some of the phyllonitized rocks near the thrust; this also plunges at low angles
to the east and the east-southeast.

DISCUSSION OF THE MOVEMENTS

The first fact cited above in the summary is of great importance, as it clarifies the
controversial issue of the age of the general Moine metamorphism and deforma-
tion. The deformation that produced the east-southeast—trending B-structures in
the Cambrian rocks, the primary mylonitic rocks, and the Moine schists must
obviously be of post-Cambrian age. It is clear on petrographic grounds that these
east-southeast—trending folds (B) were formed before or, more probably, during
the regional metamorphism of the rocks (Phillips, 1937). The hypothesis favoring
a pre-Torridonian age for the general Moine metamorphism (Read, 1934; Phillips,
1937; Wilson, 1953) is therefore untenable; the Moine metamorphism and de-
formation took place in post-Cambrian times, as claimed originally by Peach
(Peach and Horne, 1930), and more recently by Bailey (1950) and others.

The east-southeast—plunging lineations in the vicinity of the Moine thrust have
generally been assumed to be a-lineations marking the direction of movement on
the thrust, and have frequently been referred to as “slickensides” (Read, 1931;
Bailey, 1935). They are penetrative, however, and cannot be confused with the
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true slickensides that are present in some of the phyllonitized rocks. The penetra-
tive lineations are statistically parallel to the fold axes (B) and are therefore
B-lineations, according to the standard terminology (figs. 5, 11, 16). These linea-
tions constitute one of the most important pieces of evidence for the direction of
movement on the thrust (Bailey, 1935, pp. 158-159). In view of the failure of this
evidence, the currently aceepted theory, involving transport of the Moine schists
to the west-northwest, must be reconsidered.

Although the Moine schists were undergoing deformation and metamorphism
during the main movement on the Moine thrust, the degree of deformation of the
schists for more than a mile east of the primary mylonitie rocks is very low. The
foliation is recognizably bedding over much of the area, and the slabby nature
and the lack of folding of the rocks indicate that there has been little shear move-
ment. In the primary mylonitie rocks, on the other hand, the fine grain, the well-
developed lamination, the color layering, and the folding all suggest large amounts
of slip on the lamination planes. The zone of primary mylonitic rocks (including
the mylonitized quartzites) represents a zone of distributed movement between
two relatively undeformed blocks. The term “thrust,” which is a contraction of
“thrust-fault” (Reid et al., 1913, p. 179), implies a surface of rupture, along
which the deformation is restricted to a relatively thin zone. The Moine thrust does
not show the characteristic features of a fault, except at isolated localities such as
Knockan Crag. The movement has been distributed through a zone approximately
300 feet thick. Instead of the cataclastic textures developed along a fault, the
primary mylonitie rocks show a eonsiderable degree of recrystallization, and even
some of the Cambrian quartzites are reerystallized. The “thrust” is a lithological
boundary in a movement zone of the type that has been called a “movement-
horizon” by Knopf (Knopf and Ingerson, 1938, pp. 33-35), and this term would
be more fitting for the zone of primary mylonitie rocks.

All the evidence preserved in the megascopic fabriec of the primary mylonitie
rocks indicates differential movement normal to the fold axis (B). The majority
of the folds are eylindroidal and have monoclinic symmetry; some are nonecylin-
droidal, and axes of neighboring folds on some exposures may be inclined to each
other at angles up to 35°, giving rise to triclinie symmetry for the foliation over
the field of the exposure. The majority of the folds are recumbent, and it is esti-
mated that approximately 75 per cent are overturned to the south-southwest. If
the megascopie fabrie of the primary mylonitic rocks is considered on the scale
of the whole area, the minor irregularities disappear and the symmetry is statis-
tically monoclinie. According to the symmetry principle, this should indicate a
monoclinic movement picture; the simplest movement of this type is slip along
the planes of lamination in a direetion perpendicular to the regional fold axis (B).

The geometry of small-scale folds must be used with caution in determining the
sense of large-seale “tectonic transport” in rocks, as minor drag folds on different
limbs of a large fold may be overturned in opposite directions (Wilson, 1953).
No large-scale folding is visible in the primary mylonitic rocks, however, and I
consider that the sense of movement of the Moine nappe over the movement zone
may be deduced from the sense of overturning of the small folds. In a recumbent
fold of the intrafolial type (pl. 1, b; fig. 13, d—e), the sense of movement between
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i i illustrating development of “glide-fold schistosity” (after Kie.nov.v, 1953).
b.?g;all)%i:' olzl?ng;:gnent in “gl%de foldlijng” (after Kiwow, 19:53).'L01;1’g arrowsb;ndllcizte:f‘:)}llg
sense of shear; short arrows denote axes of “compression” and “tension.” The st;.l eg :a.tion
schistosity (b-b) is rotated in the sense shown_ by the arrow (R) to the unstable orien
(a-a). c. The sense of slip indicated by intrafolial folds.

the overlying and the underlying layers may be definitely determined fro¥n the
form of the fold, as shown in figure 19, ¢. All the intrafolial folds observed in the
movement zone are overturned to the south-southwest, and the I.novement picture
obtained by integrating the slip movement in all these fol-ds is one of over-all
transport of the Moine nappe toward the south-southwest. It is probable th'at many
of the folds that are not obviously intrafolial on the seale of the outc.rol')s in which
they occur, are in fact parts of larger structures of this type. The majority of thfase
folds are also overturned to the south-southwest, which confirms the conclusion
that there was movement of the Moines in that direction along the movement
hm’i‘llzlzns'tyle of the intrafolial folds is similar to that describ.ed by Kienow (1953)
and called by him “glide folding” (Gleitfaltung). He outlined the development
of these folds. During slip on the slip surfaces (a-a, fig. 19, b), the surfaces become
unstable and bend into flexural slip folds (Biegefalten), which become overtun'led
in a direction related to the sense of shear. A new schistosity develops by shearing
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movement was east-west, and the sense of movement, given by the folds in the
secondary mylonitic rocks and the deformed quartz veins in the Moines east of
Knockan Crag, is such that the overlying rocks moved to the west. The form of
the folds (B, and B,) in the phyllonites above the Ben More thrust reflects pri-
marily the movements on the underlying thrusts and reverse faults, but this may
have been combined with some translation from east to west on surfaces parallel
to the Moine thrust.

THE ZoNE oF DISLOCATION*
INTRODUCTION

In addition to the major thrusts that outerop in the zone of dislocation—the sole,
the Glencoul thrust, the Ben More thrust, and the Assynt thrust—there are a
large number of minor thrusts and faults of variable orientation. A prominent
system of steep reverse faults with east-southeast strike cuts the syenites of the
Loch Ailsh mass. The faults are well exposed on the eastern slopes of the Black
Rock and Sail an Ruathair, where they are seen to dip between 50° and 70°
toward the north. Portions of the faults are shown on the l-inch Assynt map
(1923), but no mention is made of the nature and the orientation of the faults
in the memoir (Peach et al., 1907). There is a considerable degree of cataclasis
along the fault surfaces, and associated with the most northerly of the faults,
which is exposed on Sail an Ruathair, there is a well-defined shatter zone ap-
proximately 4 feet thick.

The most important group of minor faults in the area is the parallel system
of steep reverse faults with northerly strike, which transacts the whole zone of
dislocation; some of the faults are almost vertical, but more commonly they dip
toward the east at steep angles. Some of the faults are shown on the 1-inch
Assynt map (1923), chiefly in the Lewisian gneiss, and a larger number appear
in Peach’s sections across the area. The faults are well seen in the steepest parts
of the mountains, where the rocks are well exposed, as on the south face of Ben
Uidhe and in the sides of Coire a’ Mhadaidh, north of Ben More. On the flat tops
of the mountains and in the lower parts of the valleys and the corries, however,
the structures are frequently obscured by the deep covering of scree and peat;
it is probable, in my opinion, that these eastward-dipping faults are more per-
sistent than their distribution on the maps would suggest.

NOMENCLATURE OF THRUSTS AND NAPPES

The classical (Survey) interpretation of the structures between the Moine thrust
and the sole, and subsequent modifications of this interpretation by Bailey and
Sabine, have been outlined in my historical review. It is necessary now to discuss
the relative significance of the thrusts and the nature of the struetural units in
the zone of dislocation before the folds and other structures in the zone can be
deseribed.

The Glencoul thrust is well exposed at the classie locality on the south shore
of Loch Glencoul (pl. 6, a). It is here represented by a sharply defined, planar

* The term “zone of dislocation” refers to the zone between the Moine thrust and the lowest

thrust, the sole (cf. Peach et al., 1907), and must not be confused with the “zone of dislocation
metamorphism” of Read (1934).
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surface dipping eastward at approximately 30°, and separating the Cambrian
dolomites from the overlying Lewisian gneiss. The gneiss is so heavily deformed
that it is converted to phyllonite for a distance of almost 20 feet above the thrust.
The thrust is not exposed to the south, but the outerop may be followed in the
topography as far as the Bealach Conival, where it is truncated by the Ben More
thrust. Although the rocks in the vicinity of the Allt Poll on Droighinn are not
sufficiently well exposed to show the exact outerop of the thrust, I am unable
to accept Bailey’s suggestion (1935, p. 157) that the thrust dies out at this lo-
cality.

I have traced southward the important dislocation that displaces the Moine
thrust at the Stack of Glencoul; there is no doubt that it is in fact the north-
ward continuation of the Ben More thrust, as shown by Peach and Horne (Assynt
sheet, 1923). Thus the contention of Clough (in Peach et al, 1907) and Bailey
(1935, p. 160) that the line of outerop of the Ben More thrust lies to the west
of that shown on the map and ends a mile southwest of the Stack of Glencoul
is without basis.

The outerop of the Ben More thrust is clearly visible on the hillside west of
Gorm Loch Mor (pl. 6, b), where the thrust dips at more than 40° toward the
east, and the overlying quartzites are contorted about a north-trending axis (fig.
20 in pocket, XIII). The course of the thrust is again visible farther to the south,
in Coire a’ Mhadaidh (pl. 7, a), where it dips at approximately 50° to the east.
The gradient of the thrust is steeper than that of the ground surface at this lo-
cality, giving rise to the V-shaped outcrop seen on the map (fig. 1, in pocket).
On the south side of Conival the Ben More thrust is well exposed above the level
where it transeets the Glencoul thrust, and the thrust is again seen to dip at more
than 50° toward the east. At both of the last-mentioned localities the rocks to the
east of the thrust are also folded about north-trending axes (fig. 20, in pocket,
X1V, XXII). South of Conival the thrust is nowhere well exposed, but my re-
vision of the mapping between Loch Ailsh and Cnoe a’ Chaoruinn (fig. 10, in
pocket) shows that the thrust does not follow the eourse previously assigned to
it, but crosses the ground west of Strathsheaskich to Cnoc a’ Chaoruinn, where
it again displaces the Moine thrust. The thrust previously referred to as the Ben
More thrust (Peach et al., 1907), the Assynt thrust of Sabine (1953), is also
displaced by the Ben More thrust. Sabine considered that the Assynt thrust was
an extension of the Ben More thrust, but regarded it as “continuing southward

the effect of the Glencoul Thrust” (1953, pp. 151-152). Whereas previous writers
have postulated only one major thrust south of Conival, the evidence suggests
that two thrusts—the Assynt thrust (the southern extension of the Glencoul
thrust) and the Ben More thrust—are in fact present. Remapping of the area
between Conival and Sgonnan Beag is required to ascertain the exact outerops
of the two thrusts. The Ben More thrust may outerop in the Oykell Valley, where
the rocks are poorly exposed, or the outerops (fig. 20, in pocket) of the two
thrusts may be almost coincident along this section.
The Ben More thrust displaces the Moine thrust in the two areas deseribed
above (pp. 360-373), and it also transeets both the Glencoul and Assynt thrusts.
Thus it is evident that it did not develop contemporaneously with the other
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major thrusts, but is a late-stage dislocation cutting across the preéxisting nappes.
Moreover, the degree of deformation along the Ben More thrust v&-'here it is ex-
posed is low, suggesting that movement on the thrust has been Sllg}lt. The (.hs'
placement of the Moine thrust at the Stack of Glencoul and (_}nc_)c a’ Chaoruinn
probably represents the total displacement on the thrust; this is slightly more
than 500 feet in the north and less than 500 feet in the south. .

