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Abstract 

The tectonic significance of the Muness Phyllite which overlies the Unst-Fetlar ophiolite in 

Shetland, Scottish Caledonides is poorly understood. U-Pb analyses of detrital zircons show 

that it was deposited after c. 469 Ma. Lower Palaeozoic grains have εHf values of -0.3 to 

+12.3 and were likely derived from the extension of the Midland Valley arc. Psammite clasts 

and the matrix of the Muness Phyllite contain Proterozoic and Archaean detrital zircons with 

age peaks of c. 1 Ga, 1.4 - 1.5 Ga, 1.6 - 1.7 Ga, 1.8 - 1.9 Ga and 2.7 Ga. These are consistent 

with ultimate derivation from NE Laurentia sources and were probably recycled from the 

Neoproterozoic East Mainland Succession that underlies the Mesozoic East Shetland Basin.  

The Muness Phyllite is interpreted to have been deposited soon after the Grampian I 

orogeny in a successor basin that overstepped, and received detritus from, the Midland 

Valley arc, the East Mainland Succession and the Unst-Fetlar ophiolite. It was then deformed 

and metamorphosed, probably at c. 450 Ma during the Grampian II orogenic event. The 

Muness Phyllite therefore provides a record of middle to late Ordovician tectonic events 

along the Scottish sector of the Laurentian margin following ophiolite obduction.    

[End of abstract] 

Ophiolites are fragments of oceanic lithosphere that have been emplaced tectonically onto 

continental margins, island arcs or within accretionary complexes, and hence constitute first-

order evidence for plate tectonic processes (e.g. Coleman 1971; Dewey 1976; Moores 1982; 

Pearce et al. 1984; Wakabayashi & Dilek 2003; Robinson et al. 2008; Dilek & Furnes 2011). 

Many formed in a supra-subduction zone (SSZ) setting and were obducted onto passive 

continental margins during arc-continent collision. SSZ ophiolites have been documented 

from diverse orogenic settings including Newfoundland (Casey & Dewey 1984; Cawood & 

Suhr, 1992), Oman (Searle & Malpas 1980; Lippard et al. 1986; Searle & Cox 1999, 2002) and 

Albania (Robertson & Shallo 2000; Bortolotti et al. 2013). Whether the sedimentary 

successions associated with many ophiolites accumulated before, during, or after obduction 

depends upon a knowledge of field relationships and the timing of sedimentation. In the 

case of deformed and metamorphosed ophiolites, these constraints may be unknown and so 

the tectonic significance of these sedimentary rocks remain uncertain. In this context, we 

use the detrital zircon record to constrain the age, provenance and tectonic setting of the 

Muness Phyllite which overlies the Unst-Fetlar ophiolite in the Shetland Islands, Scottish 

Caledonides (Fig. 1).   
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Caledonian orogenesis resulted from the closure of the Early Palaeozoic Iapetus 

Ocean and the collision of three continental blocks, Laurentia, Baltica and Avalonia (Fig 1a; 

Pickering et al. 1988; Soper et al. 1992). Development of the Iapetus Ocean accompanied the 

Ediacaran breakup of Rodinia and started to close by the Late Cambrian following the 

development near the Laurentian margin of an intraoceanic subduction zone that is believed 

to have dipped to the E or SE (present reference frame) (e.g. Dewey & Ryan 1990; Chew et 

al. 2010). The accretion of Late Cambrian to Early Ordovician SSZ ophiolites and magmatic 

arcs to the Laurentian passive margin at c. 480-470 Ma resulted in Taconic/Grampian 

orogenic events (Dewey & Ryan 1990; Oliver et al. 2000; Roberts 2003). In the Scotland-

Ireland sector of the orogen, SSZ ophiolites are exposed in Clew Bay, Tyrone, Bute, 

Ballantrae and Shetland (Fig 1a; e.g. Gass et al. 1982; Flinn 1985; Oliver et al. 2002; Chew et 

al. 2010). In Ireland, magmatic arcs are exposed south of Clew Bay (Chew et al. 2007) and in 

Tyrone (Cooper et al. 2011; Hollis et al. 2012, 2013), but in Scotland are buried under the 

cover of the Midland Valley (Bluck 2002; Badenszki et al. 2019). Following a flip in 

subduction polarity and development of the Southern Uplands accretionary prism (Fig. 1a), 

the culminating continental collision occurred at c. 430-400 Ma. The collision of Laurentia 

and Baltica resulted in the Scandian orogeny and the thrusting of nappes derived from 

Laurentia and the Iapetus Ocean onto the Baltican margin (Roberts 2003; Roberts et al. 

2007; Corfu et al. 2014; Gasser 2014 and references therein).  

Along strike to the northeast of Scotland, the SSZ ophiolite suite is intermittently 

exposed along almost the entire length of the Norwegian Caledonides (Fig. 1a; e.g. Dunning 

& Pedersen 1988; Pedersen & Hertogen 1990; Pedersen et al. 1992; Pedersen & Dunning 

1997; Roberts et al. 2002; Slagstad et al. 2014). The Karmoy and Leka ophiolites incorporate 

volcaniclastic successions that appear to have accumulated prior to obduction (Sturt et al. 

1979; Dunning & Pedersen 1988). In contrast, the Gullfjellet and Løkken-Bymarka-Vassfjellet 

ophiolites are overlain by volcano-sedimentary cover successions that were deposited in 

successor basins after obduction (Thon 1985; Grenne & Roberts 1998). In the Scotland-

Ireland sector, the Clew Bay ophiolite is overlain by the thick fore-arc volcano-sedimentary 

succession of the South Mayo Trough (Fig 1a; Dewey & Mange 1999; Draut et al. 2004). The 

Ballantrae ophiolite incorporates black shales, radiolarian cherts and volcaniclastic material 

which also likely formed a forearc succession (Oliver et al. 2002). In Shetland, however, the 

age of the Muness Phyllite which overlies the ophiolite is unknown and so it has been 

interpreted as having been deposited prior to (Crowley & Strachan 2015) and after (Flinn & 

Oglethorpe 2005) obduction, and hence its tectonic significance is unknown. 

Geological setting of the Unst-Fetlar ophiolite and the Muness Phyllite 

The Unst-Fetlar ophiolite overlies Laurentian metasedimentary successions: the c. 1100-930 

Ma Yell Sound and Westing groups (Cutts et al. 2009, 2011; Jahn et al. 2017) and the c. 700-

550 Ma East Mainland Succession (Strachan et al. 2013) (Fig 1b). These likely form the 

extension of the Grampian terrane of mainland Scotland and Ireland (Fig. 1a). The main 

lithologies are metapsammites and metapelites; sedimentary structures are absent, 
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probably as a result of metamorphic recrystallisation and high tectonic strain. An 

amphibolite facies S1 gneissosity dips to the ESE in NW Unst and carries a down-dip L1 

mineral lineation.  

