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ABSTRACT

Avalonian-Cadomian and related terranes of the circum-North Atlantic constitute portions
of an accretionary orogen that developed on an active Gondwanan margin at the
periphery of the Neoproterozoic supercontinent Vendia. These peri-Gondwanan terranes
are defined by their Neoproterozoic evolution on an active continental margin, and by the
peri-Gondwanan “Acado-Baltic” fauna of their Cambrian—Ordovician overstep sequence.
Unlike most recent studies on the early evolution of Avalonia, this contribution focuses
on the Cambrian overstep sequence (the Dyfed Supergroup) exposed in SW Wales
(East Avalonia).

High-resolution sequence-stratigraphic techniques are applied to the Dyfed
Supergroup across southern Britain to facilitate the integration of a revised
lithostratigraphy into a unified Avalonian chronostratigraphy based on successions in
Atlantic Canada (West Avalonia). The relative ease of integration reflects the shared
epeirogenic history, sediment sources and accumulation history of a microcontinent
unified by the Early Cambrian. The occurrence of lithologically similar and coeval
depositional sequences may be relied upon to determine the limits of the Avalonian
Superterrane in the Acadian-Caledonian orogen.

A broad subdivision of Cambrian stratigraphy into tectonically active and passive
phases of sedimentation is recognized. Megasequence 1, which constitutes all of the
Lower Cambrian and most of the Middle Cambrian, records transform termination of
Awvalonian subduction following oblique convergence, and the accretion of island arcs to
the northern periphery of Gondwana. Under transpressional regimes, late Precambrian
arc-related basins were inverted and recycled into Lower and Middle Cambrian pull-
apart successor basins dominated, at their margins, by alluvial fan and fan-delta
depositional systems. Megasequence 2 (Upper Cambrian to Lower Ordovician) reflects
passive margin sedimentation, with Avalonia acting as a sediment sink to vast quantities
of fine-grained sediment transferred off Gondwana by large, mature fluvial systems. This
marked the culmination of the Avalonian-Cadomian orogenic cycle.
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Introduction

CHAPTER 1

INTRODUCTION

Avalonian-Cadomian and related terranes of the circum-North Atlantic constitute portions
of an accretionary orogen that developed on an active Gondwanan margin at the
periphery of the Neoproterozoic supercontinent Vendia (Murphy et al. 2000). These peri-
Gondwanan terranes are defined by their Neoproterozoic evolution on an active
continental margin, and by the peri-Gondwanan “Acado-Baltic” fauna of their Cambrian—
Ordovician overstep sequence (Nance et a/. 1991; Landing 1996). They include: (1) the
Avalonian Superterrane of southern Britain (e.g. Thorpe et al. 1984; Pharaoh et al. 1987,
Gibbons and Horak 1996; Pharaoh and Carney 2000), referred to as “East Avalonia”; (2)
the pre-drift continuation of this superterrane in New England and Atlantic Canada (e.g.
Murphy and Nance 1989; Nance 1991; Nance et al. 1991, 2002), referred to as “West
Avalonia”; and (3) the North Armorican Superterrane in the Cadomian orogenic belt of
northwestern France and Bohemia (e.g. Chaloupsky 1990; Dupret ef al. 1990).

Cambrian strata exposed in SW VWales forms part of the Dyfed Supergroup
(Woodcock 1990), a lithostratigraphic unit that encompasses all Cambrian and
Tremadoc rocks in southern Britain. These conglomerates, sandstones and mudstones
were deposited on the southern margin of the Welsh Basin (Jones 1932), a NE-SW
trending structural intra-shelf basin of uncertain origin (Crimes 1970a). The
tectonostratigraphic evolution of the Avalonian Superterrane provides a record of
Neoproterozoic subduction along an active continental margin of Gondwana until
Avalonian rifting in the Early Ordovician (Prigmore et al. 1997) led to the inception of
lapetus subduction and oblique collision v\s/ith Laurentia during the Early Silurian (Nance
et al. 2002). In East Avalonia, the late Neoproterozoic (ca 700-570) history is
characterized by voluminous arc-related volcanic and cogenetic plutonic rocks, by
coeval sedimentary successions deposited in a variety of volcanic arc basins (Thorpe et
al. 1984; Gibbons and Horak 1996; Compston et al. 2000), and by latest Neoproterozoic
(ca 570-550) intra- and inter-arc extension and the development of arc-related
successor basins (e.g. Reedman et al. 1984; Pauley 1990). This transition, as well as its
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diachroniety across Avalonia (Gibbons and Horak 1996) is consistent with the evolution
from orthogonal to increasingly oblique subduction.

Unlike most recent studies on the early evolution of Avalonia, this contribution
focuses on the Cambrian overstep (platform) succession. Historically, the base of the
Cambrian in southern Britain is taken at a regionally extensive basal conglomerate that
typically rests with slight angular discordance on Precambrian arc-related rocks
(Rushton 1974). The almost universal interpretation of this conglomerate as a
transgressive shoreface sequence deposited during sea level encroachment across a
stable, tectonically quiescent platform, has led to a view of Precambrian and Cambrian
rocks as two mutually exclusive lithotectonic packages, a perception reinforced by the
prominence of the sub-Cambrian unconformity. The transition from active subduction to
stable cratonic platform has been variously termed the Avalonian or Cadomian orogeny
(Rast 1979; Rast and Skehan 1983), a perception of collision upheld despite the lack of
compelling evidence for regional orogenesis, crustal shortening/thickening, and
widespread metamorphism (Nance 1991, Nance et al. 1991; Gibbons and Horak 1996).