This conclusion provides additional support for the hypothesis, first suggested
by Bailey (1935) and later developed by Sabine (1953), that 1‘:he szn More apd
Glencoul nappes (Survey usage) are parts of a single tectonic unit, for which
Sabine proposed the term “Glencoul-Assynt thrust-m?sses” (1953, pp. 151-152).
If the displacement (slip) on the Ben More thrust is of the order of_ 500 ffeet,
the Glencoul and Assynt thrusts are indeed parts of the same great dislocation.
It is inconvenient to use two separate names for different parts of the same thrust,
and hereafter I refer to the whole dislocation as the “Assynt thrust.” Wl‘l‘en that
part of the thrust north of Conival is specifically discussed, the term “Assynt
(Glencoul) thrust” is used.

Peach and Horne (Peach et al., 1907) regarded the whole mass of rocks below
the Glencoul and the southerly part of the Ben More thrust (Survey usage) and
above the sole as an immense zone of imbrication produced byl the movements
on these thrusts. This mass, however, contains the massive syenites of tthe Loch
Borolan complex and a considerable volume of Lewisian and F)ambrlan rocks
which do not show the degree of reverse faulting characteristic of a zone 'of
imbrication. The mass may be regarded as a second great nappe of similar sig-
nificance to that above the Assynt thrust.

The geometry of the outerop of the boundary known as the Sgonnan Beag
thrust shows that it is definitely not a planar or a gently curved surface; ¥t re-
sembles more the boundary surface of an intrusion, as Bailey (1?35) has pomtgd
out. The additional evidence afforded by the presence of intrusions .of grorudite
within the syenite mass itself and in the Lewisian gneiss. surroundmg the mass

(Sabine, 1953, p. 152) strengthens the case against the ex1ster.10e of an }mportant
thrust. Thus the Loch Ailsh syenite seems to be neither a klippe carried on the
Sgonnan Beag thrust, as represented by Peach gnd Horne (Peach et ql., 1997 ¥
nor a window exposed through the thrust, as suggested by Lugeon (in Bailey,
1935), but a part of the Ben More nappe of Peach and Horne. .

From this evidence, then, it is apparent that the rocks between the Mou.1e
thrust and the sole belong to two great thrust slices or nappes, as.shown in
figures 20 (in pocket) and 25. The lower nappe rests on the sPle an(.l is overlz.nn
by the Assynt thrust, which supports the upper nappe. To avoid tl.le introduction
of additional place names into the nomenclature, I call tI.le glices the wupper
Assynt nappe (the “Glencoul-Assynt thrust-masses” (?f Sabine) zfn.d the lf)wer
Assynt nappe. The rocks exposed in the upper nappe include Lewxsxan' gneisses,
Torridonian and Cambrian sediments, and syenitic rocks of the LOCI'I Ailsh mass.
The lower nappe consists of Lewisian and Cambrian rocks along W1Fh the great
plutonic mass of Loch Borolan; Torridonian rocks are not exposed in the small
area where the base of the Cambrian is exposed, but may be prese‘nt elsewhe:re
underneath the Cambrian rocks. Whereas the lower nappe contains a consid-
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erable thickness of Cambrian and a comparatively small amount of Lewisian,
the upper nappe consists largely of Lewisian with only a thin veneer of Cam-
brian sediments. Thus the upper nappe must have been derived from a lower
stratigraphie level than the lower nappe.

FOLDING

Small-scale folds are uncommon in the zone of dislocation; the only examples
I observed are in the phyllonitic rocks along the Assynt (Glencoul) thrust, south
of Loch Glencoul (pl. 5, ). Six folds were recognized within 2 feet of the thrust
plane. The trend of the folds varies between N. 10° W. and N. 15° E. The folds
are asymmetrical and overturned toward the west, and the style is less “plastic”
than in the primary mylonitie rocks along the Moine thrust.

Medium-scale folds are locally developed in the limestones and the dolomites;
the folding of the Loch Ailsh dolomites has already been described, and folds of
similar size and style are developed in the ealeareous rocks near the sole in the
southern part of Assynt. The orientations of these folds at two localities, south of
Knockan village and at Knockan Crag, are shown in figure 20 (in pocket). The
fold axes plunge at low angles to the southeast, and the folds are overturned to
the southwest.

There is considerable large-scale folding of the Cambrian and Torridonian sedi-
ments in both the upper and lower nappes, and at several localities the rocks are
sufficiently well exposed to show the form of the folds. The orientation of the
bedding surfaces over several of these folds was measured, and B-diagrams were
constructed to determine accurately the orientation of the fold axis (fig. 20, areas
II, IV, V, XII, XIV, XVI, XIX, XXII, XXIII, XXVI). Certain other areas
of Cambrian and Torridonian rocks, in which the form of the folds is not evident,
were examined, and pB-diagrams were also constructed for these areas. The nia-
jority of the areas were found to be homogeneous with respect to the fold axis
(B), but a few are heterogeneous. Heterogeneous areas may be broken down
until they are resolved into a number of smaller homogeneous areas, so that the
variation of the fold axis (B) within the larger area may be visualized. The
homogeneity of the smaller areas may be tested, if necessary, by means of partial
diagrams. Two of the areas studied (XI, XXV) were found to be divisible into
two subareas, each with a single fold axis (8); in each instance the trend of the
B-axis in one of the subareas is easterly and in the other northerly. Several of
the other areas shown in figure 20 are not completely homogeneous, but a thorough
analysis of the folding in these areas was not possible.

In all the areas shown in figure 20 there is a single strong maximum in the
B-diagram, which, even in areas with slight inhomogeneity, approximates to the
fold axis. The orientation of the B-axes in the areas examined is shown in the
synoptic diagram (figs. 20, 24). The axes fall into three groups, one with north-
erly trend (B8.) and the others plunging to the east (8.) and the southeast (Bs.).

DISTRIBUTION AND STYLE OF LARGE-SCALE FOLDS

Folding about southeast-trending axes, generally on a large scale, is found in
both the lower and upper Assynt nappes. In the lower nappe the limestones near
the sole are folded at the southeast end of Loch Assynt (fig. 20, in pocket, XII),
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on the Stronechrubie plateau (XIX), and in the neighborhood of Knockan. The
large-scale folds at Lioch Assynt and Stronechrubie are open and asymmetrical,
with the steeper limbs dipping to the southwest (pl. 7, b); the medium-scale
folds near Knockan are recumbent and more tightly compressed but are also
overturned to the southwest. The Cambrian quartzites east of Glenbain (fig. 20,
XVI, XVII) are folded into an immense asymmetrical anticline with the steeper
limb again dipping to the southwest, similar to the large anticlines in the lime-
stones; the exposure of basal quartzites in the core of the anticline gives rise to
the elongate outerop which is clearly seen on the Assynt sheet.

Visible folding about north-trending axes is widespread in the zone of dis-
location, but the most spectacular folds are found in the central part of the zone,
at short distances from the outerop of the Ben More thrust. Folding of the
quartzites east of the thrust at Gorm Loch Mor and Na Tuadhan has already
been noted (pls. 6, b; 7, @). Scuth of the latter locality, on the north slopes of
Ben More (fig. 20, XXI), folding of a similar type is present, and on the south
side of Conival, immediately east of the Ben More thrust, the Torridonian rocks
are also folded into a syncline with north-trending axis (fig. 20, XXII). Still
farther to the south, in Coirean Ban, west of the river Oykell, another large anti-
clinal fold is exposed near the supposed outerop of the thrust. The most intense
folding about north-trending axes is found a short distance to the west of the
thrust, on the ridge formed by Braebag, Creag Liath, and Meall Diamhain (fig.
20, XXIII, XXVI). Much of this ridge is scree-covered, so that the exact form
and extent of the folds is diffieult to determine, but the approximate distribution
of the folds is shown in figure 20.

The folds in this group are of variable style, but they are generally open and
commonly asymmetrical, the steeper limbs dipping toward the west. They are
associated with shear surfaces and reverse faults, which dip to the east, sub-
parallel to the Ben More thrust (pl. 7, @). It may be inferred from the limited
distribution of the folds and their close relationship with shear surfaces parallel
to the Ben More thrust that the folding and the faulting were produced by the
same movements as the thrust.

The relationship between the southeast- and north-trending folds is evident in
the Ben Uidhe area. The southeasterly folds between Glasven and the Mullach
an Leithaid Riabhaich are transected by a considerable number of eastward-
dipping reverse faults; in the vieinity of these faults the near-horizontal beds
are bent and loeally folded about north-trending axes. Thus the north-trending
folds and the eastward-dipping reverse faults (including the Ben More thrust)
must obviously have been produced during a later phase of deformation than
the southeast-trending folds.

LINEATIONS

Penetrative lineations are not developed in the zone of dislocation, exeept in the
vicinity of the Moine thrust, where the rocks have been affected by the pene-
trative “Moinian” deformation. Slickensides on bedding planes and shear sur-
faces are, however, comparatively common. The most intense lineations of this
type were observed on shear surfaces in the Cambrian quartzites on Ben Uidhe
and near the summit of Ben More. At both these localities the shear surfaces dip
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at variable angles toward the north, and the slickensides on the surfaces plunge
to slightly west of north.

DISCUSSION OF THE MOVEMENTS

The rocks in the zone of dislocation generally show ecomparatively little evidence
of deformation, Only along the thrusts and the faults is there appreciable cata-
clastic breakdown of gneisses and sediments, and mylonitic rocks comparable
with those along the Moine thrust are developed only above the Assynt (Glencoul)
thrust. It is probable that movement in the sedimentary rocks took place chiefly
by slip on the bedding surfaces, whereas the minor thrusts and faults originated
in the massive gneisses and igneous rocks, and in those sediments in which the
bedding planes were not suitably oriented with respect to the stress system for
bedding slip to take place.

The large-scale folding in the nappes is generally open and simple in style,
as is commonly found in competent sediments such as the Cambrian quartzites
and the Torridonian sandstones. The folds are noneylindroidal and, though many
are asymmetrical, they are seldom overturned or recumbent. In kinematie terms,
the folding denotes shortening within the nappes in a direction normal to the
fold axes, probably while the nappes were being transported along the major
thrusts.

Folding about southeast-plunging axes (fBs.) is not common in the lower nappe,
and the majority of the folds with this orientation are situated within a short
vertical distance of the sole (at Loch Assynt, Stronechrubie, and Knockan). The
proximity of these structures to the sole suggests that they were produced by
drag on the thrust. The axial planes of all the folds are inclined to the northeast,
indicating a consistent sense of rotation between Lioch Assynt and Knockan Crag,
and if the folds were produced by movement on the thrust, as seems likely, they
indicate that the sense of movement of the lower nappe along the sole was from
northeast to southwest.