 The ophiolite consists of two nappes of metaigneous rocks (Figs 1b & 1c). The Lower 

Nappe exposes a sub-vertically layered sequence of, from west to east, metaharzburgite, 

metadunite and metagabbro (Flinn 2014). The overlying Muness Phyllite is interpreted as 

resting unconformably on the Lower Nappe (Flinn & Oglethorpe 2005; Flinn 2014).  The 

contact between the two units is assumed to be gently dipping (Fig. 1c), but the rare 

exposed contacts are everywhere reworked by steep brittle faults. However, there is no 

reason to suppose that any of these faults are associated with major displacements. The 

Upper Nappe, largely comprising metaharzburgite, structurally overlies both units (Figs 1b & 

1c). Both nappes are underlain by tectonic slices of foliated amphibolites (‘Norwick 

hornblende schists’ in Fig 1b) which have been interpreted as the metamorphic sole of the 

ophiolite (Williams & Smythe 1973; Spray 1988).   

 The Muness Phyllite is dominated by fine-grained, grey to black, laminated, often 

strongly deformed metasiltstones (Fig. 2). These often contain identifiable clasts of quartz 

and plagioclase feldspar, and quartz segregations are common. Metasandstone units up to 

20-30 cm thick locally show graded bedding and are the right way up. Occasional 

conglomeratic layers vary in thickness from 1 m to (rarely) 10 m. Flinn (2014) subdivided the 

conglomerates into two types. The first is dominated by clasts of mainly felsic igneous 

material, including plagiogranite, leucotonalite, fine-grained lithologies of probable volcanic 

origin, and rare clasts of psammite (Fig. 3; Flinn 2014). The second type is dominated by 

pebbles of metagabbro with subordinate felsic igneous lithologies. There is every variation in 

clast size from 1-2 cm to, less commonly, 15-20 cm. The presence of metagabbro and 

plagiogranite clasts, as well as elevated concentrations of Cr, suggest that the unit was 

partially derived from erosion of ophiolitic material (Flinn 2014). However, many of the fine-

grained felsic clasts, particularly those likely to have had a volcanic parentage, are difficult to 

match with any exposed parts of the ophiolite. On Fetlar, a late fault separates the Lower 

Nappe of the ophiolite and the Muness Phyllite from the Funzie Conglomerate (Fig. 1c) 

which contains abundant deformed clasts of quartzite as well as less common granitic types 

(Flinn 2014; Biejat et al. 2018).    

The ophiolite, the Muness Phyllite and the Funzie Conglomerate all contain a 

prograde greenschist facies metamorphic assemblage (Cannat 1989; Flinn & Oglethorpe 

2005; Flinn 2014). Accompanying deformation was strongly partitioned into the 

metasedimentary units. The Muness Phyllite contains a well-developed planar deformation 

fabric defined by aligned chlorite + muscovite ± biotite and which lies parallel to bedding to 

form a composite S0/S1 fabric (Flinn 2014). This fabric is deformed by upright F2 folds (Fig. 2) 

which plunge parallel to a NNE-trending L2 mineral and extension lineation (Flinn 2014). The 

lineation is particularly prominent in conglomerate layers where is emphasised by the 

elongation of deformed clasts. The Funzie Conglomerate is structurally simpler as it only 

contains evidence for one phase of deformation. Folds of bedding are transected by an L-S 
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deformation fabric, the linear component of which plunges parallel to L2 within the Muness 

Phyllite (Biejat et al. 2018).  

Caledonian evolution of the Unst-Fetlar ophiolite and associated metasedimentary rocks 

Isotopic, geochemical, metamorphic and structural data indicate a complex evolution, 

although there are still significant gaps in understanding: 

Formation and obduction of the ophiolite 

Magmatic crystallization of the ophiolite is dated by a U-Pb (TIMS) zircon age of 492 ± 3 Ma 

(Spray & Dunning 1991). Geochemical data support its formation in a supra-subduction 

setting (Prichard & Lord 1988; O’Driscoll et al. 2012, 2018). Obduction is constrained by: a) a 

Lu-Hf garnet age of 491 ± 6 Ma (Walker et al. 2020), b) a U–Pb zircon age of 484 ± 4 Ma 

(Crowley & Strachan 2015), and c) K–Ar hornblende ages of c. 480-465 Ma (Spray 1988), all 

obtained from the amphibolites that form the metamorphic sole.  

‘Grampian I’ event (c. 485-470 Ma) 

Ophiolite obduction is believed to have been followed by regional deformation and 

amphibolite facies metamorphism of the metasedimentary rocks in its footwall. The 

transport direction is assumed to have been towards the west, parallel to L1 (Cannat 1989; 

Flinn & Oglethorpe 2005; Flinn 2014). Lu-Hf, Sm-Nd, U-Pb and Rb-Sr mineral ages of c. 485-

470 Ma date this event which correlates with the Grampian orogenic event recognised in 

mainland Scotland and Ireland (Cutts et al. 2011; Walker et al. 2020). Peak pressure-

temperature (P-T) conditions obtained from metasedimentary rocks in the footwall of the 

ophiolite were c. 10 kbar and 775°C (Cutts et al. 2011). Low-angle foliations were then 

reworked into a steep orientation across Yell and Mainland Shetland (Walker et al. 2016, 

2020).  

‘Grampian II’ event (c. 450-445 Ma) 

Lu-Hf, Sm-Nd and Rb-Sr mineral isochron ages of c. 450-445 Ma date ‘Grampian II’ 

metamorphism within the footwall of the ophiolite (Walker et al. 2016, 2020). The tectonic 

driver of this event, which is also recorded in mainland northern Scotland, is uncertain but it 

could have resulted from either flat-slab subduction or terrane accretion (Bird et al. 2013). 

Cutts et al. (2011) calculated P-T conditions of c. 7.5 kbar and 550°C from garnets in NE Unst 

that have yielded a Grampian II age (Walker et al. 2020).  