This simple view of the late Neoproterozoic~Cambrian evolution of Avalonia has
been recently challenged, with the extensive documentation of strike-slip tectonics in
both the latest Proterozoic (Murphy and Nance 1989; Nance 1991) and Lower and
Middle Cambrian (Murphy et al. 1985; Keppie and Murphy 1988; Landing 1996)
successions in West Avalonia, and the realization that in northwest Wales at least, there
is no prominent break between latest Precambrian events and Lower Cambrian
sedimentation (Gibbons and Horak 1996). In addition, a number of basal Cambrian
“nearshore marine” conglomerates have been reinterpreted as alluvial fan and fan-delta
complexes, which are depositional systems with strong genetic ties to various syn-
tectonic frameworks (McPherson et al. 1988; Massari and Colella 1988; Blair and
McPherson 1994). Although the importance of regional strike-slip tectonics in the
Precambrian succession of East Avalonia is now well documented (Pauley 1990;
Gibbons and Horak 1996), no study has yet demonstrated any influence on Cambrian
sedimentation patterns. This is surprising if one consults the extensive “local” literature
(see review in Rushton 1974), which consistently demonstrates a number of
characteristics compatible with local phases of transtension and transpression (Reading
1980).

The aims of this study are two-fold. The overlying theme is to chart the

tectonostratigraphic evolution of East Avalonia from active island arc setting of the late
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Neoproterozoic to passive continental margin in the early Tremadoc. This is
accomplished by integrating a revised lithostratigraphy for the Cambrian of SW Wales
into a unified Avalonian chronostratigraphy based on high-resolution sequence
stratigraphic principles. The second part is mutually inclusive, and forms a detailed
analysis of the depositional environments, processes, stratal architecture and
provenance of the Dyfed Supergroup exposed in SW Wales. Particular topics discussed
include:

- the sedimentary facies, stratal architecture and depositional processes on debris
flow-dominated (“dry”) and hyperconcentrated flood-flow-dominated (‘wet”)
alluvial fans and fan-deltas

- the details of an alluvial fan to braided stream transition within a temporal
framework of evolving tectonic and morphological constraints

- an examination of some of the classic tenets of the relationship between tectonic
movement and sedimentary response, with particular reference to “anti-tectonic
cycles”

- the processes, facies and classification of flood-dominated fan-delta systems
defined by facies tracts and flow efficiency

- an assessment of the processes, dynamics and facies on fine-grained storm-
dominated shelves utilising the bypass-zone tempestite model

- the environmental significance of this tempestite model with respect to carbonate
platforms and fine-grained subaqueous delta platforms

- and an assessment of the temporal and spatial evolution of storm-induced
combined-flow using detailed analysis of vertical stratification sequences in
tempestites combined with magnetic grain fabric measurements utilising the

anisotropy of magnetic susceptibility (AMS).
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CHAPTER 2

STRATIGRAPHY, SEDIMENTOLOGY AND SEQUENCE STRATIGRAPHY OF THE
DYFED SUPERGROUP IN SW WALES, UK: IMPLICATIONS FOR A UNIFIED
AVALONIAN CHRONOSTRATIGRAPHY

2.1. INTRODUCTION

Cambrian strata exposéd in SW Wales (Fig. 2.1A) forms part of the Dyfed
Supergroup (Woodcock 1990), a lithostratigraphic unit that encompass all Cambrian
and Tremadoc rocks in southern Britain. The earliest Geological Survey maps of SW
Wales, produced in 1857, distinguished a lower unit of “Cambrian Grits” overlain by
the dominantly argillaceous “Lingula Flags”. This two-fold division was upheld by
Salter (1864) (Table 2.1) who noted the similarity between the succession exposed in
NW Pembrokeshire (Fig. 2.1A) and the type-Cambrian sections of the Harlech Dome
described by Sedgwick (in Sedgwick and Murchison 1835). The proliferation of more
detailed stratigraphic schemes in both North Wales (see review in Allen et al. 1981)
and South Wales (Table 2.1) in the latter part of Nineteenth Century and early
Twentieth Century on one hand refined stratal packages to a resolution that
facilitated detailed local correlation but on the other, clouded the most obvious
regional two-fold division of Cambrian strata in Wales. A major remapping program
undertaken by the Geological Survey throughout North and Mid Wales in the last 25
years has seen a shift back to this two-fold classification, with the erection above the
Harlech Grits Group of the dominantly argillaceous Mawddach Group (Allen et al.
1981; Allen and Jackson 1985; Pratt 1995; Pratt et al. 1995).

The first part of this study is a contribution to Cambrian stratigraphy and
sedimentology in SW Wales, and focuses on the classic outcrops of the St Davis’s
Peninsula and Haycastle inlier of NW Pembrokeshire (Fig. 2.1A). A fairly complete
succession from the Placentian Series of the Lower Cambrian to the Merioneth
Series of the Upper Cambrian is exposed (Fig. 2.1D), representing a total
stratigraphic thickness in excess of 1250 m. The lithostratigraphy as it is recognized
today owes much to the researchers of the Nineteenth Century (Table 2.1), with little
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Fig. 2.1. Avalonia: stratigraphy and palaeogeography. (A) The Avalonian Superterrane in
southern Britain (inset, modified after Pharaoh and Carney 2000) and general details of the
Dyfed Supergroup in SW Wales. Cross section X-Y displayed in Fig. 2.16. Fault
abbreviations: BSZ - Berw Shear Zone, CBF — Charnwood Boundary Fault (postulated), ML —
Malvern Line, MSFS — Menai Straits Fault System, WBFS — Welsh Borderlands Fault System.
(B) Geological map of Whitesand Bay (after Stead and Williams 1971) showing key sections
discussed in the text. (C) Geological map of the coastline south of St David's showing key
sections discussed in the text. (D) Lithostratigraphy and range of sections discussed in the
text. (E) Early Mesozoic reconstruction of the North Atlantic showing location of Avalonian
and related peri-Gondwanan terranes of the Neoproterozoic (modified after Nance and
Murphy 1994).

work having been published since. This contribution presents a detailed and revised
lithostratigraphy of the Dyfed Supergroup that aims to rationalize an outdated
stratigraphy while retaining as many of the original and well known formational
subdivisions as possible. At formational level, these boundaries follow, with only
minor exception, those partly formalized by Cowie et al. (1972) based on the
stratigraphical scheme proposed by Harkness and Hicks (1871) (Table 2.1).