The widespread folding about southeast-trending axes in the upper nappe, par-
ticularly in the vicinity of Ben Uidhe, is evidence of a considerable degree of
shortening of the nappe in a northeasterly direction. This may have been pro-
duced by transport of the nappe along the Assynt thrust in the same direction.
But at the only locality (Loch Glencoul) where the thrust is well exposed, the
small-scale folds in the mylonitic rock trend north-south and are overturned
toward the west, indicating transport to the west along the thrust. Folding
about north-trending axes elsewhere in the zone of dislocation, however, was con-
temporaneous with movement on the Ben More thrust, which displaces, and
therefore postdates, the Assynt thrust. Thus it is probable that the north-trending
folds above the Assynt (Glencoul) thrust at Loch Glencoul were produced by
late-stage movement and do not reflect the main movements on the thrust.

The north-trending folds (8.) in the zone of dislocation were produced during
a later phase of deformation than the southeasterly folds, discussed above. They
indicate shortening of the thrust masses in an east-west direction, and the asym-
metry of the folds and the displacement on the Ben More thrust and related
reverse faults denote slight transport of the overlying rocks toward the west. The
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orientation of the small-scale folds in the mylonitic rocks along the Assynt (Glen-
coul) thrust show that it was also active during this phase of deformation, al-
though it was already in existence before the movement began. It is not necessary
to postulate a large downfold of the Assynt thrust to the west of the main out-
crop to account for the existence of the klippen at a lower structural level in the
region of Beinn an Fhuarain, Ledbeg, and Cromalt. The great thickness of gneiss
and quartzites on the ridge of Braebag and Creag Liath was produced by reverse
faulting and folding during the later phase of deformation, that is, after the
upper nappe was emplaced. The cumulative effect of the small displacements on
the Ben More thrust and the plexus of eastward-dipping reverse faults is to
raise the level of the Assynt thrust progressively from west to east.

Thus in the zone of dislocation, as in the Moine thrust zone, there is evidence
of at least two separate phases of deformation. During the earlier phase there
was shortening of the nappes in a southwesterly direction, probably associated
with transport of the nappes in this sense on the major thrusts. This was fol-
lowed by movement in a westerly direction, during which the nappes were broken
by a series of eastward-dipping reverse faults, the most important of which is
the Ben More thrust. The third set of fold axes (8.), plunging to the east, may
date from the earlier phase of deformation, or from a separate one whose age
relationship to the other two is unknown.

MICROSCOPIC FABRICS
GRAIN ORIENTATION IN DoLomITE ROCKS

INTRODUCTION

Crystalline dolomite and marble are of widespread occurrence in the Assynt
region, particularly in the vieinity of the plutonic masses of Loch Borolan and
Cnoc na Sroine. The dolomitie limestones have locally undergone the progressive
changes known as “dedolomitization”; the resulting marbles consist of calcite,
brucite (probably after periclase), white mica, and forsterite or serpentine, These
thermally metamorphosed marbles show considerable evidence of later deforma-
tion, which is generally considered to be a result of the thrust movements (Teall,
in Peach et al., 1907; Read et al., 1926). Thus many of the Assynt marbles are
polymetamorphie in character, having suffered successively (1) thermal meta-
morphism during the emplacement of the syenitic masses, and (2) dynamic meta-
morphism during the post-Cambrian movements.

The erystalline dolomites deseribed below oceupy a small area to the north
of Loch Ailsh. The localities of the analyzed specimens (M13, M14, M15, M17,
M18) are shown on the map in figure 15. This is the only area in the Assynt
region where carbonate rocks are in contact with the quartzose mylonitic rocks
along the Moine thrust, and it is here that the fabrie of the carbonate rocks might
be expected to bear the most pronounced imprint of the thrust movements.

As the rocks in the Lioch Ailsh area are cut by a large number of minor thrusts
and shear zones, it is impossible to determine the relationship between the crystal-
line dolomites and the plutoniec igneous rocks that outcrop mearby. Hence it
cannot be demonstrated from field evidence whether the dolomite was recrystal-
lized by contact metamorphism during the emplacement of the Loch Ailsh syenite
or by some other ageney.
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PETROGRAPHY

The Loch Ailsh dolomites are more or less coarsely crystalline rocks with sac-
charoidal texture. The proportion of impurities is very small, calcite being virtu-
ally absent. Quartz is locally present in the form of small, isolated grains, and,
associated with feldspar, as extremely thin veins; the isolated quartz grains are
small and rounded and probably represent detrital fragments.

A gradation may be traced from rocks in which the grains are clear, with
interlocking boundaries and few deformation lamellae, through rocks showing in-
creasing marginal granulation of grains and greater development of deforma-
tion lamellae, to rocks consisting entirely of minute granules. In the intermedi-
ate stages the degree of marginal granulation is, in general, proportional to the
frequency of the lamellae present.

More than sixty specimens, collected in traverses across the dolomite, were
examined in thin section under the microscope to determine whether the com-
paratively fine grain of much of the dolomite is a property of the initial erystal-
line fabrie or a result of the later granulation. In most of the rocks the degree
of granulation is not great, indicating that the erystalline dolomite was initially
fine-grained. The degree of granulation along grain boundaries is very variable
over the mass, but increases, in general, toward the Moine thrust. Of fourteen
specimens showing complete granulation, eleven were collected within 100 feet
of the thrust (on the ground surface), and complete disruption of the grains
seems to be general in this zone. The analyzed specimens were selected because
of their comparatively coarse grain, the majority of the rocks being too fine-
grained for fabric analysis.

FABRIC DATA

In all five specimens [0001] axes were measured in at least 300 grains, and a
complete analysis of the lamellar structures was made in specimens M14, M15,
M17, and M18. In specimen M13, twinned grains with lamellae thick enough for
the twinning to be demonstrated optically are very scarce, and orientations of
lamellae were not recorded. It is of particular importance in studies of dolomite
fabries that measurements be made in several sections cut with different orien-
tation from a specimen (Christie, 1958), and in all the specimens described
below, approximately 100 grains were examined in each of three mutually per-
pendicular sections.

The analyzed specimens are massive, with no trace of foliation or lineation.
They show varying degrees of posterystalline deformation; in all the specimens
there is considerable development of {0221} lamellae, and optically recognizable
twinning is present in an appreciable number of grains in all specimens except
M13. Tables 1 and 2 contain an analysis of the {0221} lamellae present in each
specimen. “Twinned” and “nontwinned” lamellae (Borg and Turner, 1953) are
not distinguished in table 1, but table 2 shows the proportion of grains with
twinned lamellae in each specimen. Although optically recognizable twinning is
present in only a limited proportion of the grains in each specimen, the majority
of the grains in all the specimens contain two or three sets of {0221} lamellae.
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TABLE 1

Anavysis oF {0221} LaMeLLAE IN Loca AmLsa DOLOMITE SPECIMENS®
(In per cent)

Number of sets of {0221} lamellae in grains
Specimen number

Three Two None

7! 25
36 52
48 30
60 32,

» Data are based on grains in which all three {0221} planes were accessible for measurement.

TABLE 2

ANavysis o TwiNNeD {0221} Lamerrae in Locr ArLsa DoLOMITE SPECIMENS®
(In per cent)

Number of sets of twinned {0251’ lamellae in grains
Specimen number

Three Two One None

1 19 80
25 33 32
7 30 63
5 31 64

» Data are based on grains in which all three {0221} planes were accessible for measurement.

TABLE 3

GrAIN Size, DEGREE OF GRANULATION, AND DEGREE OF PREFERRED ORIENTATION OF
Dovomite GraInNs IN Loce Amwsa DOLOMITE SPECIMENS

Areal analysis of preferred orientation of gOOOl] axes
(in 8q em on net of 10-cm radius

. Degree of
Specimen number ulation Areas of maxima
) in per cent)

4% per 3% per
1% area 1%, area

10 .6 9.2
. : .8 21.7
25 . 5
35 - 2
29 : ; 12

The posterystalline strain is also evidenced by varying amounts of marginal gran-
ulation of the constituent grains of the rocks. The percentage of granulated ma-
terial in each specimen, measured by means of a point counter in three sections,
is shown in table 3. In addition to {0221} lamellae, {1011} cleavages are present
in most of the grains, and a few grains in each specimen contain internally
rotated {0221} lamellae (L,), which are not parallel to rational erystal planes
(Turner et al., 1954). Only in specimen M14 are lamellae of the latter type present
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in a significant proportion of the grains, and they are deseribed and interpreted
elsewhere (Christie, 1958).

The preferred orientations of [0001] axes in the analyzed specimens are shown
in figure 21 (in pocket), diagrams D1-D5. There is a high degree of preferred
orientation in all the specimens. In specimens M13, M14, M17, and M18 the
patterns of preferred orientation are similar; the [0001] axes tend to form a
single area of concentration, containing two distinet maxima, and there is some
suggestion of a girdle in each instance. In speeimen M15, however, the [0001]
axes define a diffuse girdle which contains several maxima. These maxima do not
lie in the periphery of the girdle but are inelined to it at small angles (“cleft-
girdle” pattern). The degree of homogeneity of the [0001] axis orientation in the
rocks (as indicated by the similarity of the component diagrams from the three
sections) is variable but usually high.

The patterns of preferred orientation of [0001] resemble closely those of
Alpine dolomites deseribed by Ladurner (1953). Specimens M13, M14, M17,
and M18 are similar, with regard to the orientation of [0001] axes, to the S-tee-
tonites of Ladurner’s classification (though they lack any texturally defined
s-plane), and specimen M15 is similar to Ladurner’s B-tectonites of Type III.

Diagram D6 in figure 21 (in pocket) is a synoptie diagram showing the main
maxima (3, 4, and 5 per cent per 1 per cent area) in the patterns for each of
the five specimens, geographically oriented. In general, the maxima lie in a
girdle about the axis B, and the broken lines, which are drawn parallel to this
girdle, pass through the main maxima for specimens M14 and M18. The axis B
of the girdle is approximately parallel to the axes of medium-scale folds meas-
ured in the dolomite (fig. 16, b). Thus the fabric on a microscopic scale is con- |
sistent with that on the larger scales observable in the field, and this aspect of '
the fabric may be assumed to reflect the same movements.

The orientation of twinned {0221} lamellae in specimens M14, M15, M17, and
M18 is shown in diagrams D7, D8, D9, and D10, respectively. The poles of the
lamellae are concentrated in a single maximum in specimens M14, M15, and M18,
whereas in specimen M17 they tend to lie in a diffuse girdle which is diagonal in
the diagram.

INTERPRETATION

The mechanisms of deformation of dolomite have been determined by experiments
on dolomite rock (Turner et al., 1954; Handin and Fairbairn, 1955) and single
erystals (Higgs and Handin, 1959). These are (a) twin gliding on {0221} planes,
normal to the directions [0221:0001], with negative sense, and (b) translation
gliding or slip on the basal plane {0001} parallel to one of the g-axes. Twin
lamellae are formed by the former mechanism and the latter is recorded by rota-
tion through the erystals of preéxisting {0221} lamellae to irrational orientations.
The internally rotated lamellae have been designated Ly (Turner et al., 1954)
and L (Higgs and Handin, 1959).