Scandian event (c. 440-430 Ma) 

The Funzie Conglomerate is interpreted as a synorogenic deposit that was sourced from 

advancing Scandian thrust nappes (Biejat et al. 2018). Sedimentation occurred after c. 440 

Ma, the U-Pb zircon age of the youngest detrital components (Biejat et al. 2018). Tectonic 

burial generated P-T conditions of c. 300-400°C and <4 kbar within the ophiolite, the Muness 

Phyllite and the Funzie Conglomerate (Cutts et al. 2011) and was followed by sinistrally-
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oblique extension (Biejat et al. 2018). The tectonic driver for the latter is unknown. Did it 

result from gravitational instability arising from deeper-level (but currently exposed) thrusts, 

or from sinistral relative displacement between Laurentia and Baltica following oblique 

continental collision (Dewey & Strachan 2003)? A potentially related problem is how to 

account for the metamorphic contrast between the ophiolite and its footwall which is 

equivalent to at least c. 10 km of missing crustal section (Cutts et al. 2011). Was this entirely 

achieved by sinistrally-oblique extension, or did the detachment faults rework older out-of-

sequence thrusts? Irrespective of the solutions to these issues, the final event that can be 

attributed to the Scandian event is the westerly-directed thrust emplacement of the upper 

ophiolite nappe (Biejat et al. 2018).  

In the context of the tectonic framework outlined above, the age and provenance of the 

Muness Phyllite are still unknown. U-Pb-Hf detrital zircon geochronology provides insights 

into these issues and the basis for our interpretation of the tectonic setting of the basin.  

U-Pb-Hf analyses 

U-Pb-Hf analyses were undertaken on zircons that were separated from conglomerate layers 

sampled in situ from well exposed coastal outcrops within the Muness Phyllite on Unst and 

Uyea (Fig 1b). One sample was of the matrix of a conglomerate layer, three were of 

psammite clasts, and four samples included both clasts and matrix material. 

Analytical methods 

1-4 kg samples were crushed, milled, and sieved to separate the <355 μm fraction. Heavy 

minerals were extracted using a Wilfley density separating table and sorted on a Frantz 

magnetic separator, isolating the non-magnetic fraction. Zircons were handpicked under 

binocular microscope and mounted in epoxy resin. The encapsulated zircon grains were 

imaged using cathodoluminescence (CL) microscopy using a variable pressure Hitachi S-

3400N scanning electron microscope (SEM) in the analytical facilities of GEOTOP-UQAM 

(University of Quebec in Montreal, Montreal, QC, CA).  

The U-Pb isotopic analyses were conducted using a Photon-machines Analyte G2 

excimer laser (193nm) coupled with a single-collector high-resolution Nu Attom Inductively 

Coupled Plasma Sector Field Mass Spectrometer (LA-ICP-SFMS). The U-Pb data were 

collected with a spotsize of 25μm at a repetition rate of 5 Hz and fluence of 3 Jcm-2. The 

91500 zircon (206Pb/238U age of 1062.4 ± 0.4; Wiedenbeck et al. 1995) was used as the 

primary reference material for the correction of laser-induced elemental fractionation and 

instrument drift. The reported U-Pb isotopic data are ≤ 10% discordant and were collected 

from core domains of zircons that exhibit igneous zoning. The data are presented in Kernel 

Density Estimation (KDE) diagrams using an adaptive bandwidth (Vermeesch 2012). For U-

Pb ages that exceed 1.2 Ga, the 207Pb/206Pb age is used, whereas for those below 1.2 Ga the 
206Pb/238U age is used.The secondary zircon reference materials BB9 (Santos et al. 2017), 

Mudtank (Gain et al. 2019), and GJ-1 were interspersed with the unknowns for quality 

control purposes. The weighted-average 206Pb/238U ages of the BB9, Mudtank and GJ-1 
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corroborate the accepted reference values and yield the following ages : 567.94 ± 1.58 

(MSWD = 1.3, n = 22, 2s), 740.81 ± 25.61 (MSWD = 5.71, n = 5, 2s) and 600.54 ± 1.92 (MSWD 

= 3.13, n = 28, 2s), respectively (see Supplementary Data File). The U-Pb isotopic data were 

processed using iolite 3.63 and plotted with IsoplotR (Paton et al. 2011; Vermeesch 2018).  

The Lu-Hf isotopic data were collected with the Analyte G2 laser system coupled 

with a Nu Plasma II Multicollector Inductively Coupled Plasma Mass Spectrometer using a 

spotsize of 50 μm, laser fluence of 9 J/cm-2, and frequency of 15 Hz. The 91500 zircon 

reference material was used as the primary standard for matrix matching and instrument 

drift corrections. Details about the analytical settings and isobaric interference corrections 

are provided in the supplementary material. The SA01, Plesovice, and MunZirc zircon 

reference materials (Huang et al. 2020, Slama et al. 2008, Fisher et al. 2011) that show 

variable 176Yb/177Hf ratios were interspersed with the unknowns for quality control purposes 

corroborating within uncertainty the reference values. The standard-corrected weighted 

mean 176Hf/177Hf values of the secondary reference materials are the following: SA01 

(0.282313 ± 30, n = 9, MSWD = 1.25, 2s), Plesovice (0.282468 ± 25, n = 7, MSWD = 0.88, 2s), 

MunZirc1 (0.282121 ± 19, n = 10, MSWD = 1.2, 2s), MunZirc3 (0.282062 ± 85, n = 5, MSWD = 

0.94), MunZirc4 (0.282096 ± 88, n = 5, MSWD = 3.47, 2s). The analytical errors were 

calculated as quadratic additions of the in-run error (2SE) and the reproducibility of the 

Plesovice standard (0.010%). The initial 176Hf/177Hf isotope ratios and εHf values were 

calculated using the 176Lu decay constant of 1.867 × 10-11 (Soderlund et al. 2004) and the Lu-

Hf Chondritic Uniform Reservoir (CHUR) parameters of Bouvier et al. (2008).  

Additional details of analytical procedures, complete U-Pb and Lu-Hf isotopic data 

and methods of U-Pb age calculation and error reporting are given in the Supplementary 

Materials. 

