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Abstract

The metasedimentary rocks of tiMorar Group in northern Scotland form part of gexly
NeoproterozoicMoine SupergroupThe upper part of the Group & 2-3 km thick and
contains two large krscde facies successions: a coarseripgvards maringo-fluvial
regression overlain by a finiagpwards fluvialto-marine transgression. Fluvial faciesmke

up less than a third of the total thickness; shailoarine lithofacies comprise the remainder
Combning these new findings with previously published data indicates that the Morar Group
represents, overall, a transgressttigraphic successian 6-9km thick in which there is
both an upward and eastward predominance of shalavinedeposits and aconcomitant
loss of fluvial facies. Smallerscale (100s of nthick) transgressiveegressive cyclesre
superimposed othis transgressive trendCollectively, the characteristics of the succession
are consistent with deposition in a foreland basin &mtatjacent to the Grenville orogen,
and possibly linked to the pdrodinian oceanSubsidence and progressive deepening of the
Morar basin may have,at least in partbeendriven by loading of Grenvill®rogeny
emplaced thrust sheendaided by sedimnt loading. However, the relative contributions
of thrust loading versus plate boundary effects and/or eustatie\sdarise on basin

evolution remairspeculative

Keywords: Neoproterozoicsedimentology; MoineSupergroup Morar Group; shallow
marine braidplain foreland basin


mailto:helnso@bgs.ac.uk

Analysis of the sedimentology and depositional environments of metasedimentary
successions within the higgrade cores of mountain belts is often problematic as much detalil
is commonly obscured by the effects of polyphaseordadition and metamorphic
recrystallisation. These problems are compounded within Precambrian successions by a lack
of palaeontological control. Nonetheless, in some orogens it has proved possible to
reconstruct the main depositional environments in arelasravthe structural setting is
relatively straightforward and exposure is of good quality. In this context, much research has
been carried out on the sedimentology and basin setting of the deformed and
polymetamorphic Moine Supergroup of northern Scotlg§8ttachan 1986; Glendinning
1988; Sopeket al. 1998; Bonsor & Prave 2008; Krabbendatral. 2008; Bonsoet al.2010).

This is one of a number of thick early Neoproterozoic siliciclastic successions that were
deposited in the North Atlantic region duringdaafter the amalgamation of Laurentia,
Baltica and Amazonia that resulted in the Grenville orogeny and the formation of the Rodinia
Supercontinent (Fig 1; Hoffman 1991; &t al. 2008). Other broadly coeval successions in
the region include the Torridon r@p of Scotland (Stewart 2002), the Krummedal
Succession of East Greenland (Sgnderhetiml. 2008) and the Krossfjorden Group and the
MurchisonfjordenSupergroup of Svalbar@etterssoret al. 2009 amongst others. All these
sequences contain detritatcon patterns suggesting an eastern Laurentian provenance, with
abundant detritus derived from the Grenville orogen (Cavetal. 2007; Petterssoat al.

2009). All successions, with the exception of the Torridon Group, have been subsequently
strongly déormed and metamorphosed during Neoproterozoic (e.g. Knoydartian) and/or

early Palaeozoic (Caledonian) orogenic events.

The basinal setting of the Moine Supergroup has been the focus of debate. It was interpreted
as a shallowmarine rift basin (Stracharf86; Glendinning 1988; Sopet al. 1998), perhaps
representing a o6failed rifté in the core of
the basis of detrital zircon data, Cawoetal. (2004) suggested an intracratonic setting.
Krabbendanet al (2008), while working in the lowermost Morar Group, documented fluvial
braidplain deposits similar to the Torridon Group farther west, and suggested rigesse
deposition in a foreland basin to the Grenville Orogen. Subsequent research in the
stratigaphically middle part of the Morar Group (Bonsar al. 2010), showed a gradual
change from fluvial to tidally influenced shallewarine deposits. This change was
interpreted as recording the transition from dominantly-mamnine sedimentation, linked to

the erosion of the Grenville orogenic belt, to maiim@uenced sedimentation related to the



periRodinian ocean (Fig. 1b). In this paper, we extend our analysis of the sedimentology and
depositional environments of the Morar Group to its upper part. grodes a complete
transect through this major siliciclastic succession in northern Scotland and places further
constraints on basin and tectonic settings for this and correlative successions that
accumulated in the presedy circumNorth Atlantic regim during, and following, the

assembly of the Rodinia supercontinent.