Turner (1953) plotted axes of compression (C) and tension (7'), which would
be ideally oriented to cause twinning on the prominent {1012} twin lamellae in
the calcite grains of several marbles. He found that these axes, C' and T, show a
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p?eferred orientation in the rocks, reflecting the stress that produced the twin-
ning. By using the method devised by Turner, it is possible to determine the orien-
tation of the stress that produced the twinning in a natural dolomite, assuming
that the experimentally determined mechanism operated (Christie, 1958; Cramp-
ton, 1958). Similar deductions may be made from the orientations of internally
rotated lamellae in grains (Christie, 1958). The experimental evidence indicates
that slip on {0001} is a more important mechanism than twinning on {0221} under
most experimental conditions, but the deformation due to this mechanism can be
recognized only if twin lamellae were present before slip began. Internally rotated
(L) lamellae are present, but extremely rare, in specimens M15, M17, and M18;
they are more common in specimen M14. It has been demonstrated that the stress
deduced from rotation of lamellae due to basal slip in specimen M14 is the same
as that deduced from the twinning (Christie, 1958). The axes € and T deduced
from twinning {0221} lamellae in specimens M14, M15, M17, and M18 are shown
in figure 21 (in pocket), diagrams D11-D14.

From the orientation of the {0221} planes in dolomite and the sense of twin
gliding, it follows that the C-axes are inclined at a small angle (17.5°) to the
[0001] axis, and the T-axes are similarly inclined to the base (0001). Thus in a
dolo_mite rock so intensely deformed that twinning has taken place on all the
{0221} planes, the preferred orientation of the C- and T-axes deduced from the
fabric would be controlled, not by the orientation of the applied stress, but by
the preferred orientation of the lattices of the grains. For example, in a rock in
which the [0001] axes define a single maximum, the C-axes inferred from the twin
lamellae would form a maximum ecoincident with the concentration of [0001]
axes, and the 7-axes would be oriented in a diffuse girdle normal to the maximum
of compression (C) axes; the preferred orientation of the inferred stress axes
in such a rock will not necessarily give the orientation of the applied stress during
deformation. In the specimens under consideration two features suggest that the
stress axes inferred from the twinning do, in faet, represent the stress that pro-
duced the twinning: first, the orientation of the interpreted twin lamellae is rather
highly restricted, and, second, the maxima of compression axes (C) do not coincide
with the maxima of [0001] axes in any of the specimens.

If there is a strong point maximum of both C- and T-axes, the maxima probably
indicate the orientation of the greatest and least prineipal stress axes, o, and os,
respectively (compressive stress positive). In this instance the third prinecipal
stress was probably intermediate between o; and o3, so that o; > o, > oy. If there
is a point maximum of C-axes, and the 7T-axes are distributed in a great circle
normal to it, two of the prinecipal stresses (o, and o3) were probably equal and less
than the third (o), which is parallel to the maximum of C-axes. The stress would
then be axial (o; > 03 =03).* An axial stress would also be indicated by a point
maximum of T-axes (o) with a great circle of C-axes normal to it (o, =02 > 03).
The least principal stress in the last instance might be either tensile or compressive,
though it is unlikely that tensile stresses exist at depth in the earth’s erust.

There are point concentrations of C and 7T in specimens M14 (D11) and M17

* The term “axial” is used to characterize the stress when two of the principal stresses are
equal, because “uniaxial,” as usually defined, implies that two of the principal stresses are zero.
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(D13), suggesting that the principal stresses were unequal (o3 > o2 > 03), but
the stress inferred from M15 (D12) and M18 (D14) seems to be axial (o3 > 02=03).
The orientations of the axes of greatest and least prinecipal stress, as indicated by
the maxima of C- and T-axes in the speeimens, are shown in the synoptic diagram
D15 (fig. 21, in pocket). The axes €' and T' (o, and o,) inferred from the twinning
in M14, M15, and M18 lie close to a great circle normal to B, and the C-axes for
M14, M15, and M17 are almost parallel, plunging steeply toward west-northwest.
The parallelism of the axes of maximum principal stress in three of the four
specimens indicates strong compression in this direction, which is more or less
perpendicular to the plane of the Moine thrust.

The evidence derived from the fabrie of specimen M17 is not consistent with
that derived from the other specimens. The paired maxima in the pattern of
[0001] axes (fig. 21, D4) are considerably weaker than in other specimens with
similar patterns, and there is a rather diffuse girdle about a northward-plunging
axis; it is also evident that the maxima do not lie in the girdle about the regional
B-axis (fig. 21, D6). The twinning in the rock, moreover, reflects a deformation
in which the axes of maximum and minimum prineipal stress lay in a steep plane
with easterly strike (fig. 21, D15). This indicates that the last deformation of the
rock was related to a north-trending B-axis, and it is possible that the preéxisting
pattern of [0001] axes was partially rotated and disrupted during the deformation.

Although a considerable proportion of the grains in all the specimens contain
two or three sets of {0221} lamellae, optically recognizable twinning is scarce,
and there is no evidence that any of the grains are more than half-twinned. The
evidence of twin gliding on {0221}, even with considerable translation on {0001},
is inadequate to account for the strong preferred orientation of the dolomite lattice
in the rocks (Christie, 1958). It is probable that the preferred orientation existed
in the rocks before the visible lamellae were produced, and that the prineipal stress
axes inferred from the lamellae relations in the rocks reflect only the final stage
of the deformation (ef. Turner, 1953). The patterns of preferred orientation of
[0001], however, are so similar to those of dolomite tectonites deseribed by Fair-
bairn and Hawkes (1941) and Ladurner (1953) that there can be little doubt that
they originated by deformation. There is a rather close approach to orthorhombie
symmetry in patterns of preferred orientation of [0001], notably for specimens
M13, M14, and M18, indicating that the deformation that oriented the grains had
this symmetry. -

Table 3 shows the degree of preferred orientation of [0001] axes in the fabrie
of each of the specimens and the proportion of granulated material present. The
degree of preferred orientation is given in terms of the size of the pole-free area
(Ladurner, 1953), and the maxima, measured on the original contoured diagrams
(net of 10-em radius) with a planimeter. The importance of the pole-free area in
comparing the degree of preferred orientation in different specimens of carbonate
rocks has been pointed out by Ladurner. The pole-free areas, together with areas
of high concentration, afford a reliable basis for comparing the degree of preferred
orientation of a fabric element in a number of rocks, provided that (1) the orien-
tation patterns are similar, and (2) the same number of recordings is considered
for each rock. The degree of preferred orientation of [0001] in specimens M13,
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M14, M17, and M18 may be compared in this way, as the diagrams fulfill both
these conditions. It is evident that there is no correlation between the strength of
the preferred orientation and the degree of granulation in the specimens. This
lack of correlation provides support for the view that the preferred orientation
in the rocks was not attained during the movements that caused the visible granu-
lation along grain boundaries and plastic deformation of the grains.

The evidence of the microfabric of the Lioch Ailsh dolomites seems to warrant
the following conclusions. The erystalline fabric of the dolomites is a tectonite
fabric with almost orthorhombic symmetry; the recrystallization was therefore
probably caused by regional metamorphism and not thermal metamorphism, as
is true of many of the erystalline marbles of the Assynt region. In varying degrees
the rocks suffered posterystalline deformation as a result of strong compression
along an axis plunging steeply to west-northwest, and this was accompanied or
followed by rotation about a B-axis plunging 25° to slightly north of east. The
fabric of specimen M17 suggests that there was also local rotational movement
about a northward-plunging axis, but this conclusion, based on the evidence of a
single specimen, is advanced tentatively and will be considered along with other
evidence at a later stage of the discussion.

GRAIN ORIENTATION IN QUARTZOSE ROCKS

INTRODUCTION

The rocks on which fabrie analysis was earried out vary from pure Cambrian
quartzites to micaceous and chloritiec quartzo-feldspathic schists, but they all con-
tain more than 50 per cent quartz. The specimens were collected at the localities
shown on the map (fig. 22). The petrographic character of the roeks is deseribed
briefly, and certain conclusions are drawn concerning the sequence of movement
and erystallization, before the lattice orientations of quartz and mieca are deseribed.

PETROGRAPHY

The Cambrian quartzites along the eastern margin of the zone of dislocation show
progressive mylonitization toward the Moine thrust. Plate 8, a, shows a slightly
deformed quartzite, without foliation or lineation, in which the eclastic grains of
quartz are considerably flattened; the grains show undulatory extinetion and
development of deformation lamellae, and there is granulation along grain boun-
daries and in zones cutting the rock. In the more intensely deformed, foliated,
and lineated quartzites (pl. 9, a-b), the granulation is more advanced and the
dimensional orientation of the relict grains is much stronger; the ratio of the grain
dimensions is of the order of 1:10:100, the shortest axis being normal to the folia-
tion and the longest parallel to the lineation. The grains show intense undulatory
extinetion in bands subparallel to [0001], but deformation lamellae are absent.
Close to the Moine thrust the mylonitic textures are obliterated by reerystalliza-
tion; the rocks consist of an equigranular (granoblastic) aggregate of quartz
grains, which, though small, show no trace of ruptural strain (pl. 8, b). The
dimensional orientation in these rocks is weak compared with that in the quart-
zites deseribed above, but the grains are slightly flattened in the foliation and
elongate parallel to the lineation. These two types of quartzites, one showing
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T intense plastic deformation and granulation of grains and the other showing
, postkinematic erystallization, are referred to as quartzites of Type I and Type II,
STACK OF respectively.

The Moine schists in the area under consideration are quartzo-feldspathic rocks
with small amounts of biotite and colorless mica, and traces of accessory minerals.
The texture is granoblastic (“granulitic”). The small mica flakes are generally
disposed along the intergranular boundaries of the quartz and feldspar grains,
but are sometimes partially or wholly enclosed in them; mica flakes are mostly
parallel to the foliation but are not coneentrated to any great extent in layers and
do not impart fissility to the rocks. The quartz and the feldspar show no trace of
undulatory extinetion or granulation. The rocks are texturally similar to the
eucrystalline members of the primary mylonitic rocks, and differ from them only
in being of coarser grain,

The petrographie character of primary and secondary mylonitic rocks is de-
seribed in detail elsewhere (Christie, 1960).

FABRIC DATA

The preferred orientations of [0001] axes of quartz, measured in thirteen speci-
mens, including Cambrian quartzites, primary mylonitie rocks, Moine schists, and
a quartz vein, and the preferred orientations of {001} cleavages of mica, measured
in the schist specimens, are shown in figure 23 (in pocket). In general, the primary
| mylonitic rocks are too fine-grained to allow satisfactory measurement of the
xlf} ’ orientation of the quartz grains with the U-stage, even with the highest-power
5 lenses available, and the analyzed specimens are of slightly coarser grain size than
average. In the secondary mylonitie rocks the quartz is reduced to a mass of minute
granules (Christie, 1960, pl. VII), and for this reason it is impossible to measure
the preferred orientation of quartz in the fabrie by optical means. Exeept in
, quartzites of Type I, the quartz grains are relatively free from posterystalline
2 strain. In the quartzites of Type I, however, all the grains show a high degree of
& undulatory extinetion, and the orientation of [0001] varies, in many instances
\X‘O\ quite considerably, over a single grain. For those grains in which the variation
L7 in orientation was slight, the mean orientation of [0001] in the grain was recorded,
\\ i 5)?24 o but where the variation was great, two or three measurements were made.

o , , : .
LBOROLAIV AILSH W 52 In the majority of the specimens [0001] axes of quartz were measured in a
N

4 BEN MORE

single section cut normal to the foliation and the lineation. The [0001] axes may
; be measured in grains with any orientation in a section, but errors may arise
URIGILL through unconscious omission or underselection of grains in which [0001] is
normal to the plane of the section and which, consequently, remain in extinction
during rotation about the vertical axis of the U-stage. In three of the specimens
[0001] axes were measured in two sections eut with different orientation from the
specimen, and the patterns obtained from each section were found to be essen-
Eon ™ tially similar for all three specimens. Measurement of planar structures with the
U-stage, on the other hand, leaves a “blind spot,” as planes inclined at low angles

Fig. 22. Map showing localities of analyzed speci £ . : A g v f g £
bearing rocks. ps},aded freas e BRactin gzmbrizzcﬂ%nsm-grﬁ%iﬁ; to the seetion cannot be rotated into parallelism with the microscope axis. For this

rocks immediately below the Moine thrust. i reason, {001} cleavages of mica were measured in two mutually perpendicular
sections from each of the schist specimens, and the diagrams from the two sections
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were rotated into the same plane and combined; for each of the specimens, how-
ever, it was found that the preferred orientation was such that the partial dia-
grams from different sections did not differ to any great extent.