U-Pb results 

Matrix 

Sample UY-12-6 was collected on Uyea at HU 60950 97906 (Fig. 1b). Alternating micaceous 

and quartz-rich layers define a penetrative deformation fabric which in places resembles S-C 

structure. The micaceous layers are typically 0.1-0.8 mm thick and dominated by chlorite 

with minor amounts of biotite and rutile. The quartz-rich layers are generally 2-4 mm thick 

and also include minor quantities of plagioclase and opaque minerals. Quartz has mostly 

recrystallised to granoblastic aggregates although relics of detrital grains of ~0.5 mm 

diameter are discernable. The zircon grains are rounded to subrounded with aspect ratios 

1:1 to 3:1 and exhibit luminous core and mantle domains in CL (Fig. 4). Dark grey cores 

overgrown by luminous mantle and thin (≤ 20μm) dark grey rims are also observed. The 

brighter CL domains commonly show oscillatory or sector zoning. The U-Pb isotopic analyses 

yield a dominant age peak in KDE diagrams at 1066 Ma and two subordinate peaks at 1815 

Ma, and 2733 Ma (Fig. 5a). These peaks are recorded also as discrete clusters in U-Pb 

concordia space (Fig. 6). The youngest single zircon grain of the c. 1 Ga cluster yields a 

concordia age of 997.9 ± 14 Ma (Fig. 6a).  
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Psammite clasts 

Three fist-sized psammite clasts, samples UY-12-3, UY-12-4 and UY-12-5, were collected on 

Uyea at HU 60950 97906 (Fig. 1b). These are fine- to medium-grained metasandstones, 

mainly composed of quartz with subordinate plagioclase and K-feldspar, and accessory 

zircon and opaque minerals. Intergranular patches of calcite are presumed to be relic 

cement, and occasional grains of chlorite are of probable metamorphic origin. Texturally 

there is every variation from poorly-sorted mosaics of sutured and variably recrystallised 

quartz grains of various sizes to bimodal collections of larger grains set in a fine-grained 

matrix.  In the latter case, the larger quartz grains are often 1-1.25 mm diameter, but 

occasionally up to 2.5 mm length, and can appear well-rounded to spherical. Their 

boundaries are commonly irregular due to sub-grain development but none the less they are 

interpreted as original clasts, some of which appear to have been polycrystalline. 

Sample UY-12-3 Two grain size populations of zircons are observed with no systematic age 

variations between them. The grains are commonly rounded to subrounded with aspect 

ratios of 1:1 to 2:1. Prismatic euhedral grains are also rarely observed. The grains exhibit 

either luminous or grey response in CL with oscillatory and sector zoned domains (Fig. 4). 

The coarser grained population shows also dark CL rims with zones of transgressive 

recrystallization (Fig. 4; Hoskin & Black 2000). A dominant age peak at 2750 Ma is recorded 

in the KDE diagram with two subordinate peaks at 1729 Ma and 1035 Ma (Fig. 5b). The 

youngest single zircon grain of the c. 1 Ga age peak yields a concordia age of 941.9 ± 13.1 

Ma (Fig. 6b).  

Sample UY-12-4 The zircon grains are rounded to subrounded with aspect ratios of 1:1 to 

2:1. The majority of the imaged grains exhibit oscillatory and/or sector zoning but local 

domains with convolute zoning are also observed. Darker cores in CL with sector zoning 

overgrown by oscillatorily zoned brighter mantle domains are also recorded. A dominant 

age peak is observed in the sample at 1660 Ma with two subordinate peaks at 1080 Ma and 

2805 Ma (Fig. 5c). The youngest single grain of the c. 1 Ga age population yields a concordia 

age of 1034.6 ± 5.6 Ma (Fig. 6c). 

Sample UY-12-5 Two grain size populations of subrounded grains are observed that exhibit 

oscillatory, sector, and homogeneous grey zoning in CL images. Intragrain domains with 

convolute zoning and transgressive recrystallization are also observed. A dominant age peak 

is recorded in the sample at 2756 Ma with two subordinate peaks at 1800 Ma and 1095 Ma 

(Fig. 5d). The coarser-grained fraction is dominated by > 2500 Ma grains (75 % of the 

fraction) with 45 % of grains in the finer-grained fraction recording ages below 2000 Ma. The 

youngest single grain from both fractions yields a concordia age of 471.5 ± 3.9 Ma (Fig. 6d).  

Clasts and matrix material 

Small fist- to boulder-sized samples were collected, comprising both matrix and cm-scale 

clasts of meta-igneous material. Samples UN-12-3 and UN-12-5 were collected on Unst at HP 
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62437 99735 (Fig. 1b). Samples UY-12-1 and UY-12-2 were collected on Uyea at HU 66192 

98903 (Fig. 1b). There was no attempt to separate matrix and clasts during crushing, and so 

the zircons that were analysed are potentially from both components. In these samples, 

elongate clasts are wrapped by a fine-grained matrix comprising variable proportions of 

aligned chlorite and biotite with recrystallised quartz grains and scattered opaque minerals. 

Clasts may be clearly distinguished from their matrix, even though quartz grains within them 

have often been strongly recrystallised as shown by widespread sub-grain development and 

sutured boundaries. The clasts are composed of variable proportions of plagioclase and 

polycrystalline quartz with granophyric intergrowths occasionally evident. In UN-12-3, some 

clasts are composed of euhedral-subhedral plagioclase crystals +/- quartz and could be 

reasonably interpreted as dacitic or rhyolitic lavas. Sample UY-12-2 contained prominent 

clasts of myrmekitic granophyre. 

Sample UN-12-3 The zircon grains are commonly euhedral to subhedral with aspect ratios of 

1:1 to 2:1. Subrounded fractured grains with aspect ratios of 1:1 are also detected. The 

imaged grains show chiefly oscillatory and/or sector zoning but grains with dark grey 

homogeneous or convolute zoning are also observed (Fig. 4). Dark cores overgrown by 

luminous oscillatory zoned mantle and rim domains are also recorded. The age spectrum of 

the sample shows a dominant age peak at 469 Ma with two subordinate peaks at 1931 Ma 

and 2725 Ma (Fig. 5e). The youngest single grain of the 469 Ma peak yields a concordia age 

of 454.9 ± 5.3 Ma (Fig. 6e).  

Sample UN-12-5 The sample hosts euhedral and subrounded zircon grains with aspect ratios 

of 1:1 to 2:1. Zircon grains from both morphological populations exhibit oscillatory, sector, 

or dark grey homogeneous CL zoning. A dominant age peak is recorded in the sample at 469 

Ma with three subordinate peaks at 1392 Ma, 1865 Ma and 2725 Ma (Fig. 5f). Importantly, 

the euhedral grains belonging to the 469 Ma age peak indicate first-cycle origin from a 

proximal source. The youngest single zircon grain yields a concordia age of 449.8 ± 4.3 Ma  

(Fig. 6f).  

Sample UY-12-1 The zircon grains are stubby or elongated with aspect ratios of 1:1 to 3:1. 

The dated grains have euhedral morphology and luminous oscillatory zoning in CL images. 