Geological Setting

The Morar Grougorms thelowest part of the Moine Supergroapdmainly compisesthick
sequences of metandstone (psammite) with subordinate nsdtatone (sempelite) and
metamudstone (pelite)Stracharet al.2010. The outcrop oftie Morar Group i®oundedo

the west by the Moine Thrysthich formsthe margin of the Caledonian orogen in Scotland,
and to the east by the Sgurr Beag Thrust (E&). The genrlly pelitic Glenfinnan Group
and psammitic Loch Eil Group occur in the hangivall of the latter fauland are considered
to stratigraphically overlie the Morar Group (Holdsworth et al. 1987; 1994; Soper et al 1998)
Inliers of Archaean( L@wisianoid )gneiss, commonly highly deformedye thought to
represent the basement on which the Moine rocks were depositeBgmgayet al. 1957,
Holdsworth 1989; Frienét al. 2003. The Morar Group contains detrital zircons that yield
U-Pb ages of between 1.hch1.0 Ga (Frienett al. 2008; Kirkland et al. 2008) and these
have beeinterpreted to be derived from a variety of units withastern Laurentia (Frienet

al. 2003; Cawoockt al. 2007; Kirklandet al. 2008) with significant detrital input fronthe
Grenville orogen(Krabbendanet al. 2008) The youngest reliable concordant zircon grains
reported from different samples are 10324 Ma (Friendet al. 2003); 1022 +24 Ma
(Kirkland et al. 2008) and 98B £ 6 Ma (Peters,200]). The structural and metamorphic
complexity of the Moine rocksesults from polyphase deformation during Kwoydartian

(c. 820725 Ma) and both phases of the Caledoniarthe Grampian (478160 Ma) and
Scandian (43825 Ma) orogenic even{Stracharet al.2002, 2010; Cuttst al.2010).

Although the Morar Group is deformed by kilomeseale folds and shear zones and
metamorphosed to amphibolite facies, in large areas the strain is low enough to allow
reconstruction of the original stratigraphy and permits detailed sedimentologaigian

One such area is the type locality of the Morar Group on the eponymous peninsula (Fig. 2a),

where detailed sedimentological analyses have been undertaken previously (Glendinning



1988; Bonsor & Prave 2008). Our work reports on another region, 5ddnkem northeast of

the type locality Fig. 29, wherein previous workers (Sutton & Watst®b4 working in the
Fannichs area, see Fig. 2a) constructed a local stratigraphical framework that was then used
throughout northern Scotland. Krabbendatral. (2011) have revised this stratigraphy and
defined five units in the Morar Group, from base to top, the Altnaharra, Glascarnoch, Vaich,
Crom and Debiedale formations, over a stratigraphic thickness9okr. The Altnaharra
Formation (35 km thick) has beemterpreted as a fluvial braidplain deposit (Krabbendéam

al. 2008, 2011; Bonsoet al. 2010) deposited nonconformably on Lewisianoid basement
slivers that have been caught up along the Moine and Achness thrust faults (Krabbendam
al. 2011; Figs. 2a and). It can be correlated across the Achness Thrust and traced for some
50 km southwestvard to the Ullapool area where the Morar Group succession is unbroken
by any major thrust faults. There, the stratigraphy youngs eastward until being either intruded
by the Carn Chuinneag Grani(@&/ilson & Shepherd 197%r truncated by the Sgurr Beag
Thrust (Fig. 3). The Altnaharra Formation above the Achness Thrust is highly deformed but
strain decreases in the overlying Glascarnoch Formation and enough sedimeaaitdietgit

is preserved to permit recognition of a distal fluvial braidplain to shaft@asine
transgressive succession (Bonstral. 2010; Fig. 3). The Altnaharra and Glascarnoch
formations exhibit complementary thinning/thickening trends such that atmef thins
eastwards whilst the latter thickens, and each may be, in part, lateral equivalents of the other
(Bonsoret al.2010;Krabbendanet al.2011).

In this paper, we examine theatigraphically highestevels of the MorakGroup exposed in

Glen Cdvie (Figs. 2cand 3).The transition from the upper Glascarndabrmationinto the
overlying succession dhe Vaich Pelitethrough to theCrom Psammite and Diebidale Pelite
formationscan be observed in the study a(éay. 2cand 3. The main focus ishe Crom
Psammite Formation, as the pelitic formations are generally too deformed to allow for refined
sedimentological analysis. This area forms a convenient linkage to compare depositional
trends between the Sutherland outcrops in northernmost ScotldrideaFannichs area to the

southwest.

Sedimentology of the uppeM orar Group: Crom Psammite Formation

Facies type and architecture



The Crom Psammite Formation is between 2 and 3 km thick and comprises micaceous to
guartzitic psammite interbedded witarying amount of pelite. The formation is bounded
below and above by the Vaich and Debidale Pelite formations, respectvgly2(¢), each
between 0.3.7 km thick (although these thicknesses are likely to be maximum thicknesses
as a result of thickengnby folding). Although the rocks have undergone amphib&ditees
metamorphism, original sedimentary structures are well preserved in much of the area,

particularly west of Glen Calvid=(gs. 2b andc).

Four main lithofacies are identified in the CrdPsammite Formation on the basis of their
sedimentology: LFC1, LFC2, LFC3, and LFC4. Gradual and systematic transitions between
these lithofacies define a coarsenuqgvard succession in the lower part of the stratigraphy

and then a changeover to a firlagward succession throughout the remainder of the
succession. These successions are recognised by an upward increase and then decrease in the
proportion of psammite, matched by a complementary trend in pelite. It should be noted that
the recognition andefinition of a lithofacies was based purely on sedimentological criteria,

not stratigraphic position.