The previous grouping of these formations into a four-fold arrangement (in
ascending order: the “Caerfai’, “Solva” and “Menevian” groups and the “Lingula
Flags”) is in most instances unworkable and overly complex. Conglomerates, pebbly
sandstones and brightly coloured fine- to coarse-grained sandstones characterize
both the “Caerfai” and “Solva” groups of Hicks (1881) (Table 2.1), and are here
treated as a single unit, the Caerfai Group. By excluding the silt-dominated Upper
Solva of Hicks (1881) from the Caerfai Group, the unit is readily defined by a basal
and upper conglomerate/pebbly sandstone division, with intervening brightly coloured
sandstones, siltstones and pebbly sandstones. The “Menevian Group” and “Lingula
Flags” of Harkness and Hicks (1871) along with “Upper Solva” form the newly
erected Porth-y-rhaw Group, a 687 m thick unit of fine-sandstones, siltstones, blue
silty mudstone and black laminated mudstone. This two-fold division of the Dyfed
Supergroup is comparable both lithologically and chronologically with the Harlech
Grits Group and Mawddach Group in North and Mid Wales, and is also broadly
coeval with the first lithostratigraphic scheme for SW Wales proposed by Salter in
1864.

In the second part of this investigation, high-resolution sequence stratigraphic
techniques are applied to the Dyfed Supergroup, which facilitates comparisons with
other Cambrian successions that define the Avalonian Superterrane in the Acadian-
Caledonian orogen. Particular reference is made to the concept of a unified
Avalonian chronostratigraphy (See Brasier 1989, Landing 1996), with the integration
of the depositional sequence stratigraphy of Dyfed Supergroup into a
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chronostratigraphic framework defined from Cambrian successions in Atlantic
Canada (Landing 1996). An understanding of the controls on sequence development
and internal architecture and the spatial and temporal evolution of facies belts are
applied to basin analysis and the evolving tectonostratigraphic regime during terminal
phases of the Avalonian-Cadomian orogeny.

2.2. STRATIGRAPHY OF THE DYFED SUPERGROUP

2.2.1. CAERFAI GROUP (revised)

General: The revised boundaries of the Caerfai Group (Table 2.1) incorporate strata
previously assigned by Hicks (1881) to both the Caerfai Group and Solva Group. The
latter term is now considered obsolete. These boundaries approximate those of the
“Cambrian Grits” and “Longmyndian Group” proposed respectively by Salter (1864)
and Harkness and Hicks (1871). The “Grey rocks” of Harkness and Hicks (1871) (=
Upper Solva of Cowie et al. 1972) form the basal division of the overlying Porth-y-
rhaw Group (new term).

Name: From Caerfai Bay (SM 7616 2438-7616 2417, Fig. 2.1C and 2.2) situated
south of the city of St David'’s.

Subdivisions: The divisions of the Caerfai Group (sensu Hicks 1881) proposed by
Cowie et al. (1972) are retained (Table 2.1), and given formal status (in ascending
order): Ogof Golchfa Formation, St Non's Formation, Caerfai Bay Formation and
Caerbwdy Formation. Strata previously assigned to the Lower and Middle Solva by
Hicks (1881) are given formal status as the Newgale Formation and Porth Clais

Formation respectively.

Type locality: The formation is best exposed and most accessible in the bays and
headlands south of St David's extending from Porth Clais (SM 74292364) in the west
to Ogof-y-Ffos (SM 7770 2432) in the east (Fig. 2.1C). The most complete exposure
occurs on the west side of Porth Clais and on the east side of Caerfai Bay (Fig. 2.1C
and 2.2). Neither section expose the Ogof Golchfa Formation or the lowermost part
of the overlying St Non’s Formation. Good exposure of these lower formations exists
at a reference section situated at the southernmost tip of Whitesand Bay (Fig. 2.1B)
between Ogof Golchfa (SM 7305 2646) and Porthselau (SM 7275 2620).



‘S8leAM MS Ut ainjejpouawou olydelbiess ueuque) ui sjuawdojanap pajos|es *|L'Z ajgel