Rarely observed are sector zoned zircon cores with darker response in CL images (Fig. 4). A 

unimodal age peak is recorded in the KDE diagram at 484 Ma (Fig. 5g). The youngest single 

zircon grain yields a concordia age of 475.4 ± 4.8 Ma (Fig. 6g). 

Sample UY-12-2 Elongate, stubby, and subrounded zircon grains are observed in the sample 

with aspect ratios of 1:1 to 3:1. Euhedral zircon grains with homogeneous luminous grey or 

oscillatory zoning dominate the zircon fraction. A dominant age peak is recorded in the KDE 

diagram at 484 Ma with a subordinate peak at 2706 Ma (Fig. 5h). The youngest single zircon 

grain yields a concordia age of 479.9 ± 3.2 Ma (Fig. 6h).  

Lu-Hf isotopic data 

The Lu-Hf isotopic analyses were conducted on the intragrain domains that were targeted 

for U-Pb isotopic microanalysis from samples UN-12-3 and UN-12-5. The selected samples 
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host grains from variable sources and show age peaks at 469 Ma, 1392 Ma, 1865 Ma, 1931 

Ma, and 2725 Ma (Figs. 5e & 5f). The Lu-Hf isotopic data are summarised in Figure 7.  

Sample UN-12-3 (clasts and matrix material) 

The euhedral zircon grains with U-Pb ages from 452 to 628 Ma show dominantly 

suprachondritic εHf values that vary from - 0.3 to + 12.3. The analyses that fall in the 1.6 - 

1.9 Ga age range show a higher spread in εHf values from - 7.2 to + 5.1 denoting 

contribution dominantly from reworked sources. A similar pattern in εHf-time space is 

recorded also in grains that belong to the 2.6 - 2.9 Ga age range showing a spread in εHf 

values from -13.4 to + 4.3. 

Sample UN-12-5 (clasts and matrix material) 

The zircon grains with U-Pb ages from 450 to 553 Ma exhibit suprachondritic Hf isotopic 

signatures with εHf values varying from + 0.1 to + 10.8. Zircon grains of c. 0.95 - 1.2 Ga show 

εHf values that vary from - 6.4 to + 5.5 whereas those that belong in the 1.4 - 1.5 Ga age 

group show dominantly positive εHf values that vary from - 9.1 to + 8.2. The Hf isotopic 

composition of zircon grains that fall in the 1.6 - 1.9 Ga age range is expressed in the εHf-

time space with εHf values varying from - 13.5 to + 6.6. The zircon grains of the 2.6 - 2.9 Ga 

age range show also an important contribution from reworked sources with εHf values 

varying from - 8.5 to + 3.6. 

Discussion 

Age of the Muness Phyllite: stratigraphic and tectonic implications 

Following accepted practice, the depositional age of the Muness Phyllite must be younger 

than c. 469 Ma, which corresponds to the youngest age peak in the KDE diagrams (Fig. 5; e.g. 

Spencer et al. 2016; Anderson et al. 2019; Coutts et al. 2019). Analyses of detrital zircons 

that yielded younger ages may reflect the influence of lead loss, and further investigations 

would be necessary to establish their veracity. We therefore suggest the Muness Phyllite 

was deposited between c. 469 Ma and c. 430 Ma, the latter corresponding to the age of 

emplacement of the structurally overlying upper ophiolite nappe (Biejat et al. 2018). Our 

new data therefore support the interpretation of Flinn & Oglethorpe (2005) that the Muness 

Phyllite was deposited after the lower ophiolite was obducted, rather than it forming an 

integral part of the ophiolite (Crowley & Strachan 2015).  

Was detritus sourced from the west or the east? 

A key question is whether the detritus was sourced locally from within Shetland or from the 

east where it could have been eroded from basement either submerged under the North 

Sea or exposed in Norway. A local source for some detritus might be indicated by clasts of 

metagabbro and plagiogranite that compare with similar lithologies in the underlying 

ophiolite (Flinn 2014). It is also possible that the fine-grained igneous clasts, particularly 

those that appear to have a volcanic protolith, could have been derived from an extrusive 

carapace to the ophiolite, although no such lithologies appear in situ. A proximal westerly 

source within Shetland might appear to be ruled out by a) the absence within the Muness 
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Phyllite of detrital grains of garnet, monazite, kyanite and staurolite which define prograde 

metamorphic assemblages within the East Mainland Succession and Westing Group, and b) 

the lack of any match within rock units of >469 Ma in age for any of the fine-grained igneous 

clasts, especially those of apparent volcanic parentage. However, set against this, the 

metasedimentary rock units may not have been exhumed until <440 Ma following tectonic 

juxtaposition against the lower ophiolite, and thus not available as a potential sediment 

source at the time that the Muness Phyllite was deposited. In summary, field and 

petrological observations permit derivation of some detritus from the underlying ophiolite 

but do not enable the distinction between potential sources to the east and the west. Our 

new U-Pb-Hf data helps to resolve some of these uncertainties. 

Provenance and significance of the Lower Palaeozoic zircons 

The Lower Palaeozoic detrital zircons yield U-Pb ages between c. 450 Ma and c. 498 Ma, and 

define peaks at c. 484 Ma and c. 469 Ma in the KDE plots (Fig. 5). Of these Lower Palaeozoic 

zircon grains, 33 out of 59 (56%) yield ages between c. 480 Ma and c. 498 Ma and likely 

overlap the 492 ± 3 Ma crystallization age of the ophiolite (Spray & Dunning 1991). 

However, the ophiolite as a whole has low zircon fertility (Flinn 2014), and its crystallisation 

age was obtained from a plagiogranite in the Lower Nappe, examples of which are relatively 

rare. The Lower Palaeozoic zircon population is therefore unlikely to have been derived 

entirely from the ophiolite. To the west, the metasedimentary rocks of Shetland contain 

various felsic intrusions that were deformed and metamorphosed during the Grampian I 

orogenic event (Walker et al. 2016, 2020) and these represent a potential source for the 

Lower Palaeozoic zircons. However, although no Hf isotope data are available for any of 

these intrusions, it seems highly unlikely from their setting that they would match the 

juvenile signature of the 469 Ma population of zircons in samples UN-12-3/5 indicated by 

the spread in εHf values from -0.3 to +12.3 (Fig. 7). Furthermore, none of the clasts contain 

any evidence for deformation prior to their incorporation into the Muness Phyllite. A 

westerly source for the Lower Palaeozoic zircons thus seems improbable.  