Lithofacies 1 (LFC1)interbeddedelite andripple-laminatedpsammite

LFCL1 is typified by massive pelite and sepailite interbedded with isolatedbularlayered
micaceous psammite and ripple laminated psammite in B®@@scm thick (Fig. 4a). Pelite

and sempelite units comprise approximately 60% of the lithofacies. The pelite beds are
mainly massive, but locally contain ripple lamination anddtabedding. The micaceous
psammite is composed 650-55% quartz, 225% alkali and plagioclase feldspar and2®%
biotite and muscovite, and the micaceous composition imparts a grey hue to the Mzks.
abrupt changes in lithology, bedform scale orvgtdags are observed in LFC1 and soft

sediment deformation is rare.

Lithofacies 2 (LFC2): pelite, rippaminated and crosbedded psammite

LFC2 is characterised by decametcale coarseningpward cycles (120 m thick)
composed of pelite and seqite interbedded with thin530 cm thick)isolated psammite

beds at the base that progressively increase in number and thickness upward (Fig. 4b). These
culminate in attaining a 50:50 proportion of psammite to pelite at the tops of these cycles, and
pelite thickness decreases t@5 cm.



Psammite beds are tabuthroughout LFC2, and typically display horizontal laminations or
low-angle planar crosstratification. The beds have large widththickness ratios (20:0.3 m

is typical), although these ratichould be treated as a minimum since individual outcrops are
typically <30 m wide. In places hummocky cresgatification is observed in beds typically
10-30 cm thick. Psammite beds at the tops of the coarseipwgrd units often display
planar cros$eds and asymmetric and combirflv ripples (Fig. 5) exhibiting wavy- to
rarely bimodal (herringbone) small rippdeale crosgamination. Cros$ed foresets at all

scales are commonly accentuated by mud drapes throughout the LFC2 units.

Soft-sedimentdeformation is rare. Where observed, it shows pinched cuspate forms with
greatest deformation at bed base. The-seftiment features are almost always truncated by

overlying beds and rarely affect more than two superposed beds.

Lithofacies 3 (LFC3): irgrbedded, crosbedded psammite and pelite

LFC3 is characterised by waleveloped, coarseniagpwards cycles15-20 m thick
consisting of lowangle crosdedded, tabular psammite interbedded with a varying amount
of pelite and sempelite (Fig. 6). In comarison to LFC1 and LFC2, LFC3 psammites are
generally less micaceous (composed 67606 quartzc. 30% plagioclase and alkali feldspar
andc. 15% muscovite and biotite) and comprise a much largef7(80) proportion of the

depositional cycles.

LFC3 oycles typically show: a pelitic base (61% m thick); an upward increase in the
number and thickness of psammite beds and concomitant reduction in pelite; and a
predominantly psammitic top (Fig. 6). A sequential change of bedforms accompanies the
lithological changes in each cycle: bases are characterised by bundles -piebgtmand
psammitic flaser, lenticular and pinstripe bedforms (Fig. 7a); central parts disp&yra

thick tabular psammite beds that are interbedded with horizontal andlaminated semi

pelite units ranging from 5 to 10 cm in thickness (Fig. 7b); and the uppermost parts show
scalloped and erosiveased to tabular psammitic beds that, in places, contain trough cross
stratification and only minor pelite. Rhythmic bundling, oreatiation, of the pelite and
psammite beds is developed locally as evident by varying bed thicknesses, adtapasd

and ripple crostamination are abundant. Psammite beds are dbased and tabular
throughout LFC3, and show large widththickness rats (15:<0.2 m is typical). The



thickness of psammite beds increases from <5 cm at the base of LFC3 units to 30 cm at the
top. Ripple bedforms in LFC3 units are varied and consist of asymmetric, symmetric and
combinedflow ripples. In many instances supesed ripples show opposing directions of
internal crosdaminae dip. Bundling is developed as repeated, -cEdimetrescale
alternations between ripple crdssnination with mud drapes, and flaiminated intervals

with much lesser mud laminae (Fig. 7c).

In places, piched, cuspateoft-sediment deformation features are observed within the
thickest psammite beds in the upper parts of the LFC3 cycles. Throughout LFC3 there is no
discernable change in the overall proportion of micaceous content of tise doesoft

sediment deformation.

Lithofacies 4 (LFC4): gritty, crosbedded psammite

LFC4 facies develop upwards from LFC3 and are confined to the middle of the Crom
Psammite Formation. Limited continuous outcrop between LFC3 and LFC4 hinders detailed
and systematic documentation of the transition between the lithofacies but, nonetheless,
sufficient outcrop is presené.g in the vicinity of Crom Loch above Gleann Mé1ig. 2c)

overc. 1 km of stratigraphy to confirm that there is a consistent upwaréase in trough

crossbedded psammite and a concomitant decrease in interbedded pelite.