The specimens may be divided into five groups, four of which correspond to
the petrographic types mentioned above. Distinetive characters of the specimens
in each group are listed below.

Quartzites of Type I: specimens 69, 62, E23, and E14 (diagrams D1, D2, D3,
and D8, respectively).

The rocks are all characterized by a well-developed planar foliation (8) and
strong penetrative lineation (L). In specimen 62, the least deformed of the group,
the lineation is defined by “pipes” (annelid tubes in the “pipe rock”) which lie
with perfect parallel alignment in the plane of the foliation. The “pipes” have
a flattened or elliptical cross section. The porphyroclastic quartz grains in the
rocks of this group have a tabular or ribbonlike habit; the average mean grain
dimension in the sections normal to the lineation ranges up to 1 mm, whereas in
the most deformed specimen (69) the grains are up to 2 em long in the section
parallel to the lineations.

Quartzites of Type II: specimens X21 and E15 (diagrams D4 and D9, respec-
tively).

Both specimens have a well-developed foliation (8) and lineation (L), and
specimen X21 is elosely folded about B. The dimensional orientation of the grains
is weak; they are slightly flattened in the foliation and elongate parallel to the
lineation as in the previous group.

Primary mylonitic rocks: specimens F6 (diagram D6), 50 (diagram D7), and
52 (diagrams D10, D11).

The rocks in this group have a strong platy foliation (8) and a rather weak
lineation (L). The grains are just within the limits of measurement with the
U-stage (average mean grain dimension is less than .01 mm), but are generally
without undulatory extinetion. Dimensional orientation of the quartz grains is
very weak, but similar to that in the quartzites of Type IL.

Moine schists: specimens 68 (diagrams D13, D14), X24 (diagrams D16, D17,
D18), and X36 (diagrams D19, D20, D21).

There is a well-defined foliation in specimen 68, but in specimens X24 and X36
the foliation is weakly developed. Lineation is faint in all three specimens. In
specimen X36, in addition to the fine lineation (L,=L) generally found in the
rocks, there is a erude lineation (L,), defined by the trace of mica flakes on the
foliation. The rocks are fine-grained (average mean grain dimension is approxi-
mately .05 mm), and the dimensional orientation of quartz and feldspar is very
weak; some of the grains are flattened in the foliation.

Quartz vein cutting mylonite: specimen 66 (diagram D5).

The vein (8,) belongs to one of the systems of veins which cut the primary
mylonitie rocks and the schists and is approximately normal to the foliation (S)
and the lineation (L) in the specimen. The quartz grains in the vein are of variable
size (average mean grain dimension is .2 mm), and are considerably larger than
the grains in the mylonite of the specimen. Some of the grains show undulatory
extinetion and there is a strong dimensional orientation, the short axes of the
grains being normal to the foliation in the surrounding mylonite.
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The characteristic features of the patterns of preferred orientation of quartz
and mica in each of the groups are summarized below. Reference is made to
Sander’s synoptie diagram showing the orientation of common maxima of [0001]
axes of quartz in S-tectonites (1930, diagram D61), the essential features of which
are reproduced in diagram D22. In this diagram Sander plotted the maxima for
nineteen tectonites, oriented so that the foliation (eb) and the lineation (b) were
parallel.*

Quartzites of Type I.—The pattern of preferred orientation of quartz [0001]
axes in specimen 69 (D1), the least deformed of the rocks in this group, consists
of a girdle normal to the lineation with high eoncentrations of axes near the posi-
tion of maximum II of Sander’s diagram. The girdle tends to divide near the pole
of the foliation. Diagrams D2 and D3 show a stronger preferred orientation than
D1, with very strong maxima corresponding to maximum II of Sander’s diagram;
the maxima spread into a partial girdle which is divided near the pole of the
foliation (8). The orientation diagram for the remaining specimen of the group
(D8) shows two almost complete erossed girdles which are equally inclined to the
foliation and interseet in an axis normal to the lineation. The strongest maximum
is situated near the intersection of the girdles (maximum I of Sander’s diagram),
and numerous submaxima occur within the girdles. The symmetry of diagrams
D2 and D3 is perfectly orthorhombie, and that of diagrams D1 and D8 is almost
orthorhombie.

Quartzites of Type II.—The diagrams (D4, D9) for specimens in this group
consist essentially of two erossed girdles, intersecting in an axis normal to the
lineation. In diagram D4 the strongest maxima are close to the orientation of
maximum IV of Sander’s diagram, but additional maxima are situated elsewhere
in the girdles; one of the girdles is markedly stronger than the other and the
symmetry of the patterns is triclinic (though tending toward orthorhombie).
Diagram D9 is characterized by a large maximum near the intersection of the
girdles and smaller maxima with varied orientation within the girdles. The sym-
metry is again almost orthorhombie. '

Primary mylonitic rocks.—The diagrams (D6, D7, D10, D11) showing the pre-
ferred orientation of quartz in the specimens of this group all show crossed girdles
intersecting in an axis normal to the lineation. The strongest maxima are gen-
erally situated at or near the intersection of the girdles (D6, D10, D11), but in
diagram D7 they lie within the girdles with an orientation close to maximum IV
of Sander’s diagram. The symmetry of all four diagrams again approximates to
orthorhombie.

Diagrams D10 and D11 are based on measurements made in separate limbs of
the fold shown in diagram D12. The diagrams are similar with regard to the
orientation of girdles, maxima, and symmetry planes, so that the quartz orientation
may be regarded as homogeneous throughout the fold.

Moine schists—The diagrams (D13, D16, D19) showing the preferred orienta-

* It is standard procedure to describe patterns of preferred orientation of quartz and other
minerals with reference to fabric axes (a, b, ¢) derived from a study of the megascopic fabrie
of the specimen. But there is considerable evidence that the quartz orientation in the rocks
discussed here was not produced at the same time as the foliation and the folding, and for this
reason I have not followed this procedure.
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tion of quartz for the three schist specimens are not unlike those for the quartzites
and the primary mylonitic rocks, but the preferred orientation is noticeably
weaker. The orientation diagrams consist of two partial girdles, intersecting in
an axis normal to the prominent lineation, with the strongest maxima situated
near the axis of intersection of the girdles. The symmetry is orthorhombic.

The diagrams showing the preferred orientation of poles of {001} cleavages of
mica in the schist specimens (D14, D17, D20) consist of a strong maximum normal
to the foliation (8), spreading into a girdle normal to the only lineation (L) in
.specimens 68 and X 24, and the weaker lineation (L,) in specimen X36. The girdles
in diagrams D17 (specimen X24) and D20 (specimen X36) each contain two
submaxima, defining statistical s-planes (8, and 8.) in the fabrie. These s-planes
are not equally inclined to S. The symmetry of diagram D14 is orthorhombie and
that of diagrams D17 and D20 is monoelinie.

In each of the schist specimens the symmetry of the quartz diagrams does not
agree with the symmetry of the mica diagrams, and the over-all symmetry of the
microfabrie is monoelinie in specimen 68 and triclinie in specimens X24 and X36
(see the synoptic diagrams D18 and D21).

The preferred orientation of quartz in the vein in specimen 66 is weaker than
that in the primary mylonitic rocks, but the pattern (diagram D5) is similar in
its essential features to that in some of the quartzites (e.g., diagram D4) and
mylonitic rocks (e.g., diagram D7). The diagram shows maxima near positions
I and IV of Sander’s diagram, and the symmetry is almost orthorhombie.

INTERPRETATION

The symmetry of the quartz fabric in all the analyzed specimens is character-
istically nearly orthorhombic, and a few of the rocks, notably the quartzites of
Type I (diagrams D2 and D3), show perfeet orthorhombic symmetry. Moreover,
there is a strong resemblance among individual diagrams from each of the four
main groups, as a comparison of, for example, diagrams D8 (quartzite of Type I),
D9 (quartzite of Type II), D6 (primary mylonitic rock), and D13 (Moine schist)
will readily show. In view of these similarities there ecan be no doubt that the quartz
orientation in the quartzites, the primary mylonitie rocks, and the Moine schists
was induced during the same phase of deformation.

Diagram D15 is an idealized “crossed-girdle” pattern showing the planes of
symmetry. Such symmetry planes are drawn in the quartz patterns for individual
specimens. For the purpose of discussion the symmetry planes are named D1, Ds,
and ps, and the orientation of p,, p,, and p, in relation to the girdles is uniquely
specified in diagram D15. With this arbitrary definition of the symmetry planes,
the symmetry axes [p::p.], [P2:Ps], and [ps:p.] also have a unique orientation
in relation to the girdles. The symmetry axes of the quartz fabrie in all the anal-
yzed specimens are shown in the synoptic diagram D24. The geographieal orien-
tation of the axes is remarkably constant for all the specimens, indicating a high
degree of homogeneity in the quartz fabric throughout the area. The maxima of
quartz [0001] axes from all the diagrams are shown in the synoptic diagram D23,
oriented with reference to geographical codrdinates. The orthorhombic symmetry
of this diagram is a further illustration of the homogeneity of the quartz fabric
throughout the area.
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The preferred orientation of quartz and mica in the analyzed specimens is
similar to that in many of the Moine schists deseribed by Phillips (1937). Many
of Phillips’ quartz diagrams show the crossed-girdle type of pattern with ortho-
rhombie symmetry. His investigations indicate that the commonest type of mica
diagram in the schists consists of a single maximum of cleavage poles normal to
the foliation, similar to D14, but he also obtained diagrams (Phillips, 1937, D24)
with paired maxima inelined to the foliation, as in my diagrams D17 and D20.
Phillips states that the degree of preferred orientation in the Cambrian and
Torridonian rocks below the Moine thrust is not high (1937, pp. 601-603), and
the only constructive effect that he observed in these rocks was the formation
of a weak girdle of quartz axes about an axis trending parallel to the outerop of
the thrust. Later studies of the Tarskavaig Moine series (Phillips, 1939) seemed
to confirm these observations. Phillips concludes (1937, p. 603) that “in many of
the rocks in immediate association with the thrust planes the visible lineation is
no longer parallel to the b-axis, but is a true direction of stretching or slickensides
(Rillen).” My analyses show, however, that the Cambrian quartzites in the vicinity
of the Moine thrust in Assynt are characterized by a stronger preferred orientation
than the Moine schists to the east of the thrust, and that the pattern of preferred
orientation of quartz bears the same relationship to the lineation in these rocks as
in the Moine schists. Although some of the Cambrian quartzites show mylonitic
textures (ef. Phillips, 1937, p. 602), some are characterized by complete recrystal-
lization of the granulated material, and the quartz fabrie of these rocks is so similar
to that of the primary mylonitic rocks and the schists that there can be no doubt
that they date from the same phase of deformation. The variability of the angle
between the girdles in the common crossed-girdle type of patterns in the Moine
schists has been discussed by Phillips (1945, pp. 217-218) ; he considers that the
girdles were produced by “overprinting on a previously existing simple B-tectonite
fabrie [ac-girdle]during the Caledonian overthrusting” (1945, p. 218). Variation
in the angle between the girdles is also apparent in my diagrams, but the angle
between the girdles is greatest in some of the Moine schist diagrams (D16, D19)
and least in the primary mylonitic rocks and the quartzites, which should obviously
show the maximum effects of the “overthrusting” movements. It is clear, then,
that some other explanation must be sought for the formation of the erossed-girdle
patterns.