We suggest that the most likely solution is that the Lower Palaeozoic zircons are 

derived from the east and sourced from the extension of the Midland Valley arc in the North 

Sea (Fig. 1a; Lundmark et al. 2014). The age span of the Lower Palaeozoic zircons within the 

Muness Phyllite falls within the suggested duration of Ordovician to Silurian magmatism 

within the Midland Valley arc (Bluck et al. 2006; Chew et al. 2007; Cooper et al. 2011; Hollis 

et al. 2012, 2013; Badenszki et al. 2019). Furthermore, the suprachondritic Hf isotope 

signatures in zircon grains of the 469 Ma age population in samples UN-12-03/05 are 

consistent with zircon-derived Hf isotope data from xenoliths in the Midland Valley terrane. 

Specifically, the spread in εHf values from -0.3 to +12.3 in zircon grains from clasts and 

matrix material in UN-12-03/05 compare with Hf isotope data from inherited zircon grains 

hosted in c. 415 Ma metadiorites, that show εHf values from +1.6 to +10.8 (Badenszki et al. 

2019). The latter study demonstrated also that zircon grains from metatonalite xenoliths 

record juvenile magmatism but with more clustered εHf values that vary from +7.8 to +9.0. 

The Midland Valley arc and the Lower Palaeozoic detrital zircons within the Muness Phyllite 

thus have similar juvenile signatures. 
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A proximal source for the Lower Palaeozoic zircons is favoured by the survival of 

euhedral faces in the zircon grains of the 469 Ma detrital component. The closest and hence 

most likely source is that part of the Midland Valley arc that is thought to underlie the 

Mesozoic East Shetland Basin (Fig. 1a). More distal sources in SW Norway cannot be 

excluded since this sector of the Caledonides includes a range of ophiolites and associated 

volcanic and intrusive arc rocks that have yielded U-Pb zircon ages in the range c. 495-440 

Ma. As well as the ophiolites mentioned earlier, these include the Sunnhordland, Smøla-

Hitra and Bindal batholiths (Fig. 1a; Nordgulen et al. 1993; Pedersen & Dunning 1997; 

Dunning & Pedersen 1998; Tucker et al. 2004; Scheiber et al. 2016). The Utsira High (Fig. 1a) 

represents another potential source which contains granitic rocks characterised by euhedral 

zircon grains with oscillatory zoning and which have yielded U-Pb ages of 456 ± 7 Ma, 460 ± 

8 Ma, and 463 ± 6 Ma (Slagstad et al. 2011). However, the εNd values of these granites vary 

from -10 to –10.67 indicating that they are reworking products of pre-existing crust and 

could not have been the source lithologies of the c. 469 Ma euhedral zircon grains in the 

Muness Phyllite. This demonstrates the importance of integrating geochronological 

constraints and isotopic tracer information in order to constrain potential sources of 

detritus.  

Provenance of the Proterozoic and Archaean zircons 

The c. 1.0-1.1 Ga, 1.4 Ga, 1.66 Ga, 1.73 Ga, 1.80 Ga and 2.70-2.75 Ga age peaks in the KDE 

age diagrams are consistent in principle with ultimate derivation from a range of potential 

Laurentian and Baltican sources (Fig. 8). The analysed zircon grains could represent first 

cycle detritus, but a more probable scenario is that they were derived from the recycling of 

one or more of the thick Neoproterozoic successions that were deposited in this part of 

Rodinia and would likely have blanketed much of the >1.0 Ga crust at the time of deposition 

of the Muness Phyllite. In detail, derivation from Baltica is regarded as unlikely because it 

lacks the significant areas of Archaean crust required to explain the prominent 2.70-2.75 age 

peak. Furthermore, Neoproterozoic successions such as the Särv Succession thought to have 

been deposited off western Baltica almost entirely lack any detrital zircons of this age (Fig 8; 

Be’eri-Shlevin et al. 2011; Bingen et al. 2011; Gee et al. 2015).  A more convincing case can 

be made as follows that the analysed grains were derived from NE Laurentia.  

The age peaks at c. 1.0-1.1 Ga (e.g. samples UY 06, UY 04) are consistent with 

derivation from the Grenville orogen. The subordinate 1.4 Ga age component records 

suprachondritic εHf values (Fig. 7) consistent with derivation from the Pinwarian juvenile 

accretionary terrane in NE Canada (Dickin 2000). The c. 1.66 and 1.73 Ga age components 

that are dominant in zircon grains of the psammite clasts (e.g. UY 03, UY 04), suggests input  

from a Labradorian (NE Canada) source. The vertical spread in εHf-time space of c. 1.8- 1.9 

Ga zircon grains (Fig. 7) indicates reworking of Archaean crust, of possible chondritic 

composition at 2.6-2.7 Ga, by mantle-derived melts during the Makkovikian-Ketilidian 

orogeny in NE Canada and S Greenland (e.g. Ketchum et al. 2002). Potential Archaean 

sources are also available in NE Canada, Greenland and NW Scotland (Fig. 8). The age peaks 

broadly match those within Neoproterozoic successions in mainland Scotland such as the 
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Torridon Group, the Moine and Dalradian supergroups (Rainbird et al. 2001; Cawood et al. 

2003, 2004, 2007; Kirkland et al. 2008; Krabbendam et al. 2017), and in Shetland the 

Westing Group (Cutts et al. 2009) and the East Mainland Succession (Fig. 5i; Strachan et al. 

2013). These successions are largely interpreted to have been derived from NE Laurentia on 

the basis of their detrital zircon records, and this is supported in the case of the Torridon 

Group and the Dalradian Supergroup by palaeocurrent data (e.g. Anderton 1976; Stewart 

2002).  

If the Lower Palaeozoic detrital zircons in the Muness Phyllite were derived from an 

easterly source as argued earlier, it is logical that the Proterozoic and Archaean grains were 

also derived from the same general direction. The extension of the Midland Valley arc is 

excluded as it does not appear to be underlain by continental basement (Badenszki et al. 

2019). A closer potential source is the East Shetland Platform (Fig. 1a), which is underlain by 

metasedimentary schists that probably correlate with the East Mainland Succession (Ritchie 

et al. 2011). Zircons derived from their erosion would likely have been through at least three 

sedimentary cycles, given that the East Mainland Succession was probably derived from the 

recycling of the Yell Sound and Westing groups, all of which contain a near identical detrital 

zircon record (Cutts et al. 2009; Strachan et al. 2013). However, although the Muness 

Phyllite contains occasional clasts of phyllite (Flinn 2014) their rarity sheds doubt on 

whether it was derived directly from the erosion of a metasedimentary source. Further 

insights into this conundrum are provided by the following discussion of the detrital zircon 

data from the psammite clasts.    