In the vicinity of Crom Loch, LFC4 is composed predominantly of feldspathic to quartzitic
psammitecontaining 5660% quartz, 3685% alkali and plagioclase feldspand 510%
biotite and muscovite. Psammite constitutes more than 90% of LFC4 and is typified by
amalgamated and stacked sets and cosets of troughbeassFig. 8), 0 cm thick,
exhibiting erosive, scalloped bases and interbedded with much subordinapelite beds
(typically <5 cm thick; Fig. 9a). The trougtross bed sets define scours with a smaller width
to-thickness ratio (typically 380 cm wide and 45 cm thick) than in LFGB. The trough

cross bed sets are marked by near aafilepose forsets that are tangential to bounding
surfaces Rarely, planasstratified lenticular and wedegshaped beds (lateral accretion bars)
are present and range from-25%n in length and 2@0 cm thick. These bed dimensions are,
however, treated as minimal vakl due to the erosional truncation of the bedforms by
overlying beds. Lateral accretion features having set thicknesses measurable in decimetres



can be observed and are orientated obliquely to the trough-lmdssand planar

stratification.

Gravel clats and gravel lags are abundant within the psammitic facies (Fig. 9agaten
accessory mineral bands are present locally. Gravel clasts of quartz-fetdspar are
typically 2-3 mm diameter (with the largest clasts havimgt mm diameters), and norina
grading is observed within individual troughoss bed sets. Sedediment deformation is
relatively common within the thickest sets and is generally restricted to individual beds. Soft

sediment deformation geometries are mainly pinched cuspate forgn®Iol-i

LFC4 exhibits finingupward units 510 m thick (Fig. 8), in contrast to the coarsening
upward trends typifying LFG3B lithofacies cycles. Each unit is characterised by
amalgamated trough crebed cesets at the base, and-sets of trough cresbeds with
associated ripple structures and minor pelite beds at the top. Coamspwaig sequences

are observed locally and display thin ripple structures interbedded with minor pelite (beds
generally 310cm thick) at the base, and amalgamated trouggsbeds (set thicknesses of 5

30 cm) at the top. Bedforms throughout this lithofacies exhibit mud drapes (Fig. 9a).

I n the vicinity of Beinn adédCheistall (about
proportion of coarsgrained material isignificantly greater and clast sizes are conspicuously

larger (Peachet al. 1912). Clasts are generally lenticular and flattened due to tectonic
deformation, and apparent loagis lengths of 4 cm are common. Clasts are mainly K
feldspar, vein quartz anguartzite, indicative of a broadly granitic source area. Layers of
conglomerate up to 50 cm thick are common and alternate with layers of trougbexidss!

psammite.

Palaeoenvironmental interpretation

LFC1

The high proportion of pelite, interbeddadth sharpbased,tabular andthinly laminated
psammitic and senpelitic beds is indicative oépisodicdeposition within adominantly
relatively low-energy environmentThe occurrence of nested rippteninated and tabular
psammite within mostly pelitenal semipelite is indicative of unconfined shdite flows
interspersed with quiescent periods. The rare occurrence of hummockystcatifisation



within LFC1 supports this interpretation and indicates the influence of storms during some
depositional eisodes (Hamblin & Walker 1979; Walker 1992; Dumas & Arnott 2006). This
combination of features is typical of the offshore transition zone near storm wave base where
mud deposition out of suspension would be punctuated by episodic,-refated sand
bearng currents forming rippkaminated tabular beds and hummocky crstsatification
(Walker 1992; Varban and Plint 2008).

LFC2

The development of distinct coarsenimgward depositional units in LFC2 and an overall
increase in psammitic facies indicatesslallower depositional environment, than LFC1
facies. The predominance of wanpples, planar crosBeds and bundled sets of ripple cross
lamination to planalamination in the psammitic beds throughout most of LFC2 are
indicative of sedimentation undeyscillatory and combined flows in an inner shelf to
shoreface setting (Walker 1992; Roberts 2007; Dashtgiaed. 2010). Theoccurrence of
asymmetricand combinediow ripples bidirectional ripple setand the prevalence of mud
drapes in some of the LRCcycles indicate periodically reversing flows separated by
repeated episodes of slack water. Such features are hallmark characteristics of tidally
influenced shallownarine environments (e.g. Walker 1992) and are good evidence for LFC2
deposition to haveccurred under tidal currents for some periods of time (Roberts 2007;
Varban & Plint 2008).

Taken collectively, the LFC2 facies are indicative of deposition predominantly within a

shallowmarine shoreface and inner shelf setting influenced by tides.

LFC3

Coarseningupwards cycles consisting of greater proportions of psammite relative to
interbedded pelite and psammite units is indicative of further shallowing of the depositional
in LFC3. The presence gpinstripe, flaser and lenticular bedding, baditional ripple cross
lamination and abundant mud drapes indicates that deposition was strongly tidally influenced
(e.g. Molgat & Arnott 2001; Roberts 2007; Varban & Plint, 2008). The uppermost parts of
LFC3 cycles are marked by psammites with sharp|ggmad, erosional bases and trough
crossbedding, reflecting deposition under increasingly higher energy flow conditions. The

bundling of psammite and sespelitic beds within the LFC3 units suggests a



palaeoenvironmental setting influenced by regular tiaria in flow energy, such as those
associated with diurnal and springap tidal cycles (Chakraborty & Bose 1992; Molgat &
Arnott 2001). The thicker, cleaner, psammitic facies with mud drapes, erosional bases and
trough crossedding at the top of LFC3niis do not display weltleveloped bed bundling,

and our preferred interpretation is that they represent the-disttl parts of a distributary

network of broad, shallow tidaHinfluenced channels.