Petrofabric studies carried out in many parts of the world have shown that
quartz fabries with orthorhombic symmetry, notably of the crossed-girdle type,
are of common occurrence. Numerous examples have been described from the
granulites of Saxony (Sander, 1915, 1930), the Finnish granulites (Sahama,
1936), and the Finnish quartzites (Hietanen, 1938); patterns of the crossed-
girdle type have also been recorded in Dalradian quartzites (Weiss et al., 1955),
in quartz tectonites in the Appalachians (Balk, 1952), and in the basement
gneisses of Kenya (Weiss, 1959). Such patterns are so commonly developed that
I believe they represent a special type of quartz fabrie, as most investigators have
maintained (Sander, 1930; Turner, 1948; Fairbairn, 1949).

In contrast to the dominant orthorhombiec symmetry of the quartz fabrie, the
symmetry of the megascopic fabrie is generally monoclinie and locally triclinie.
This may be seen in the folded specimens, X21 and 52. The axis of the fold in
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spfacimen X21 is parallel to the regional maximum of fold axes (B). The quartz
orientation is similar in both limbs of the fold, and the symmetry axis [p;:p.] of
Fhe quartz fabric does not coincide exactly with the axis of the fold (B). The fold
in specimen 52 was selected for analysis because the fold axis is inelined at a
large angle to the regional maximum, though the style is similar to that of the
majority of folds in the primary mylonitic rocks. The quartz orientation is similar
in both limbs of the fold (diagrams D10, D11). Thus the quartz orientation is
homogeneous in both the folds examined. Such a relationship of the internal
fabrie in different parts of a fold is generally taken to indicate that the fold is a
shear fold produced by slip on a single set of s-surfaces transecting the fold
(Sander, 1930; Knopf and Ingerson, 1938, p. 159). The symmetry axes of the
quartz fabrie, however, are unrelated to the B-axes or to the axial planes of the
folds, and it is more likely, in my opinion, that the quartz was reoriented through-
out the rock after the folding took place. As Sander has stated: “It is quite pos-
sible to find a homogeneous imprint and preferred orientation imposed on folds
of any origin” (1934, p. 44). A lack of agreement between the quartz fabrie and
the megascopie fabric is also evident in a number of the other diagrams (D6, D8,
D13, D16, D19); in these diagrams the foliation does not coincide with any of the
planes of symmetry of the quartz fabrie. The evidence of the fabric of these speci-
mens suggests that the foliation was passive or “dead” when the quartz orientation
was induced.

Detailed studies in the granulite terrains of Saxony by Sander (1915, 1930)
and others, and of Finland by Sahama (1936), are of particular relevance to the
present investigation, for, although the so-called “granulites” of the Moine series
are, in general, neither mineralogically nor texturally similar to true granulites,
there seems to be a close similarity between the fabries of the two groups of rocks.
sander found that the Saxon granulites show orthorhombic symmetry, with quartz
In many instances oriented in crossed (Okl) girdles. He interpreted the fabric
il} terms of a flattening achieved by slip on two equivalent (h0l) slip planes, com-
bined with yielding on (Okl) planes. Whereas the orthorhombie symmetry of the
fabric indicates that there was little tectonie transport while this fabric was being
produced, Sander considers that the quartz fabrie reflected only the final imprint
(Aufprigung) of deformation, which may have been preceded by translative
mf)vements of considerable magnitude. Sahama’s extensive study (1936) of the
Finnish granulites shows that they possess a similar type of quartz fabrie; the
fabric is predominantly orthorhombic and the ecommonest type of orientation
pattern consists of crossed girdles. The symmetry of the fabric becomes triclinie,
however, when the megascopic fabric elements are considered. The quartz orienta-
tion is remarkably uniform over the whole area of the granulites, and Sahama
attributes the triclinic symmetry of the fabrie to a superposition of two deforma-
tions; he considers that the quartz was reoriented by a late overprint, obliquely
superposed on the preéxisting megascopic fabric during a separate and unrelated
deformation. He infers that the type of movement during this late deformation
was a flattening combined with a small amount of translation.

The relationship between the quartz fabrie and the megaseopic fabrie in the
Moine schists and the mylonitie rocks of Assynt is analogous to that deseribed by
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Sahama in the Finnish granulites, although the divergence between the mega-
scopic fabric axes and those of the quartz fabric is more marked in the Finnish
rocks. The homogeneity of the quartz fabrie over the whole Assynt area and in
individual folds indicates that it was imprinted during a late phase of deforma-
tion with orthorhombiec symmetry. The symmetry axis [p,:p.] of the quartz
fabrie, however, is statistically parallel to the B-axis of the folds in the area
(diagram D24), a fact strongly suggesting that the two phases of deformation
were genetically related. I believe that the quartz orientation was induced by the
final (orthorhombiec) imprint of the same deformation that produced the folding
in the rocks, as Sander has suggested for the Saxony and the Finnish granulites
(1934, p. 41).

TABLE 4
Typres oF HOMOGENEOUS STRAIN WITHOUT TRANSPORT

Changes of dimension parallel to three mutually
perpendicular axes

A B C

Shortened Unchanged Elongated
Shortened Elongated Elongated
Shortened Shortened Elongated

In view of the diversity of opinions on the mechanism by which quartz acquires
a preferred orientation (Fairbairn, 1949, pp. 117-133), no attempt is made to
account for the quartz orientation. The orthorhombie symmetry of the patterns
and the homogeneity of the fabriec over the area denote, however, that the final

,' imprint of the deformation was fairly intense and homogeneous, and involved

little or no tectonie transport. A strain of this type may be described in terms of
shortening or elongation parallel to three mutually perpendicular axes, A, B, and
C (the principal axes of strain), and there are three shape transformations that
a body may undergo as a result of such a strain (see table 4).

According to the principle of symmetry, the symmetry axes of the quartz fabrie
[P1:p2], [P2:Psl, and [ps:pi] represent strain axes of this type. It is impossible to
determine the exaect nature of the deformation from the symmetry evidence, but
the dimensional orientation in some of the rocks is instructive in this connection.
In quartzites of Type I, the large “relict” quartz grains have almost certainly
developed from the original grains of the orthoquartzite.* The grains in the unde-
formed quartzites are approximately equidimensional, whereas those in the de-
formed rocks are extremely flattened in the foliation and elongated parallel to
the lineation. The rocks appear, on this evidence, to have been intensely flattened

* The granules between the large quartz grains in quartzites of Type I (pl. 9) may have
originated by mechanical granulation or by reerystallization; from the appearance of the grains
and the texture, the latter mechanism seems likely. These quartzites, however, represent a stage
in the transition from undeformed orthoquartzites to rocks consisting entirely of granulated or
“crush” quartz; moreover, the large size of the grains in comparison with the recrystallized grains
in the quartzites of Type IT suggests that they have been produced from the original grains of the
sedimentary quartzites without complete disintegration, The grains were probably derived

directly from the original clastic grains of the orthoquartzite by a process involving plastic
deformation and perhaps some recrystallization.
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or shortened parallel to [p.:p,], and elongated parallel to [pi:p2]. The deforma-
tion may have been biaxial with no change of dimension parallel to [ps:p,], or it
may have been triaxial with slight shortening or elongation parallel to this axis.
This interpretation aceords well with the common interpretation of quartz fabries
of the erossed-girdle type (Sander, 1930; Sahama, 1936; Turner, 1948), in terms
of “flattening” (Plittung). The degree of flattening and elongation parallel to the
lineation and the folds during this final imprint may have been quite extensive.
It must be noted that, although this elongation does represent a type of movement,
it is not “tectonie transport”; the passage of the elongating mass over the rigid
basement or foreland, however, would give rise to shear movement (transport)
relative to the foreland in this direction.

It is probable that there was a gradual transition during the deformation from
the translative (monoclinic) movement normal to B to the final (orthorhombic)
imprint involving flattening and elongation. If a body of rocks is shortened by
folding or thickening of the strata, the vertical dimension becomes increasingly
greater. Eventually a stage will be reached when the lower rocks are flattened
under the influence of the weight of superincumbent rocks. The mass is eon-
stricted in the direction of shortening and the elongation produced by this flatten-
ing will be parallel to the horizontal axis that is normal to the direction of
shortening, that is, the fold axis. I consider that such an evolutionary sequence
of deformations oceurred in the Moine schists and the mylonitiec rocks in the
Assynt area, and that the quartz was reoriented during the final stages of the
sequence, after the translative movement normal to the fold axes had ceased. It
is not unlikely that during the intermediate stages of the deformation folding
about B and elongation parallel to B (= [P1:p2]) oceurred simultaneously.

It has been pointed out that the quartz and mica diagrams for the Moine schists
are heterotactic. The strongest maximum in each of the mica diagrams defines
the foliation, which was passive during the final orthorhombic stages of the de-
formation. Thus these maxima are relies from the early (monoclinic) phase of
movement. However, the s-planes 8, and 8., defined by submaxima in the mica
diagrams, were probably produced during the final stages of the deformation.
Similarly, slight departures from orthorhombie symmetry in the quartz orienta-
tion in some of the specimens may reflect the influence of an earlier preferred
orientation dating from the monoclinie phase of deformation. On the other hand,
they may have been caused by slight irregularities in the movement during the
final imprint of the deformation.

The northeast-trending quartz veins in the primary mylonitic rocks and the
Moine schists are extensively deformed and granulated where the rocks have
suffered secondary deformation, indicating that the veins were emplaced before
the inception of the secondary phase of deformation. The preferred orientation
of quartz in the vein in specimen 66 (diagram D5) is similar to that in the pri-
mary mylonitic rocks and the schists; the symmetry of the pattern is almost
orthorhombic and there are crossed girdles containing maxima with the same
orientation as those in the other diagrams. The grains in the vein also show some
degree of flattening normal to the foliation in the surrounding rock. This evi-
dence suggests that the veins have been affected to some extent by the final
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orthorhombic phase of the primary deformation, and must tcherefore have been
emplaced before the close of the deformation. It has been mferrfed abqve that
there was some degree of elongation parallel to [pi:p.] (=B) d}lrmg this phfa,se
of deformation, and the veins were probably formed by infilling of extension
fissures normal to the direction of elongation. ) Lo B

The quartz fabric of the primary mylonitic rocks and the Mome.schlsts. is qf
special importance, as it reveals evidence of a phase of deformation which is
not reflected in the megascopic fabrie of the rocks. During thfa ﬁ'nal stages of the
primary deformation, when the quartz was reoriented, the foh.'.;ttlon and the folds
were passive. The movement during this phase of deform:'mo.n was extremely
penetrative and homogeneous, and was probably achieved by mdl-rec'? componental
movement (Knopf and Ingerson, 1938), that is, by reerystallization of quartz
and feldspar. The relationship between the symmetry axes of the early mono-
clinic movements and the late orthorhombie imprint is such that the:re would be
little change in the orientation of early-formed linear structures during the later
stages of deformation. Flattening of the rock mass, however, would have the
effect of changing the form of the folds so that the limbs of recumbent folds were
compressed and the profiles generally “flattened.” The closely appressed natyre
of many of the folds in the primary mylonitic rocks may be-due to flattening
during the final orthorhombie stages of the primary deformation.