T
uoneuuo m 5 3jesawo|buo) 2U0Z 3}IqOJLG-UON souoispues sajesawo|6uo) sajesawo|buo) } -
BJU2109 4060 auoz ajiqojul-uoN |9 ) 8 o AB6ey uaa.b ol \f/—————//////——1\( (t T/ 2
o
uoneuLoS M 4 w uoispues (O JYTEE o) 2 w pue sajesswolbuod 1 | sbey usal suojspues usaly g m
S,UON IS >lh|= S,UON IS m ml=o b =
=202 3 2lg 3 —2
uonewJo 113Ud) o2 s9jeys > Sisiyos a
%m._,_s%w PIRLAI0 2|3(5 kegreped || Penuags-pueojaid | i S pue sajeys pay W |D saleus psy 215
i) wenuass-puaciald (S| 519 by Al = o - anssew 2
ol P ) HEE 3 RS c e ‘suospues aing ¢ |2 |
A b ed
uoneuuo 4 2 I| < suolspues |G [2 < auoyspues aiding N auojspues ajding Q Rl B (ved)
Aon T ¢ > Apmaqiaed < W AINHNS
& T | [
Py _ (sssauyiey o) 9] 14 T 2 NVYINSWYD
(s;quaw €) Q spaq sauojspues 3UOJSPUEBS YSIMO)|3, xls cls |2
_ e p 1sp - ispues usmolA (B 15 sz(2
:%_MM;:W,H v snojpuelao BAIOS JamaT %) $napue|ao pue sbey mojlaA 1 nOa m m W spueq ajdund yym sub Kai9 % 2
5 o sapixopesed =& 2 Xla
sopixopesed Q !
uAv (sisuanjos aydAi000uoD) M N W w nnm
z spag o z $%001 paJ ol% mxnmn._:n y 2 Sajeys pue sauojspues | | ¢
uoteunod 25 || erosawew |3 2lo| | pueendhoig w(B[S| | PHPedtndt0 | @ moiphpappag-uuL | <15
s e 5|3 S 0|8 2 : alc
Z|m T m Oz z 2
o |S 3| = (esainy o) Zz eg m
snqqi6 s |50 spag snqqib ol g|Q o |
uoneuwo4 sosoubeushia | B |B|Z || enossasan snjsoubeyafld wp. ol g sposkei0 N s¥001 A219 $401 pedwod axg |7 |[¢]
! »
Keg puesajum £ 1813 x| m m —
8 (2|= spag sssy |2 2|3 s A p <
snssiy o |m|z = - 61
. smsoubewoy | B | UBIA3UW JamoT | snjsoubewoy m @ sbeid fei0 1 2 saafers 1 . as 2
m suayined m _W_ suayined & . W M m (sajeys m Sov14
:M_mmww_“‘u T|  smsoubediy m spag 2| smisoubediy m mﬂﬁﬂﬂﬂ Mw_ wlZ sbey el W m Q| podins pue yoeiq wieq) Zlc VINONIT
¥ .w sisorgound $ UBIAUI 3IPPIW W sisonjound 5 w > = | SOVI3 VINONITY3IMOT w 3 YIMO1
Q| smysoubeyshiy | § o| smsoubeyrfig |§ S z 3 3|3
p (= uaWWeyyaIa) ¢ x <
X L w EEEE@&.Q spag Sl ¢ Ew.ou\. d (nsy21y SIYPO) o a[EYS 7 SUCISPUES [ o 3 w
Uonewioj ° ejebinag| m@&o.\ﬁ_ uelnauay Jaddn ejebinae] cmxmo.ﬁ_ 3leys g auojspues N m 2
buo J3qv 3 3 siuwoysid sysouby | = @ ml 3 SOV14
Q| swwousid smisoudy |z (uewadun B 3lc = <! [B]soviavinonnaiaan (& 3| | inenn
uonewso 3 T[S ]| sseuxow pue a6e) S| I | | SNOYO S0UMINIVW |3 3 1= Z| < 310N
18A19A J0B0 (souozqns ) 3|3 sbeyd4 einbury, (sauozqns ) _m u m ﬁ M 5
z|o snuaI0 ] o ol |3 ©
SnusI0 mlo 19 sovidvinonn x| |8 o SOV14
z|2 ol 2 dNOYO DOINILSAA  [> g| |7| sovidavinonnuaddn | 3 VINONI
2] b+ seuoz weowedy | B| 8 2 b3 c ¥3ddn
m 2 73onoa |2 £
sauoz wesaraoy |2 g -esoinuds eupoqerey | | 5 dfOYo AT3910 2 3 i
- esonuds eulogeled (e | = $3143S dNoY9 20aYWIHL dNOYO D0QVW3AL ¥981 HILTVS
J0QvW3dL
INNOJDV SIHL TL61 IV 13 3IMOD 1881 SMOIH 1281 SHOIH NV SSINHUVH 1281 ¥3LTVS NV SHOIH

SojeM MS Ul Aydesbiiesis uenque)



S9U0JSPUBS
AS6ey uaaib
pue sajesawo|buoy

BEIES
pue sajeys pay W

auospues ajding

seleM MS Ul Audelby™ — uengwen

uonelwod ajesawolfuon s
1QOiLT-UON
BJY2/09 J050 2U0Z 3)IqO|t-UON | b 3
uoyewsod ; auolspues - pHIBURIO
SUON IS SUON IS
uojewIoy py1aUBI0 sajeys
Aeg lgjzen - keg tejee) Ppiyanuags-piuajojald
> | PursnuaLs-plusjojaid
> 1
fry auoispues
uonewso 4 o Z
ApmaieeDd 2 < J_ _ Apmgueed | o |
@ EEGBV| .
bel
e 18
o_mmz.wz Snopues0 BARSIINN) I SNOIPUEIA0
sapixopesed o sapixopesed
spag i
uopeuo 4
sie|D ypod BA(OS 3IPPIW ”
snqqib spag
uopeuuod smsoubeyakid eAj0s J3ddn
Aeg puesajlum ¢ :
snssy spag =
! smsoubewos UBIABUIY JamoT [I |
| |
uonewJso 4 svayined
CLENET snjsoubediy spag
——ound ueABUBN BIPPIA |
. ¢ uBswwWeyyaIo) o spag I wew
Uonewiog "Ejebinae] abAdOle ] h_ uelasuap saddn ejebnae] . ‘ﬂm_o.m.: |
Buo|7 Jagqy , = 3 - = - b
| i
e | smwopsid smsouby (Cniastn siwoysid sysouby ;
JoAPA 060 | mmmm,_o_s uc% 3be) co
i (ssuozqns p) 80e|d einbury, (sauozqns p) ”
SNue,
s abpug u90 snualQ i
al_ieByau]
" SaU07 a/eamiedy
sauoz asesqsady -esouids eujoqesey | |
- esopnuids euyjogaseg | S3m3s _
— J0QvA3YL _
INNOJDV SIHL 2461 TV 13 30D

N

1881 SMDIIH

LLBL SMOIH ONVY SSINMNYVYH

LLBL Y¥3LTVYS ONV SHDIH

981 ¥3ALIVS



NOLLYWOS NOLLYWROA

jned. ... -
W4 AveE VN3V S.NON LS
A SIVI0 HINOd NOLLYWHOL FTVOM3N NOLL A FERR)
ANVS3LIHM
31300 ; . 4 SIV1O H1¥Od
Ry ey * e - | WS VIASN3N