LFC4

The erosivebased, stacked, amalgamated setsanfgh crossed sets and esets, arranged

in m- to severaim-thick units that show an upward decrease in gs@n and thinning of

beds are characteristics attributable to deposition in fluvial channels (Cant & Stockmal 2009;
Varban & Plint 2008; Robert2007). Such a trend is commonly interpreted as reflecting
decreasing flow strength and gradual abandonment of channels (Cant & Stockmal 2009;
Bridge 1993; Skellyet al. 2003). The association of planar cressatified beds and the
presence of gravel lags the base of scalloped and lstmsped beds with lateral accretion
surfaces support such an interpretation.

The pinched, cuspate sa&fédiment deformation features are interpreted to represent water
escape in rapidly deposited, wategged sediment. I&id escape is a consequence of high
sedimentation rates generating unstable and-pnemsurised watdaden sediment, for
example during a flood event. A seismic origin of the-seftiment deformation is ruled out

because deformation is generally coafirto individual beds (see Maltman, 1994).

Overall, LFC4 facies are interpreted as recording a tidally influenced, distal distributary
network of multiple, shallow, laterally shifting channels (Nio & Yang 1991; Varban & Plint

2008; Walker 1992). Such setting is typical of préandplant Proterozoic times when

channel margins were poorly stabilised (e.g. Bhattacharya & Giosan 2003; Longa®@d06)
shorelines would probably have been characterised by a distributary network of numerous,
unconfined shallovehannels at any one tima settingc o mmonl y ref erred to
del t ad (&al.RIBE Feslow & Cooper 1990, 2001; Long 2006). As a result, there

would not have been a discrgieint-sourceinput of sediment to the palaeoshoreline, as in

many modern shorelines, and instead sedinukstivery wouldhave been along a continuous

braidplain margin The persistent repetition of coarsenirand thickeningupward units



within LFC2-3 which underlie LFC4 in thiower part of the Crom Psammite Forioatare

taken as evidence of repeated marine flooding evelisved bybraidplain progradatian

Facies associations

The position of the lithofacies within the Crom Psammite Formation defines a coarsening
and then finingupwards facies successionheke trends are most easily recognised by the
increasing and then decreasing psammite:pelite ratio upwards in the stratigraphy. Within the
lower Crom Psammite Formation interbedded pelite and psammite lithologies of LFC1,
develop upwards to the coarsenumgward lithofacies units of LFC2 and 3, in an overall
coarseningupwards facies succession. Across this succession there is an upward increase in
the proportion of psammitic and tidally influenced facies in each depositional cycle. The top
of the successn is marked by the predominantly psammitic and tidaifiuenced distal

fluvial facies of LFC4i which are observed in the middle of the Crom Psammite Formation.

In the upper Crom Psammite Formation the lithofacies are superposed in reversearder, fr
LFC3 to LFC1, to define a finingpward facies succession. Fluvial to tidally influenced
lithofacies (LFC43) are, therefore, replaced upward by shoreface and shaléoime
lithofacies (LFC21) in the upper part of the Crom Psammite. Individual LBGiits are

very similar to those observed in lower Crom Psammite (Figs. 10 and 11), however, in the
upper Crom Psammite the proportion of finer pelitic and gmatiic lithofacies
systematially increases across each depositional cycle spahdhewhole,the upper Crom

Psammite fines upward.

The lower and upper boundaries of the Crom Psammite Formation with the superposed Vaich
Pelite and Diebidale Pelite formations, respectively, are indistinct. The contact between the
the base of the Crom Psamendnd the underlying Vaich Pelite appears gradational and is
marked by an upward increase in the number of ripple laminated psammite beds interbedded
with the pelite and sengelite. Similarly, the top ofthe Crom Psammités composed
predominantlyof thinly laminated sempelite, and psammite is rareAs a result, le
boundary between the Crom Psammite Formation and the laminategedgimiDebidale

Formation isalso indistinct andiifficult to place.



Stratigraphic trends: a completesynthesis & the Morar Group in northern Scotland

The above analysis indicates that the Crom Psammite Formation is dominated by tidally
influenced, shallownarine deposits with an incursion of braidplain facies in its middle part.
There is evidence for two largede cycles: an initial marinré-fluvial regression
superceded by a fluvidb-marine transgression in the upper part of the stratigraphy that
culminated in a major bastteepening event represented by the Diebidale Pelite Formation.
Both the lower and ump contacts of the Crom Psammite are transitional and occur gradually
over many 10s of m ofstratigraphic thickness. Nemarine facies are subordinate and
restricted to a. 1 kmthick succession in the middle of the formation with the rest of the
Crom Psenmite being tidallyinfluenced shallowmarine deposits. The scarcity of three
dimensional exposures of trough criesis means that only a paltry number (5) of reliable
palaeocurrent measurements are available. For completeness, we note that thegadéld br
N-guadrartdirected sediment transport, but such few measurements over such a large
stratigraphic thickness are not statistically significant. Nonetheless, these measurements are
broadly parallel to the northeastward thinning of the coarse gradefigsits within LFC4,

which could also be taken as indicative of the direction of sediment transport.