Provenance and significance of the psammite clasts 

The petrographic information indicates that the psammite clasts share a common record of 

relatively low-grade metamorphism (no higher than low-mid greenschist facies) with host 

metasiltstones of the Muness Phyllites. The clasts do not therefore appear to have been 

eroded directly from medium- to high-metamorphic grade metasedimentary sources such as 

the Westing and Yell Sound groups or the East Mainland Succession, even though the older 

detrital zircon populations look very similar. We therefore suggest that the clasts were 

unmetamorphosed sandstones prior to deposition. One clast (UY-12-5) contains two detrital 

grains which yielded ages of c. 470 Ma and c. 480 Ma. If the data is taken at face value, it 

implies that the clasts (and by implication some or all of the Proterozoic/Archaean grains 

discussed above) were eroded from a post-470 Ma sedimentary succession that was itself 

sourced from a mixture of Laurentian metasedimentary rocks and Ordovician igneous units. 

However, further analyses would be necessary in order to exclude the possibility that these 

ages result from either contamination or lead loss.  

Tectonic significance of the Muness Phyllite and comparison with the Funzie Conglomerate 

 The main questions that remain to be resolved centre around the tectonic significance of 

the Muness Phyllite, and its relationship with the Funzie Conglomerate. The latter 

incorporates three components: a) abundant pebble- to boulder-sized clasts of quartzite 

that contain Proterozoic and Archaean detrital zircons with U-Pb ages between c. 1000 Ma 
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and c. 3000 Ma and peaks of c. 1088 Ma, c. 1705 Ma and c. 2715 Ma (Fig. 5j), b) less 

common granitic clasts with U-Pb zircon crystallisation ages between c. 525 Ma and c. 448 

Ma, and c) a schistose matrix containing Lower Palaeozoic, Proterozoic and Archaean detrital 

zircons, the youngest dated at c. 440 Ma (Biejat et al. 2018). The granitic clasts were viewed 

as probably originating from the northern extension of the Midland Valley arc, and the 

quartzite clasts from East Mainland Succession units that underlie the East Shetland Basin 

(Biejat et al. 2018). The tectonic setting was interpreted as a syn-orogenic basin that 

received detritus from advancing thrust nappes during the Early Silurian collision of 

Laurentia and Baltica (Biejat et al. 2018).   

We interpret the Muness Phyllite to be significantly older than, and unrelated to, 

the Funzie Conglomerate. This is consistent with the greater structural complexity of the 

Muness Phyllite, as well as the contrasting lithologies and clast populations, and the 

potentially up-to-40 myr difference in depositional ages of the two successions. In this 

scenario, the Muness Phyllite was deposited shortly after the Grampian I orogeny in a 

successor basin that overstepped the Midland Valley arc, the East Mainland Succession and 

the Unst-Fetlar ophiolite (Fig 9b). This accounts for the range of clast types and detrital 

zircons contained within the succession. The information from the psammite clasts might 

indicate a multicyclic sedimentary history, although this needs further verification. The 

Muness Phyllite was then probably deformed and metamorphosed at c. 450 Ma during the 

Grampian II orogenic event which formed the S0/S1 fabric (Fig 9). This was presumably 

followed by uplift, erosion and deposition during the Silurian of the Funzie Conglomerate 

(Fig 9c).   

Conclusions 

1. U-Pb analyses of detrital zircons from the Muness Phyllite show that it was deposited 

after c. 469Ma, the age of the youngest age peak in the KDE diagrams. It therefore 

accumulated after the underlying lower ophiolite nappe was obducted, but before c. 

430 Ma, the age of emplacement of the overlying upper ophiolite nappe. 

2. Lower Palaeozoic detrital zircons within the Muness Phyllite define peaks at c. 484 

Ma and c. 469 Ma. εHf values in zircon grains vary from -0.3 to +12.3. A significant 

proportion of this population is unlikely to have been derived from the ophiolite or 

from metamorphic complexes to the west. The most likely solution is that these 

zircons were derived from the east, sourced from the extension of the Midland 

Valley arc which has a similar record of juvenile Ordovician magmatism.  

3. Both the matrix of the Muness Phyllite and clasts of psammite (metasandstones of 

low metamorphic grade) contain Proterozoic and Archaean detrital zircons with age 

peaks of c. 1 Ga, 1.4 - 1.5 Ga, 1.6 - 1.7 Ga, 1.8 - 1.9 Ga and 2.7 Ga. These are 

consistent with ultimate derivation from various sources in NE Laurentia and were 

probably recycled from the Neoproterozoic East Mainland Succession that underlies 

the Mesozoic East Shetland Basin.  

4. We interpret the Muness Phyllite to have been deposited soon after the Grampian I 

orogeny in a successor basin that overstepped, and received detritus from, the 

Midland Valley arc, the East Mainland Succession and the Unst-Fetlar ophiolite. It 

was then deformed and metamorphosed, probably at c. 450 Ma during the Grampian 
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II orogenic event which formed the S0/S1 fabric. The Muness Phyllite therefore 

provides a record of middle to late Ordovician tectonic events along the Scottish 

sector of the Laurentian margin following ophiolite obduction. Sedimentary 

successions should not be assumed to be genetically related to underlying ophiolites 

without good supporting evidence.          
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Figure captions: 

Figure 1. a) Relative positions of sectors of the Caledonides prior to Mesozoic rifting and 

opening of the North Atlantic Ocean, with location of Unst and the Norwegian ophiolites 

and Ordovician-Silurian volcanic and intrusive arc rocks mentioned in the text, as well as the 

likely offshore extensions in the North Sea of the Midland Valley and Southern Uplands 

terranes (modified from Lundmark et al. 2014). Abbreviations for Britain and Ireland: BCFZ, 

Bristol Channel Fault Zone; GGF, Great Glen Fault; HBF, Highland Boundary Fault; SUF, 

Southern Upland Fault; IS, Iapetus Suture; TS, Thor Suture; MTZ, Moine Thrust Zone; NHT, 

Northern Highland Terrane; GT, Grampian Terrane; ESP, East Shetland Platform; ESB, East 

Shetland Basin; UH, Utsira High; CB, Clew Bay; T. Tyrone; B, Bute; BL, Ballantrae. 