TECTONIC SYNTHESIS
INTRODUCTION

From the evidence deseribed in the foregoing sections, a con_sistent kmemajclc
picture emerges for the whole area. Several phases of deformatl.on have been in-
ferred from the fabrie data in the mylonitie rocks along the Moine thrust and in
the rocks in the zone of dislocation. In the following sections separatfz phases of
deformation in the Moine schists, the mylonitie rocks, and the rocks in the zone
of dislocation are correlated, and a kinematic synthesis.is made on tl}e basis of
the megascopie and microscopic fabric of all the ro?ks in the area. Finally, the
evidence on the age of the movements is briefly reviewed.

STRUCTURAL CORRELATIONS

Figure 24, a, is a synoptic diagram showing the maxima of fold axes in' the my-
lonitic rocks along the Moine thrust at the Stack of Glenc(?ul, Loch Ailsh, and
Cnoe a’ Chaoruinn. The diagram shows the close relationship between the folds
in secondary mylonitic rocks\ (Bu, Bs) and the Ben. IV'[ore'thrust. '{‘he planes
S, and S, represent the mean orientation of the fohathn in the primary my-
lonitic rocks in the northern and southern areas respect}vely;.the plane repre-
senting the Ben More thrust is based on the average orl'entatlfm of the thrust
at several localities where it is exposed in the zone of dislocation. The axes of
folds in the secondary mylonitic rocks at the Stack of Glencoul (B.) and.CI'loc
a’ Chaoruinn (B;) are parallel to the intersection of the thrust and the fohatlo.n
in the primary mylonitie rocks in both areas. This facjc confirms the hypothesis
advanced above, that the later folding about approximately north-south axes
was contemporaneous with movement on the Ben More thrust, and that the folds
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were formed by kinking of the s-surfaces in the primary mylonitie rocks ()

along surfaces that are parallel to the thrust and associated reverse faults.

The diagram also indicates the significance of the embayment in the outerop
of the Moine thrust in the Assynt region. The foliation planes in the mylonitie
rocks in the northern and southern parts of the Assynt “bulge” are parallel to
the Moine thrust and intersect in an axis plunging toward the east, parallel to
B; thus the change in orientation of the thrust and the foliation is not related
to folding about axes parallel to the general strike of the thrust, but to the east-
southeast-plunging axis B. The foliation surfaces in the primary mylonitic rocks

and the schists in the northern and southern parts of the bulge are analogous to
the limbs of a large fold (about the axis B) with small amplitude. Thus the em-

Fig. 24, a. Synoptic diagram showing maxima of fold axes in Stack of Glencoul area (By By)s
Loch Ailsh area (B), and Cnoe a’ Chaoruinn area (B, B,). 8, and S, represent the mean orienta-
tions of the foliation in the northern and southern areas, respectively. The mean orientation of
the Ben More thrust is also shown. Full lines are 10 per cent contours, and the broken line is a

6 per cent contour. b. Synoptic diagram showing the orientation of B-axes in Cambrian and
Torridonian rocks in zone of dislocation (from fig. 20, in pocket).

bayment of the thrust is not due to an “axial culmination,” as claimed by Bailey
(1935), but to an anticlinal fold of the thrust about the regional fold axis B.
The width of the embayment reflects the low angle of plunge of the fold axis.
The fold originated during the primary movements, when there was penetrative
movement along the “movement horizon.” The only modification of the structure
by the secondary movements was the slight displacement of the horizon at the
Stack of Glencoul and Cnoc a’ Chaoruinn; these displacements (approximately
500 feet) are scarcely reflected in the outerop of the Moine thrust.

The B,- and B.-folds in the secondary mylonitic rocks are genetically related
to the Ben More thrust and the reverse faults associated with this dislocation,
and there is also close connection between these reverse faults and the north-
trending folds (fig. 24, b, B,) in the zone of dislocation. Thus it is evident that
folding about north-trending axes in the Torridonian and Cambrian rocks of the
zone of dislocation was contemporaneous with the secondary deformation of the
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rocks in the vicinity of the Moine thrust. The movement pictures inferred from
the structures in the secondary mylonitie rocks above the Moine thrust and the
north-trending folds in the zone of dislocation are similar; the Moine schists and
the thrust masses were transported toward the west during the secondary de-
formation, and the movement was econcentrated along the major thrusts in the
zone of dislocation and in the pelitic layers near the Moine thrust.

It has been shown that the southeast- and east-plunging fold structures in the
zone of dislocation (fig. 24, b, B., Bs.) and the widespread east-southeast—plung-
ing folds in the primary mylonitic rocks and the Moine schists (fig. 24, a, B) are
earlier than the westward movements. Y

It is not clear whether the B.. and B. groups of folds in the zone of dislocation
date from different phases of deformation or were formed contemporaneously.
In view of the parallelism of the B.-folds and the eastward-plunging minor folds
in the dolomite at Lioch Ailsh (figs. 15; 16, b; 21, in pocket, D6, D15), these were
probably formed contemporaneously. The minor folds in the Loch Ailsh dolo-
mite are overturned to the north (p. 375), and it has been suggested (p. 3.84)
that they, along with some small kink zones in the overlying mylonit.es, might
represent a distinet phase of deformation during which the overlying rocks
moved to the north. :

The Bs.-folds in the zone of dislocation must certainly have formed during the
extensive movements that produced the east-southeast—plunging folds (B) in the
primary mylonitic rocks and the Moine schists. The divergence of orientation
between the B-folds above the Moine thrust and the Bg.-folds below the thrust
must be due to one of the following causes: (1) the folds in the zone of disloca}-
tion may have formed with their present orientation as a result of inhomogenei-
ties in the movement; (2) the axes of the folds in the zone of dislocation may
originally have been parallel to B and have been subsequently rotated.during
the later westward movement. The deformation in the zone of dislocation was
extremely diseontinuous, and there is wide variation in the physical properties
of the rocks; under these conditions irregularities in the movement pattern are
to be expected. The variation in the orientation of the folds probably stems
mainly from this cause, but it is not impossible that the folds in the zone of
dislocation were modified by the late movements.

The structural picture obtained from the analysis of the microscopic fabric
of the Loch Ailsh dolomites agrees very closely with that obtained from the
megascopic fabrie. The B-axis determined from the grain orientation plunges
toward the east, parallel to the axes of most of the folds in the area. The sense
of rotation about the eastward-plunging axis in the dolomites is opposite to that
indicated by the majority of the folds in the overlying primary mylonitie rocks.
It has already been stated, however, that there may have been slight movement
toward the north along the Moine “movement horizon” near the end of the primary
deformation. It has tentatively been inferred from the microscopic and mega-
scopic data that the dolomites were later affected by slight deformation about a
north-trending B-axis. In view of the extensive development of folds with this
trend elsewhere in the Moine thrust zone and in the zone of dislocation, there can
be little doubt that the inhomogeneity of the fabric of the dolomites has indeed
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resulted from slight deformation about a north-trending B-axis after the move-
ment that produced the east-plunging B-axis.

DiscussioN oF THE MOVEMENTS

The current controversy regarding the relative age of the Moine metamorphism
and of movement on the Moine thrust has arisen because it has been generally
assumed that there was only one phase of movement on the thrust, and that all
the mylonitic rocks along the thrust were produced during this phase of move-
ment. The evidence adduced in the foregoing sections proves that at least two
and perhaps three separate phases of dislocation and movement are recognizable
in the rocks of the thrust zone. These have been referred to as the primary and
secondary phases of deformation; the east-trending folds (8., and B in the dolo-
mite) are here referred to the primary deformation in view of the near parallel-
ism of their axes with B in the primary mylonitic rocks. The contrast between
the “brittle” style of deformation in the mylonitic rocks near the Moine thrust
and the “plastic” style of the folding in the Moine schists does exist, but the
cataclastic (“brittle”) structures were mostly produced during the secondary
phase of deformation, and this cataclastic breakdown affects the earlier-formed
primary mylonitic rocks as well as the Moine schists (Christie, 1960). It has not
generally been recognized that the primary mylonitic rocks, which include the
true mylonites of Lapworth and the Survey geologists (Peach et al., 1907), ex-
hibit a style of deformation which is just as “plastic” as that in the Moine schists.
The horizon mapped as the Moine thrust originated during the primary phase
of deformation, when there was extensive penetrative movement throughout the
zone of primary mylonitie rocks. Petrographic evidence indicates that this was
contemporaneous with the regional metamorphism of the Moines. The thrust
was only locally an active movement surface during the secondary phase of
deformation, when the “brittle” structures were produced.

The primary deformation (I) may be divided into three phases, one follow-
ing closely on the other. These phases of deformation were probably closely
related. The secondary deformation (II) broke down the structures that were
formed by the primary deformation, and the two main deformations (I and II)
apparently are not related. The structures formed during each phase of de-
formation and the characteristics of each deformation are summarized in table 5.

During the early monocliniec phase of the primary deformation (Ia) there was
intensely penetrative movement throughout the zone of primary mylonitic rocks,
and the Moine schists were transported toward the south-southwest along this
“movement horizon.” The presence of folds with southeast trend in the zone of
dislocation, and the close relationship between these folds and the major thrusts,
suggest that the Assynt nappes were transported during this phase of deforma-
tion. It has been inferred (p. 000) that there was movement of the lower Assynt
nappe along the sole toward the southwest, and it is probable that there was
also transport along the Assynt thrust in the same direction (pp. 000-000). These
inferences are very significant, for they indicate that the Assynt nappes were
derived from the northeast and not from the east-southeast, as claimed by Clough
(in Peach et al., 1907) and Bailey (1935). Thus, if Clough’s correlation of the
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Lewisian gneiss in the upper nappe at Loch Glencoul with that of the foreland
in the Laxford-Stack area (fig. 25) is valid (and I believe it is), the nappe was
transported a distance of 6 or 8 miles. Bailey has stated (1935, p. 159): “It is
important also to bear in mind that the displacement of the Laxford-Stack line
indicates a minimum movement of thrusting of six miles. It would require more
courage to choose six miles approximately at right angles to the abundant flow
structure of the distriet, rather than thirteen miles as closely as possible along
the line of flow.” The “line of flow” to which Bailey refers, however, does not

TABLE 5

STrRUCTURES FORMED DURING AND CHARACTERISTICS OF DEFORMATION PHASES

Deformation
phase

Moine schists and mylonitic rocks

Zone of dislocation

Ia

. Movement with monoclinic

symmetry

. B-folds produced
. Deformation precrystalline and

continuous

. Movement with monoclinic
symmetry

. Bse-folds produced

. Deformation posterystalline and
discontinuous

. Movement with orthorhombie

symmetry (flattening)

. Quartz and mica (in part) reoriented
. Deformation paracrystalline and

extremely penetrative

. No evidence in most rocks
. Possibly original (orthorhombic)
fabric of dolomite produced

. Movement with monoclinic

symmetry

. Few east-plunging folds and kink

zones produced in primary
mylonitic rocks

. Deformation less penetrative than

in phases Ia and Ib

. Movement with monoclinic

symmetry
. Be- and B-axes produced in dolomite

. Deformation posterystalline and
discontinuous

. Movement with monoclinic

symmetry

. By~ and Byfolds produced
. Deformation posterystalline and

discontinuous

1. Movement with monoclinic
symmetry

2. Bua-folds produced

3. Deformation posterystalline and
discontinuous

have the significance that he attributes to it; the lineation is parellel to B and
not to a, and the evidence of the fabrie indicates that tectonic transport was
indeed approximately at right angles to this direction.