S

dNOUD MVHM-A- HLY¥Od [ dNO¥O IV4¥3VO _




Cambrian stratigraphy in SW Wales

Fig. 2.2. Lithological features of the Caerfai, and Porth-y-rhaw groups exposed on the
eastern side of Caerfai Bay. (A) Caerfai Bay Formation — red silty mudstone with bentonite
horizons. (B) Caerbwdy Formation — purple sandstone homogenized by burrowing organisms.
This is the cause of the thick bedding typical of the formation. (C) Caerbwdy Formation —
bedding planes are only typically developed when bioturbated sandstone is separated by
bentonite, as the latter is only rarely completely homogenized. (D) Caerbwdy Formation —
lower flow regime parallel lamination. Contrary to previous interpretation, most of the
Caerbwdy Formation is considered a suspension rather than traction deposit, and thus may
be considered a condensed sequence. (E) Transitional contact between the Newgale
Formation (Cwm Mawr Member) and the Porth Clais Formation. (F) Porth Clais Formation —
diagenetic purple, green and grey sandstones in a well developed fining-upward sequence.

Thickness: The group has a thickness in excess of 564 m, this being a conservative
figure compiled from a number of stratigraphic logs. The Caerbwdy, Newgale, and
Porth Clais formations all display a marked thickening towards the east, thus the
most complete section at Porth Clais must be considered relatively condensed.

Lower boundary: The Caerfai Group rests unconformably on various members of the
Precambrian Pebidian Supergroup (Hicks 1877, Green 1908, Patchett and Jocelyn
1979). At Ogof Golchfa, where the contact is best displayed, it overlies the Ogof
Golchfa Group, the uppermost division of the Pebidian Supergroup, while in
Caerbwdy Valley, having apparently overstepped the Ramsey Sound Group, it
comes to rest on the Caerbwdy Group (Green 1908, p. 376). The small divergence
between the strike of the Precambrian and adjacent Cambrian suggests that the
former had undergone only gentle warping prior to deposition of the Cambrian
sequence. Most of the junctions with Dimetian rocks are faulted, but the
unconformable relationship of the Cambrian basal conglomerate to the Dimetian
granophyre was proven in a trench (SM 73950 24275) just west of the gas works
(now demolished) at Porth Clais (Green 1908). A photograph showing details of the
junction was reproduced by Green (1911, pl. 30). The trench has apparently become
badly decomposed and overgrown and is now of historic rather than scientific interest
(Owen et al. 1971, p. 21).

Dominant lithology: The group is predominantly composed of red, green and grey
medium-grained sandstone with reoccurring units of conglomerate, pebbly sandstone
and shale. Comparable lithologies occur at similar stratigraphic positions in the
Harlech Grits Group in North Wales (Matley and Wilson 1946; Allen and Jackson
1985).

10



Cambrian stratigraphy in SW Wales

Distribution: As well as in the bays and headlands south of St David’'s and at
Whitesand Bay, the Caerfai Group is also exposed west of the city on the coast north
of Porthstinian (SM 7241 2526), although this section have been considerably
affected by faulting and relationships between the various units are complicated. The
subdivisions of the Caerfai Group have been traced eastwards across the St David's
outcrops and into the Brawdy—Haycastle area (Fig. 2.1A), being very well exposed on
the northern cliffs of Newgale Sands. Outcrops around the Haycastle anticline have
been previously referred to as “Welsh Hook Beds" (Thomas and Jones 1912) and
Ford Beds (Wiliams 1934, p. 46), a distinction not upheld here due to lithological
similarities with the Caerfai Group. Small outcrops occur also north and west of
Granston and Trecredston (Cox 1930, p. 278; Rushton 1974).

Biota and age: Fossils from the Caerfai Group are rare, but include Lower Cambrian
(Branchian Series) bradoriids in the Caerfai Bay Formation (Siveter and Williams
1995), and a variety of Middle Cambrian trilobites from the Newgale and Porth Clais
formations. The trilobites may be integrated within the biozonal framework employed
by Westergard (1946) from Scandinavian sequences. Implementing this zonal
scheme, the Newgale and Porth Clais formations are Middle Cambrian (St David’s
Series) in age, and range from Paradoxides oelandicus in the Newgale Formation to
Ptychagnostus gibbus towards the top of the Porth Clais Formation. Sections at the
northern end of Newgale Sands have also yielded acritarchs of possible Middle
Cambrian age (Davies and Downie 1964).

Above the basal conglomerate of the Ogof Golchfa Formation, trace fossils
are both varied and abundant. Although most are not age diagnostic, the ubiquitous
occurrence of Teichichnus in silty mudstone at the base of the St Non’s Formation
places the unit above the Phycodes pedum trace fossil zone (see Fig. 2.13) either in
the Rusophycus avalonensis Biozone or the Teichichnus Interval of the Placentian
Series. The latter is considered most likely as Teichichnus-churned purple and green
silty mudstones occur throughout this ichnozone in SE Newfoundland and the
English Midlands (Landing 1992, 1996; Brasier 1992), and is a level more consistent
with the lower Branchian age for the overlying Caerfai Bay Formation (discussed
below).

2.2.1.1. Ogof Golchfa Formation (new)

11



Cambrian stratigraphy in SW Wales

History: The Ogof Golchfa Formation is a new term that replaces the informal
“Conglomerate” division of Hicks and Salter (1866), Harkness and Hicks (1871), and
Cowie et al. (1972).

Name: From the Ogof Golchfa cliff section (SM 7305 2646) at the southernmost tip of
Whitesand Bay northwest of St David's.

Type locality: The type section is a well exposed coastal section between Ogof
Golchfa and Porthselau (SM 7275 2620), beginning at the southern end of
Whitesand Bay (Fig. 2.1B). This is the only complete section through the formation.