The new data reported here need to be assessed in the context of published interpretations of
the sedimentology of the lower (Altnaharra Formation) amdtila (Glascarnoch Formation)

parts of the Morar Group in northern Scotland (Krabbendam et al. 2008; Bonsor et al. 2010).
These two publications documented a vertical facies transition from medial fluvial braidplain
deposition, characterised by large (reedcale) trough crossedded psammite in the
Altnaharra Formation, to distal braidplain deposition, characterised by greater preservation of
fines and smaller scale troughoss beds and lateral accretion features, and then tide
dominated shallownarine deosition, reflected in rhythmic bundles of interbedded pelitic

and psammitic lithologies, in the Glascarnoch Formation (Fig 12).

Our new findings for the upper part of the Morar Group, combined with this previously
published data, therefore indicate ttie# Group is a transgressiseccessiomver its 69 km
thickness, marked bgn upward and eastwandcrease irshallowmarine faciegelative to

fluvial facies (Fig. 12) Within this largescale trend are two superposed



progradation/retrogratian cycles, similar in scale to the late Proterozdiearly Cambrian
Grand Cycles of the North America Cordillera (e.g. Aitken 1978). The first cyclé ik
thick and was initiated with thprogradation ofproximal braidplaindepositsof the basal
Altnaharra Formation followed by a gradual finingupward and backstepping phase of
sedimentation through the fluvial to tidally influenced shoreline of @lascarnoch
Formation This cycle culminaked in the (meta)siltstone of theéeeper marin&/aich Pelite
Formation (Fg. 12). The second cycle started with a gradegressie or forestepping
system as marked by the returntwfally influenced shallowmarine deposition upward to
distal braidplain deposition through the lower taddhe part of the Crom Psammite
Formation The second cycle then ended with the resumption ofréimsgressionas shown
by the initiation of afining- and deepeningpwardtrend fromthe uppermpart of theCrom
Psammite Formation intibe pelitic Debiedale rmation (Fig. 12).

Discussion

This study, combined with Bonset al.(2010) and Krabbendaet al (2008), shows thahe
Morar basin preserves two, kecale transgressiwegressive cycles superposed on an overall
deepening trend with sufficient accommodation space for at l&akn6ofsiliciclastic
sedimentlnitial studies of the sedimentology of the Moine Supergroup interpreted it as a rift
basin deposit (Strachan, 1986; Glendinning, 1988; Setper1998). Arguments against this
interpretatiorhave been summarised Bpnsor& Prave(2008),Krabbendanet al. (2008)

and Bonsoet al.(2010).Briefly, the Morar Group succession described here (Fig 12) lacks
the haltmark features of rifbasin successions: there is no evidence for the episodic
emplacement of faulgenerated detritus|{dacies and lithological transitions are very
gradual); there is no evidence for abrupt, periodic (i.e. repetitive) generation of
accommodation space that would be expected along-basimding faults; nor are there any
abrupt vertical or lateral faciésansitions which are characteristic of rift basin settings (e.g.
Archie & LopezGomez 2005). Over c-8 km of stratigraphy there is no indication of
volcanic or evaporitic input, neubstantialor abrupt coarsgrained deposits, and no rapid
changes tolte dominant palaeoflow direction, which is atypical of rift basin settings (e.g.
Allen & Allen 2005).

The alternative view adopted here is thet Morar Groupvas deposited infareland basin.
The gradual and systematic nature of facies changesigméicant thicknesses of sediment



is consistent with an extensive basin formed by tectonic loading. This scenario can also
explain the sustained subsidence necessary to accumulate such a thick succession, in
combination with the general lack of sgeposiional igneous activity. Similar depositional
frameworks both in scale and lithofacies developmemg known for the welstudied

Cretaceous Interior Seaway basins that fringed the North American Cordillera from Canadian
to Mexico (Beaumont, 198Elemings & Jordan1989 Cant & Stockmal 1989-lemings&
Jordan199Q Jordan& Flemings1991;Underschultz & Erdmer 199PJint et al.2001,

Varban & Plint 2008; Yang & Miall 2000 There, episodic loading events are known to

have driven krrscale progradati@tretrogradational depositional cycles, not dissimilar to

those described above for the Morar Group.