Phemister (Read et al., 1926, p. 21) has drawn attention to the possibility that
the plutonic masses of Loch Borolan and Loch Ailsh have exerted some influence
in the formation of the Assynt “bulge.” The Loch Ailsh mass seems to be part
of the upper nappe, and the Loch Borolan mass belongs to the lower nappe,
and I consider that the latter has played an important part in the formation of
the bulge, as Phemister has suggested. It is clear from figure 25 that by far the
thickest and most extensive part of the upper nappe lies to the north of the
Loch Borolan complex. The following hypothesis, though based largely on cir-




L

Y o0y LEWISIAN WITHOUT ||
N -8 BASIC DYKES

LEWISIAN WITH
BASIC DYKES

L]

oo St S /

A

\

, )
e |
= /L

=7y
| IG.¢ Ili
NS,

A
IS T

__10 MILES

Fig. 25. Structural units in the Assynt and Loch More area, as inter-
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cumstantial evidence, accounts for the presence of two major nappes in the zone
of dislocation and for the formation of the Assynt bulge. The upper nappe was
probably detached from the basement while the Moine schists were being trans-
ported to the south-southwest along the movement horizon (Moine thrust), and
was dragged along under the moving Moine rocks until its progress was impeded
by the upper portion of the Loch Borolan mass; the syenite is more massive and
resistant to deformation than the bedded sediments elsewhere in the zone of
dislocation, and would tend to form an obstruection of this type. The sole probably
originated at this stage of the deformation, when the force on the upper part of
the syenite mass became sufficiently great to rupture the mass. The upper part
of the mass then sheared off along the sole and was transported to the southwest
along with a slice of the sedimentary rocks in which it is emplaced. The bulge
is due to a gentle anticlinal fold of the movement zone over this accumulation of
thrust materials. The fact that the axis of the fold in the movement horizon is
parallel to the kinematie B-axis in the primary mylonitic rocks is significant, as
it indicates that the formation of this fold was contemporaneous with the primary
movements along the Moine movement horizon.

In the transitional stages of the primary deformation between the monoclinie
movement and the orthorhombie imprint, there was probably slight shear move-
ment normal to B combined with flattening normal to the foliation and extension
parallel to B. But, during the ensuing stages of this deformation, the foliation
was no longer an active slip surface, and the flattening and the elongation parallel
to B were not accompanied by teetonie transport normal to B. In the final phase
of the primary deformation (Ic), there was slight movement of the overlying
rocks to the north.

‘Whereas the movement in the Moine schists and the mylonitic rocks throughout
the primary deformation was pre- and paracrystalline, the movements during
the later secondary deformation were posterystalline. The sense of movement
during this phase of deformation was toward the west, and the Ben More thrust
and other eastward-dipping reverse faults were formed. The only zones of imbri-
cation I recognized in Assynt also date from this phase of deformation.

Although the north-trending fold structures in the Moine thrust zone and the
zone of dislocation are definitely later than the B-structures, the approximately
orthogonal relationship between B and B,, Bs, and B, suggests that there may be
a connection between the two phases of deformation. It is possible, in my opinion,
that the north-trending folds in the thrust zone were produced, after the rocks
in the zone had become “brittle,” as a result of elongation parallel to B in the
Moine schists farther to the east. That is, the movement may be of the B | B’
type on a regional scale. Large-scale axial elongation in the Moine schists, though
not constituting tectonic transport in the rocks themselves, would naturally give
rise to differential movement and rotation about an axis normal to B in a zone
between the schists and the rigid foreland; the north-trending folds (B,, Bs, Bu)
in the thrust zone may have originated in this fashion.

Balk (1936, 1953) has described the fabrie of the rocks associated with thrust
zones in the eastern United States; the megascopice fabrie of these rocks is almost
identical with that in the mylonitic rocks along the Moine thrust in Assynt; the
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rocks are intensely foliated and lineated and the lineations and the majority of
the folds plunge parallel to the dip of the thrust planes; there is frequently a
submaximum of fold axes with trend parallel to the strike of the thrusts (Balk,
1953). Balk regards the lineation as a type of slickensides, parallel to the direc-
tion of movement on the thrust. He considers that the fabric was produced en-
tirely by flattening normal to the foliation with intense elongation parallel to
the lineation, and that the folds originated by slight movement of blocks of
rocks in a direetion normal to the main direction of movement:

The origin of the lineation and lamination is believed to be identical with that of corresponding
structures in rolled steel and glass.

However, the formation of folds with axes parallel to the direction of thrust requires an addi-
tional shear stress acting perpendicularly to the direction of thrusting. The inhomogeneous com-
position, strength and mobility of the flooring rocks are pointed out, and it is suggested that
unequal rates of yielding of local rock masses below the thrust block generated these supple-
mentary stresses, producing slight movements of small masses sideways [1953, p. 102].

Cloos (1946) holds a similar view on the origin of what he describes as “folds
in a.” He cites the Assynt area and certain areas in Scandinavia and Lapland
as affording examples of folds of this type (pp. 26-29). He states that “the prin-
ciple involved is the same as that used in the machinal folding of maps, the
making of corrugated iron, rain gutters, and other folds accompanied by lateral
shortening normal to the principal movement” (p. 28). Cloos considers that the
main movement and transport in the Moine schists of the Assynt area were toward
the northwest, parallel to the lineation; the orientation of the lineation varies
slightly in different parts of the area, and the author attributes this to variations
in the direction of movement, produced by local restriction of transport in ecer-
tain parts of the area. Cloos also concludes that there may have been subordinate
movement perpendicular to the general west-northwest direction of advance.

The movement postulated by Balk and Cloos is similar to that I infer for the
second (orthorhombic) phase of the primary deformation, but my analysis of
the fabric of the Moine schists and the primary mylonitic rocks of the Assynt
area indicates that the folding was not produced during this phase of deforma-
tion, as Cloos has claimed. Some of the folds, such as those in the primary my-
lonitie rocks of the Knockan Crag area, indicate shortening normal to the fold
axis without much tectonic transport, but the symmetry and the style of the
folding in the other areas examined indicate that there was considerable trans-
lative movement normal to the fold axes before the orthorhombic imprint.

AGE oF THE MOVEMENTS

My conclusions on the relative age of the different groups of fold structures in
the Moine schists and the mylonitic rocks are essentially the same as those ad-
vanced by Read (1931), but the evidence set out in the foregoing sections proves
that the geological ages of the two phases of deformation are not as Read in-
ferred. It has been shown above that the east-southeast—plunging folds and
lineations (B) were produced during the regional metamorphism of the Moine
schists, and also that this deformation and metamorphism date from post-Cam-
brian times. The regional metamorphism of the Moine schists, then, was not pre-
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Torridonian, as claimed by Read (1934), Phillips (1937, 1949, 1951), and Wilson
(1953, but entirely “Caledonian” (that is, post-Cambrian, and pre-Middle 0old
Red Sandstone). There was movement along the Moine thrust during the Moine
metamorphism and deformation; the primary mylonitic rocks formed a move-
ment horizon or zone along which the deforming and recrystallizing Moines were
transported over the rigid basement. The “dislocation” effects deseribed by Read
(1931), and the “brittle” structures referred to by Wilson (1953) and Melntyre
(discussion of Wilson, 1953; 1954), were produced during a later phase of de-
formation, when the north-trending folds in the thrust zone were formed. It is
not possible to determine an upper age limit for these later movements; they may,
as McIntyre has suggested, be of Hercynian or even Tertiary age, for the Permian
dike in the mylonitiec rocks of A’Mhoine (MecIntyre, 1954, pp. 216-217) cuts
primary mylonitic rocks. If, however, there is a genetic (B | B’) relationship
between the B-structures in the Moine schists and the north-trending folds in the
thrust zone, as suggested above, then the westward movement on the thrusts must
have followed closely on the primary movements. Thus it is possible that the
secondary deformation of the Moine schists and the mylonites and the westward
movements on the thrusts also date from the Caledonian orogeny.
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PLATE 1

a. The Stack of Glencoul area, viewed from the south, showing
the outerop of the Moine thrust. The stack and Loch nan Caorach
are in the middle distance. Note the gentle anticlinal fold in the
thrust. One of the steep reverse faults west of the Ben More
thrust shows in lower right.

b. Specimen of primary mylonitic rock from the Stack of
Glencoul, showing the characteristic intrafolial type of folding.
Specimen is approximately 1 foot long. (Specimen in the Royal
Scottish Museum, Edinburgh; photographed by permission of
the Director.)
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PLATE 2

Folding in primary mylonitic rocks at the Stack of Glencoul
viewed in profile toward the east-southeast.
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PLATE 3

Folding in the zone of secondary deformation,
Stack of Glencoul area

@. Exposure near the eastern margin of the zone of secondary
deformation, half a mile northeast of the Stack of Glencoul.
Several kink zones dip toward the east.

b. Exposure of phyllonite in the valley of the Glencoul River,
showing small-scale folds. The axial planes of the folds (parallel
to the hammer shaft) dip toward the east.
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PLATE 4

Folds in the zone of secondary deformation, in the

Cnoc a’ Chaoruinn area

a. Specimen of folded phyllonite from disused quarry, half a
mile southeast of Ben More road. Specimen is 4 inches across.

b. Block of folded phyllonite at same locality as a, showing the
characteristic style of folding. Axial planes of folds dip toward
the east.
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PLATE 5

Moine schists in the Knockan Crag area

a. Low-grade slabby Moine schist east of Knockan Crag. Foli-
ation is evidently bedding. The most prominent set of joints
strikes parallel to the lineation.

b. Fold in primary mylonitic rock at Knockan Crag, viewed
toward the east. Note the crushing associated with the folding.
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PLATE 6
Thrusts in the zone of dislocation

a. The Assynt (Glencoul) thrust on the south side of Loch
Glencoul. Phyllonitized Lewisian gneiss rests on deformed Cam-
brian dolomite.

b. Gorm Loch Mor and Ben More Assynt from the mnorth,
showing the outerop of the Ben More thrust west of Gorm Loch
Mor. Note the folding in the Cambrian quartzites (about north-
trending axes) above the thrust.




PLATE 7

Structures in the zone of dislocation

a. Coire a’ Mhadaidh and Na Tuadhan from the south. The
large-scale fold in the quartzites on Na Tuadhan is associated
with steep eastward-dipping faults, which are subparallel to the
Ben More thrust, the outcrop of which is marked.

b. Large-scale fold in Cambrian limestones above the sole, east
of Chalda House, Loch Assynt, viewed in profile to the southeast.
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PLATE 8

Photomicrographs of deformed quartzites

a. Quartzite of Type I. Grains represent clastic grains of a
Cambrian orthoquartzite. Grains are flattened and show some
marginal granulation. Deformation lamellae and planes of mi-
nute inclusions are present in some grains, Scale line represents
1 mm.

b. Quartzite of Type II. Recrystallized Cambrian quartzite.
The grains are small and relatively free from posterystalline
strain. Scale line represents 1 mm.
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PLATE 9

Photomicrographs of a deformed quartzite

a. Quartzite of Type I, specimen 62. Section cut perpendicular
to the foliation and the lineation. Note extreme flattening and
undulatory extinetion. Scale line represents 1 mm.,

b. Same specimen (62). Section cut perpendicular to the folia-
tion and parallel to the lineation. Note the great elongation of
the grains parallel to the lineation. Seale line represents 1 mm.
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