Thickness: At the type locality, the formation is 46 m thick. All other sections are

incomplete.

Lower boundary: The lower boundary is placed at the unconformable junction
between the volcaniclastic sediments and volcanics of the Pebidian Supergroup and

a boulder conglomerate with some included Pebidian clasts.

Lithology and process sedimentology: At the type locality the formation is dominated
by reddish to brown polymictic conglomerates and pebbly sandstones. Clast size
ranges from small pebbles to boulders, set in a poorly sorted coarse-grained sandy
matrix (Fig. 2.3B, C, F). Clast shape is typically sub-rounded but varies to sub-
angular. Matrix content is extremely variable but commonly forms less than 15%.
Red colouration of this matrix is due to haematite staining, particularly of quartz.
Clast composition is dominated by low and medium grade metasedimentary rocks
that cannot be matched with local source rocks. Exotic clasts including quartzite,
slate, schistose quartzite, schistose greywacke, banded chert (possibly mylonite),
greenschist, phyllite, and jasper. Felsic volcanics and tuffaceous material occur up to
6 m above the unconformable contact with the Pebidian Supergroup, a source from
which these clasts are easily matched. Beds are generally thick (30-210 cm) but do
thin towards the junction with the St Non’s Formation.

Based on bed geometry, grain size, and internal fabric and texture, four semi-
distinct units are recognized in the type section that form an overall fining- and bed
thinning-upward sequence. “Unit A” is developed in the basal 6 m of the section and
comprises unstratified, lenticular sand-matrix-supported conglomerates (Fig. 2.3B).
This amalgamated channelized sequence cuts deeply into the underlying Pebidian
Supergroup, with multiple channel margins attaining relief of up to 1.9 m. Poor
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sorting, significant erosive capabilities, a(p)a(i) clast imbrication (notation after
Walker 1975), lack of internal stratification and massive to inversely graded profiles
are typical features of strongly shearing hyperconcentrated flows (Nemec and Steel
1984; Smith 1986; Todd 1989; Granville and White 2003). The upward transition into
“unit B" (20.5 m thick) occurs over 2 m, and is marked by a decrease in lenticular
beds, an increase in tabular mud- and sand-matrix-supported conglomerates, and
occasional thin (2-12 cm thick) interbedded purple siltstones. Bed boundaries are
difficult to identify due to poorly organized texture and fabric, but where visible are
planar and non-erosive. Despite evidence for clast rounding, traction influenced
sedimentation is an unlikely depositional process due to a lack of stratification, matrix
support, poor sorting, well developed inverse grading, a(p)a(i) clast imbrication,
insignificant basal erosion, and unstable pebble orientations. These features instead
suggest a sediment gravity flow origin as either cohesive (mud-matrix) or non-
cohesive (sand-matrix) debris flows (Lowe 1982; Massari 1984; Kim et al. 1995).

“Unit C” (12.5 m thick) is composed of numerous small scale (1-1.6 m) fining
upwards sequences. Each sequence begins with a clast-supported conglomerate
lag, passing upward into a stratified clast-supported conglomerate with a cross-
stratified coarse-grained sandstone cap (Fig. 2.3F). A tractional a(t)b(i) clast fabric,
better sorting, erosive base, parallel and cross-stratification in both conglomerates
and sandstone, and the broadly channelized geometry suggest fully turbulent flow.
“Unit D" (4 m thick) is separated from the unit below by a conspicuous erosion
surface (Fig. 2.3C), upon which lie large pebbles, cobbles and rarely boulders. This
unit is characterized by very well rounded clasts, trough cross-bedding (Fig. 2.3D),
and the first sign of bioturbation (Skolithus burrows and rare unidentifiable horizontal
burrows). The accumulation of “unit D" in a shallow marine environment is
unquestionable in the light of palaeontological evidence. The presence of Skolithus
suggests shallow, well-oxygenated water affected by persistent, relatively high-
energy currents above a mobile substrate (Frey and Pemberton 1984).

The interbedded assemblage of hyperconcentrated flows and debris flows in
units A and B is consistent with deposition on an alluvial fan (Blair and McPherson
1994) (Fig. 2.4.). The crudely stratified conglomerates of “Unit C" are interpreted as
braided stream channel lags and longitudinal bars (Rust 1978; Nemec and Postma
1993), while “Unit D" is a transgressive beach and shoreface sequence (Bourgeis
and Leithold 1984; Nemec and Steel 1984) separated from continental deposits
below by a wave ravinement surface (Cattaneo and Steel 2003). Crimes (1970a)
previously interpreted the entire succession as a beach and shoreface setting based
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Cambrian stratigraphy in SW Wales

on Skolithus, but failed to specify where in the sequence bioturbation first occurs. In
fact, the lower 40 m (units A, B and C) contain no evidence of biogenic activity.

Distribution: The Ogof Golchfa Formation is exposed on both sides of Caerbwdy
Valley, 150-200 m north of the site of Melin Caer-Bwdy (Caerbwdy Mill), but both
lower and upper junctions of the unit are obscured by vegetation. Although not
exposed in the eastern Caerfai Bay section, boulders of conglomerate on the shore
at the head of the inlet indicate close proximity to the unit (Fig. 2.1C). The unit
passes just south of Caerfai Farm, from where it forms an easily mappable
topographic feature extending westwards to St Non’s Bay. Good exposures around
the coastal path, approximately 250 m SE of St Non's Retreat, from where W. Jones
(1911) recorded the presence of a cross-stratified lenticular body of detrital
titaniferous haematite, c. 16 cm thick (at SM 75362 24250). On the western side of St
Non’s Bay, the conglomerate forms a prominent E-W trending ridge on the foreshore
and can be seen to the east on several sea stacks. All of the outcrops in the vicinity
of St Non's Bay correspond to “Unit D" of the type locality. The base is sharp,
overturned to the north, and with slight angular discordance on Pebidian tuffs of the
Caerbwdy Group. The tuffs are stained a reddish colour for at least 2 m below the
junction and it has been suggested (Green and Jones 1911, p. 226; Owen et al.
1971, p. 24) that this possibly represents an original erosion surface or is an effect
caused by the percolation of fluids along the plane of contact.