Palinspastic reconstructions of the Morar Group basin place it north of, but proximal to, the
Grenville orogen in the North Atlantic region (Fig 1; Krabblamet al. 2008; Cawoockt al.
2010).Peak metamorphism in the Grenville is dabedadlyat c. 1100° 1000 Ma, with late
orogenic cooling and magmatism lasting until c. 960 Ma @igers 1997 Davidson2008;

Hynes & Rivers 2010). Deposition of the Mo Group must have occurred after the age of
the youngest dated detrital zircons at c. 1000 Ma (Peters 2001; Etiah&003; Kirklandet

al. 2008) but before the oldest Knoydartian metamorphic event at c. 820 Ma (Vance et al.
1998). These age constits permit the interpretation that deposition was at least partially
contemporaneous with lastage Grenville orogenesis. As a result, subsidence and
progressive deepening of the basin could, at least in part, have been driven by loading of
Grenville-orogenyemplaced thrust sheets, and aided by sediment loading (e.g. Beaumont
1981).The gradual and systematic facies changes (both laterally and vertically) exhibited by
the Morar Group and the lack of sharp influxes of coarse deposits are consistentewith th
genesis of the basin under a suite of conditions such that the rate of subsidence exceeded the
rate of sediment flux, a pattern not uncommon in foreland settings (Tankard 1986; Varban &
Plint, 2008; Yang & Miall 2010).The palaeocontinental reconstrects also indicate that the
Moine basin was located relatively near to the periphery of Rodiniat (&i. 2008; see also
Cawoodet al.2010), so that the evolving basin may also have been affected-tigldgplate
boundary effects and séavel changessimilar to those which would have affected
correlative successions in East Greenland and Svalbard (Cat@d010). The relative
contributions of Grenvillgelated thrust loading versus plate boundary effects and/or eustatic

sealevel rise to the basiewlution remain speculative however.



High sediment flux from the Grenville orogen to the basin would have been facilitated by
high erosion rates of the source, as a result of both a las&dahentstabilising terrestrial
biotain the Neoproterozoiand a humid climate (Williams 196®Retallack & Mindszenty
1994. The latter conditions have been inferred for at least the start of the deposition of the
Morar Group from the nature of palaeosols found_@wisian Gneiss beneath the base
Torridon Groupunconformityin northwest Scotland by Williams (1969) aRetallack &
Mindszenty(1994). In addition Hoffman & Grotzinger (1993) suggested that plesitionof

the Grenville Orogen was favourghariented with respect to trade winds to allow monsoonal
precipitation. The combination of high precipitation with a lack of vegetation has no
parallels in moderuay orogens, so it is difficult to juddew much greater associated rates

of erosionwould have beenbut it islikely that theywere very high. The distribution of
detritus derived from the Grenwlbrogenacross Laurentia (Rainbiret al. 1992; Bankset

al. 2007; Cawoodet al. 2007; Pettersoret al. 2009) suggestghat a considerable portion of
sediment bypassed the Grenwill forelandsensu stricto The gradual transitions between
faciesin the Morar Groure inferred to béhe result of sustainegklivery of sediment to the
basin. If the higher estimates of sedimentation rates in Phanerozoic foreland basins are
applicablei e.g.c. 500 m/Myr (eg. Pfiffner 1986; Roberts 2005), then the entire Morar

Group may have been deposited withini 128 million years.

The fluvial sandstones of the early Neoproterozoic Torridon Group outcrop extensively on
the Caledonian foreland in northern Scotlandgsivof the Moine Thrust Zone (Fig 12;
Stewart 2002 and references therein). The possibility of correlation of the Torridon Group
and the Morar Group has been discussed frequently (e.g. Peach et al. 1907; Kennedy 1951;
Sutton & Watson 1964; Stewart 2002;idfad et al. 2003), although it has often been
discounted because of the potentially large displacements that may have occurred on the
intervening Moine Thrust. Krabbendam et al. (2008) have shown that the Altnaharra
Formation and the Torridon Group are #a&nin terms of their age of deposition, fluvial
sedimentology, stratigraphical thickness and position on Lewisian basement, geochemistry,
detrital zircon age pattern, and overall sediment transport direction (see also Rainbird et al.
2001; Kinnaird et al2007). The detrital zircon distributions in both groups show that they
share a similar source, namely parts of eastern Laurentia and the Grenville Orogen, the final
stages of which overlap deposition. It was therefore concluded that the Appléaitiss

and the Altnaharra formations are direct correlatives (Fig 12) and formed part of an axial



trunk fluvial system flowing in front of the Grenville Orogen, forming an oregarallel

foreland basin.

It is now apparent that both the Torridon Group anddiher Morar Group are characterised

by major finingupwards trends. In the Torridon Group this finimgwards trend occurs
within a terrestriafluvial successiori topped by deltaic and/or lacustrine deposits of the
Cailleach Head Formation (Stewart 2D02VNithin the Morar Group originally deposited

much farther east the trend is from medial fluvial to shallow marine facies. Our
reconstruction of stratigraphic relations implies that the AppledhostbeaAltnaharra

fluvial wedge passed laterally ¢asrds into the dominantly tidaHnfluenced shallow
marine sediments of the Glascarnoch Formation (Fig 12). We interpret the base of the
overlying Vaich Pelite Formation in the Morar Group as a major flooding surface produced
during marine transgressiatijs unit may broadly correlate with the deltaic and/or lacustrine
deposits of the Cailleach Head Formation (Stewart 2002) at the exposed top of the Torridon
Group (Fig 12). Our new data for the upper Morar Group reveal that a further prograeational
retragradational cycle occurred, as recorded by the Crom Psammite, and tinjora
flooding surface represented by the base of the Diebedale Pelite Formation (Fig 12). Our
proposed correlations require testing by geochronology centred on providing moreeaccurat
constraints on the ages of deposition of these units, as well as a more systematic study of
detrital zircon age patterns than is available to date.