Abbreviations for Norway: K, Karmoy Ophiolite; SB, Sunnhordland Batholith; G, Gullfjell 
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Ophiolite; S-H, Smøla-Hitra Batholith; Lk, Leka Ophiolite; BB, Bindal Batholith; Ly, Lyngen 

Ophiolite; LBV, Løkken-Bymarka-Vassfjellet ophiolite. b) Simplified geology of Fetlar and 

Unst, showing the main geological units and sample sites. LHF, Lamb Hoga Fault; BFL, Burra 

Firth Lineament; BF, Bluemull Fault. c) Geological cross-section across Fetlar along line AB in 

Figure 1b, showing the relationships between the metasedimentary units and the two 

ophiolite nappes (modified from Flinn 2014 and Biejat et al. 2018). WG, Westing Group; 

EMS, East Mainland Succession; LN, Lower Ophiolite Nappe; MP, Muness Phyllite; UN, 

Upper Ophiolite Nappe; FC, Funzie Conglomerate; LHF, Lamb Hoga Fault; AF, Aith Fault. 

Figure 2. View looking down on a gently-dipping wave-washed surface showing composite 

S0/S1 banding deformed by F2 folds within the Muness Phyllite, Tresta Bay, Fetlar, (HU 

60959036). The F2 folds have subvertical axial surfaces. 

Figure 3. Boulder derived from the metaconglomerate layer within the Muness Phyllite at 

Ramnageo, SE Unst (sample site of UN-12-3 and UN-12-5; Fig. 1c). The dominant clast types 

are fine-grained felsic lithologies of probable volcanic or high-level plutonic parentage. 

Camera lens cap is 5 cm in diameter.  

Figure 4. Representative cathodoluminescence images of zircon grains from the examined 

samples of the Muness Phyllite. The yellow and red circles correspond, respectively, to the 

sites for U-Pb and Lu-Hf microanalysis. 

Figure 5. Kernel Density Estimation (KDE) age diagrams of the examined zircon grains, also 

including for comparative purposes data from the East Mainland Succession in Shetland 

(Strachan et al. 2013) and the quartzite clasts from the Funzie Conglomerate (Biejat et al. 

2018). 

Figure 6. U-Pb concordia diagrams with <10% discordant analyses of detrital zircon grains 

from the samples of the Muness Phyllite. 

Figure 7. Epsilon hafnium versus time diagram for zircon grains of the samples UN-12-3 and 

UN-12-5 along with the Lu-Hf evolution trajectories of mafic crust (176Lu-177Hf = 0.022; Nebel 

et al. 2007) and average continental crust (176Lu-177Hf = 0.011; Rudnick & Gao 2003). For the 

calculation of the depleted mantle reservoir evolution line was used a 176Lu/177Hf = 0.03976 

and 176Hf/177Hf = 0.283238 (Vervoort et al. 2018). 

Figure 8. Relative positions of Laurentia, Baltica and Amazonia after the Grenville-

Sveconorwegian orogeny and before supercontinent breakup from 600 Ma onwards and 

formation of the Iapetus Ocean (modified from Cawood et al. 2007). S, Shetland. Red arrow 

indicates dominant transport pathway of zircons older than 1000 Ma from source areas in 

eastern Laurentia to Neoproterozoic basins in Scotland. SS corresponds to the likely location 

of the Neoproterozoic Säarv Succession basin (see text for discussion). 

Figure 9. Schematic tectonic model for Grampian and Scandian orogenic events in Shetland  

(modified from Biejat et al. 2018), showing:  a) development of an intra-oceanic arc (MVA = 

Midland Valley Arc) above a subduction zone within the Iapetus Ocean (dots indicate 

Neoproterozoic to Cambrian sedimentary rocks). b) ‘Grampian I’ collision at c. 485-470 Ma 
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of the arc with the Laurentian margin, ophiolite obduction, deformation and metamorphism 

of footwall successions, followed by deposition of the Muness Phyllite. c) collision at c. 440-

430 Ma of Baltica and Laurentia, resulting in renewed thrusting and deposition of the Funzie 

Conglomerate which is thought to have been derived from thrust sheets composed of 

Dalradian (Neoproterozoic) metasedimentary material and igneous lithologies that formed 

part of the MVA. This was followed by sinistrally oblique extension (movement direction 

into the page) which excised c. 10 km of crustal section, juxtaposing the Unst ophiolite with 

the metamorphic rocks in its present footwall. ‘U’ in B and C corresponds to the 

approximate location of Unst within the two thickened crustal sections.  

  

ACCEPTED M
ANUSCRIPT

 at University of Portsmouth on March 4, 2021http://jgs.lyellcollection.org/Downloaded from 

http://jgs.lyellcollection.org/


Figure 1 

 

  

ACCEPTED M
ANUSCRIPT

 at University of Portsmouth on March 4, 2021http://jgs.lyellcollection.org/Downloaded from 

http://jgs.lyellcollection.org/


Figure 2 

 

  

ACCEPTED M
ANUSCRIPT

 at University of Portsmouth on March 4, 2021http://jgs.lyellcollection.org/Downloaded from 

http://jgs.lyellcollection.org/


Figure 3 

 

  

ACCEPTED M
ANUSCRIPT

 at University of Portsmouth on March 4, 2021http://jgs.lyellcollection.org/Downloaded from 

http://jgs.lyellcollection.org/


Figure 4 

 

  

ACCEPTED M
ANUSCRIPT

 at University of Portsmouth on March 4, 2021http://jgs.lyellcollection.org/Downloaded from 

http://jgs.lyellcollection.org/


Figure 5 

 

ACCEPTED M
ANUSCRIPT

 at University of Portsmouth on March 4, 2021http://jgs.lyellcollection.org/Downloaded from 

http://jgs.lyellcollection.org/


Figure 6 

 

ACCEPTED M
ANUSCRIPT

 at University of Portsmouth on March 4, 2021http://jgs.lyellcollection.org/Downloaded from 

http://jgs.lyellcollection.org/


Figure 7 

 

  

ACCEPTED M
ANUSCRIPT

 at University of Portsmouth on March 4, 2021http://jgs.lyellcollection.org/Downloaded from 

http://jgs.lyellcollection.org/


Figure 8 

 

  

ACCEPTED M
ANUSCRIPT

 at University of Portsmouth on March 4, 2021http://jgs.lyellcollection.org/Downloaded from 

http://jgs.lyellcollection.org/


Figure 9 

 

 

ACCEPTED M
ANUSCRIPT

 at University of Portsmouth on March 4, 2021http://jgs.lyellcollection.org/Downloaded from 

http://jgs.lyellcollection.org/