At Ogof-Llesugn (SM 7355 2350), west of Porth Clais, a mass of
conglomerate with underlying stained Pebidian is faulted between Dimetian
granophyre and vertical sediments of the Porth Clais Formation (new). In the arch at
Ogof Goch, 900 m south of the St David’s Lifeboat House on Ramsey Sound, the
conglomerate rests with planar contact on reddish stained Pebidian rocks of the
Ramsey Sound Group. Units C and D are readily identified at that locality, although
the lower unit is highly attenuated. Green (1908, p. 380) described large blocks of
Cambrian conglomerate incorporated as xenoliths within an unclassified mafic
intrusive body west of Carn-ar-wig on Ramsey Sound.

2.2.1.2. St Non’s Formation
History: The term “St Non's Sandstone” (Table 2.1) was introduced by Cowie et al.
(1972, p. 31) for the succession of predominantly dark-green, buff-weathering

sandstones overlying the basal conglomerate, and previously referred to as “green

16



Cambrian stratigraphy in SW Wales

sandstone” by Salter and Hicks (1866) and “green flags” by Harkness and Hicks
(1871).

Name: From St Non's Bay on the coast south of St David’s (Fig. 2.1C).

Type locality: The type section is at Porthselau (SM 7275 2620), where the formation
is well exposed in an easily accessible coastal section at medium to low tide (Fig.
2.1B). There is no complete section through the St Non’s Formation, but a composite
section can be constructed from two further reference sections: (1) the northernmost
part of the eastern cliff section, Caerfai Bay (Fig. 2.2), and (2) the western cliff
section and wave cut platform at Porth Coch-bach, on the west side of St Non’s Bay
(SM 7502 2421 to SM 7504 2416).

Thickness: At the type locality, the formation reaches a thickness of 79 m, which
defines a minimum value. The cumulative thickness from the three reference
localities is 149 m, close to the value of 140 m proposed by Rushton (1974).

Lower boundary: The junction with the Ogof Golchfa Formation is only exposed at
Porthselau and is transitional with no sharp sedimentological boundary. The base is
drawn at the first coarse-grained sandstone bed that overlies the last pebble grade
conglomerate bed. This roughly coincides with a colour change in interbedded
sandstones from reddish-brown to green.

Lithology and process sedimentology: In general, the formation comprises dark
green, buff weathering, fine- to medium-grained quartz-rich sandstones, with
occasional pebbly sandstones that are confined to 4-6 m above the lower boundary.
In the reference section at Caerfai Bay the uppermost 5-7 m is tinted purple and was
distinguished by Hicks (1894, p. 7) as one of a fivefold division then adopted for the
Caerfai Group. This subdivision has never gained formal acceptance with
subsequent authors and is not recognized herein. The purple colouration is related to
that of the overlying Caerfai Bay Formation, and is probably of diagenetic origin
(Turner 1979).

The formation is stratified towards the base but this is lost higher up through
intense bioturbation. The latter results in a marked increase in apparent bed
thickness, which may reach up to 2 m in sections exposed at Caerfai Bay. The
salient characteristics of the St Non's Formation are better studied at the type
locality, where bioturbation is considerably less. There, the section comprises
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amalgamated weakly graded sandstones or interbedded sandstones and silty
mudstones. Bed thickness ranges from 5-33 cm, basal surfaces are typically planar-
erosional or elliptical-erosional, gutter casts are particularly common (Fig. 2.3E), and
stratification is well developed. Trough cross-bedding dominates the lowermost 12 m,
which is replaced up-section by hummocky cross-stratification (Fig. 2.3A), parallel
lamination, and quasi-planar lamination (Arnott 1993). Wave ripples are well
developed throughout, while current ripples occur towards the base.

Interbedded silty mudstones are often completely homogenized, and are best
analyzed on the wave cut platform at Porth Coch-bach. Flaser, wavy and lenticular
bedding is pronounced, and dissected by small channels and gutter casts filled with
either parallel lamination or hummocky cross-stratification. Large horizontal burrows
occur in the caves at Porthstinian, along with dense Skolithus and Teichichnus
burrows. Higher in the sequence, bioturbation is intense and individual burrows are
not preserved. An exception are the eastern cliffs of Caerfai Bay where examples of
dense Skolithus occur at the transition into the Caerfai Bay Formation.

Sedimentological and palaeontological evidence from the St Non’s Formation
is consistent with deposition on a high-energy wave-dominated coastline that was
periodically affected by large storms (Harms ef al. 1975; Hamblin and Walker 1979;
Dott and Bourgeois 1982; Brenchley 1985). The upward evolution from trough cross-
bedded pebbly sandstones at the base, through hummocky cross-stratified medium-
grained sandstones in the middle, to homogenized muddy sandstones towards the
top are common facies gradations from both modern and ancient transgressive
storm-dominated coastlines (Bourgeois 1980; Aigner and Reineck 1882). Densely
populated Skolithus burrows in the purple tinted uppermost 7 m of the formation may
record a return to shallow water conditions but without the typical facies associated
with this water depth as developed in the lower part of the formation. This rather
unusual scenario suggests extremely rapid shallowing at a rate exceeding that of
facies change (discussion further below).