Conclusions

This studyprovides new sedimentological data for reconstructing the depositional fraknewor

of the Morar Group (lower Moine Supergroup) in northern Scotldihgé. Crom Psammite

Formation, which forms the upper part of the Morar Groupcais2-3 km thick and is

exposed across its full thickness in the Glen Calvie area, northern Scotl2athied

sedimentological analysigsidentified:

e Four lithofacies within the Crom Psammitéormation rangng from tidally-

influenced shallowmarine to fluvial deltaic facies The ron-marine facies are
subordinate and restricted to @ 1 kmthick successionn the middle of the

formation.



e Vertical stacking of the facies defito largescale cycles, eaata. 1-1.5 km thick:
a coarseningipward maringo-fluvial regressionin the lower Cromand a fining
upward fluvialto-marine transgression in the uppeart of the stratigraphy that
culminated in a major bastheepening event represented by the Diebidale Pelite
Formation.

e Both the lower and upper contacts of the Crom Psammite to the Vaich and Debidale
Pelite formations, respectively, are transitional accur gradually ovemany 10s of

m of stratigraphic thickness.

Our new findings for the upper part of the Morar Group, combined with previously published
data (Bonsoret al. 2010; Krabbendanet al 2008), indicate that th&lorar Group is a
transgressie successiorover its 69 km thickness, marked bsgn upward and eastward
increase irshallowmarine faciegelative tofluvial facies. Within thislargescaletrend are

two superposed progradation/retrograaia cycles, similar in scale (several km) toetltate
Proterozoici early Cambrian Grand Cycles of the North America Cordill&tse overall
characteristics of the succession are consistent with deposition in a large, marginally
underfilled foreland basin located adjacent to the Grenville orogen,casibfy linked to the

periRodinian ocean.
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Figures

Fig. 1. Schematiececonstructions of Laurentia, Baltica and Amazonia at ca. 1000 Ma,

following amalgamation of Rodinia and Grenwilige orogenesis: (a) after Dalziel and Soper
(2001) and (b) after Li et al. 2008 and Cawo
refer to the oceanic tract that separated Laurentia and Baltica. Approximate position of

Morar (M), Torridon (T), and Krummedal (K) sequences is indicated. SN, Sveconorwegian

Belt; Hb, Hebridean block (NW Scottish Foreland and Rockall Platform).
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Fig. 2. a) Oveview map of Northern Highlands, showing main early Neoproterozoic
sequences and their basement. P086tMa raks not shown. AT = Achness Tst, MT =
Moine Thrust, SBT = Sgurr Beag ThrustP = Morar PeninsulgAreas of previous

sedimentologial studies in the lower and middle Morar Group are outlined within boxes
(Bonsor
ab) Maag of thé Glan Kalvee argasubsdtyarpa

mar ked O6Fannichs©o
mar kedCalGy ieammd i s

et

al

2010)

highlighted is shown in Fig. 2c¢) Geological map of Glen Calvetudyarea. Location of
sedimentological loggom this studyare shown: U.GVY. = Upper GlascarnochVaich
Pelite- Lower CromPsammiteL.C. = LowerMid Crom PsammiteM.C. = Mid Crom
Psammig; U.C. = Upper CronfPsammitesection. Aproximate boundaries of lithofacies

LFC1 - LFC4 shown.
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Fig. 3. Schematic diagram of the regional Morar Group tectmatigraphy in the northern
Highlands (Fannich$ Sutherland). Major thrust faults, but nioids, are shown; not to
scale. Relative location of log sections from this study are denoted by bladktharsode

of the logs corresponds to logs marked in Fig. 2, and to the detailed log sections in Figs. 4, 6,
8 & 10. Log sections from previoususies are shown by white bars (Bonsor et al. 2010),
and hashed bars (Krabbendam et al. 2008).
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Fig. 4. (a) Sedimentological log of FC1 in thelower part of theCrom Psammite Formation
(GR 245314, 888506and (b) sedimentological log of LFC2 above UF@G the lower Crom
Psammite Formation (GR 243957, 88805M) both, arows denote palaefbow directions
measured fronsmaltscale rippls; notethe absence ofonglomerate. Grey triangles mark
coarseningupward units.
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Fig. 5. Complexco-sets of ripplecrosslaminationswithin psammitic beds of the Lower
CromFormation




Fig. 6. Sedimentological log of LFEin thelower part of the Crom Psammig@@rmation,
Glen Calvie Arrows denote palaetbow directions measured frosmaltscaleripples;grey
triandes mark coarseningpward units.
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Fig. 7. Photographsf the lowerpart of theCrom Psammite Formation:)(Enticularand
flaserbedding (b) thin tabular crosbeds and lenshaped psammite beds interbedded with
horizontal and wawaminated sempeliteunits; and (c) bundles of combinédw and
waveripple units with planar laminated units.