Distribution: In addition to the exposures outlined above, the St Non's Formation also
forms extensive but largely inaccessible cliff sections at Maes Bachau (SM 7225
2455) approximately 500 m south of Porthstinian. A small fault-bounded inlier occurs
on the foreshore at Cwm Bach (SM 8415 2307) at the northern most point of
Newgale Sands, in Caerbwdy Valley (SM 7678 2452) and to the west of Pen-y-Cwm
(SM 8335 2364). Olive-green fine-grained sandstones and siltstones located
immediately north of Ogof Golchfa were mapped by Williams (in Owen et al. 1971, p.
30) and Stead and Williams (1971, p.195) as St Non’s Sandstone and by the B.G.S.
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as “Solva Beds” (undifferentiated). Based on lithological and stratigraphical evidence,
these beds are “Upper Solva” (Cowie et al. 1972) and form the type section for the
Whitesand Bay Formation (new). This is in agreement with Jones (in Green 1911, p.
216, 217) who assigned the succession “to the top of the Solva (Lower Paradoxidian)
beds”, and highlights the problem of defining lithostratigraphic units entirely on

diagenetic colouration.

2.2.1.3. Caerfai Bay Formation

History: The purple sandstones at the top of the St Non's Formation pass rapidly
upwards into the “Caerfai Bay Shale” — a term introduced by Cowie et al. (1972, p.
27). Previous authors referred to this unit as being composed of “Red Shales”
(Harkness and Hicks 1871; Cox et al. 1930b; Owen et al. 1971) despite the fact that
it predominantly comprises a succession of dull siltstones that grade upwards in the
St David’s area into red mudstones. The term “shale” has presumably been applied

because the mudstones in particular tend to be very strongly cleaved.
Name: From Caerfai Bay, situated on the coastal section south of St David's.

Type locality: The type area of the formation is the eastern side of Caerfai Bay (SM
7615 2434), but important reference sections also exist on the western side of the
bay (although some minor faulting is evident) and at Cwm Bach (SM 8415 2307).
The section at Cwm Bach assumed importance when biostratigraphically important
ostracodes were collected by Pringle and George (1948) and Siveter and Williams
(1995).

Thickness: In the type area, the Caerfai Bay Formation attains a thickness of 19 m.
The formation appears to be uniformly developed throughout the entire district.

Lower boundary: The top of the St Non's Formation passes sharply into the Caerfai
Bay Formation. This transition is marked by a group of purple-coloured siltstones, 4~
9 cm thick, which are extensively bioturbated and represent the top of the St Non’s
Formation (Turner 1979). The bioturbation is frequently associated with Skolithus
burrows. Although all earlier workers reported a gradational contact, Landing et al.
(1998) suggested that the extensive bioturbation at the top of the St Non’s Formation
is a caliche horizon and interpreted the contact with the Caerfai Bay Formation as
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unconformable. This surface was then correlated with an unconformity at the base of
the Branchian in southeastern Newfoundland (see Fig. 2.13), although no evidence
was found for caliche in this study, or that of Prigmore and Rushton (2000). Based on
an apparent facies dislocation across the contact (discussed below), this surface is

interpreted as a paraconformity.

Lithology and process sedimentology: The formation at Caerfai Bay and at several
other localities along the south and west coasts of the St David’'s peninsula can be
subdivided informally into two lithologically distinct units. The lower unit (“unit A”)
consists of about 4 m of dull-purple micaceous siltstones which exhibit cross-
lamination, wave ripples, convolute bedding, micro-hummocky cross-stratification,
load casts, flute casts, gutter casts, and bioturbation features such as the feeding
burrow Teichichnus (Williams and Stead 1982), Skolithus, and unidentifiable escape
burrows. Bioturbation is made evident particularly by the disturbance of thin horizons
composed of coarse, well sorted silt cemented by calcite (Turner 1979). These
siltstones grade into “unit B” which is a distinctive brick-red sequence of strongly
cleaved mudstones roughly 15 m thick (Fig. 2.2A). Very little structure is evident due
to intense homogenisation of the sediment by burrowing organisms (Prigmore and
Rushton 2000).

Towards the junction with the overlying Caerbwdy Formation, the unit
develops thin (2—6 cm), graded, very fine-grained sandstones with planar upper and
lower contacts that exhibit cross-lamination, flute casts and load casts. The siltstones
and mudstones contain illite, kaolinite, chlorite and smectite, and the red colouration
appears to have been produced entirely by diagenetic alteration of iron silicates and
volcanic ash (Turner 1979). Apart from the distinctive colouration, the presence of at
least 17 water-laid, pale grey to purplish feldspathic crystal tuff horizons (Fig. 2.2A)
makes the Caerfai Bay Formation a distinctive marker horizon across much the St
David's Peninsula. Internally, these well graded volcanic ashes are cross-laminated,
commonly deformed into convolute lamination, have sharp erosive bases, often with
load casts and a coarse gravel lag containing intraclasts of red mudstone.

Like the St Non’s Formation below, the salient characteristics of the Caerfai
Bay Formation are consistent with deposition on a storm-influenced shelf. Although
the formation is relatively thin, a number of fairly rapid changes in water depth are
documented. The most distinctive occurs over the basal 2-3 m which records
extremely rapid deepening from well above wave-base at the top of the St Non's
Formation (as indicated by dense Skolithus burrows) to graded parallel laminated
siltstones typical of B/C tempestites deposited below storm wave-base (Reineck and
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Singh 1972). Evidence for rapid deepening as well as equally rapid shallowing in the
uppermost St Non’s Formation (see above) may record the tectonic event postulated
by Landing ef al. (1998) but without the development of a caliche. Their correlation of
this junction based on radiometric dates with the major unconformity at the base of
the Branchian is validated but is considered more cryptic than the caliche horizon
suggested by those authors. This tectonic event is also consistent with the numerous
volcanic ash layers which, considering their thickness and grain size, must have
been sourced fairly locally.

Distribution: The Caerfai Bay Formation forms a distinctive unit across much of the
southern and western coastlines of St David's Peninsula, and both eastern and
western outcrops of the Haycastle inlier. It is particularly well exposed in all of the
bays and headlands between and including Caerfai Bay and Porth Clais. The upper
part of the formation and the transition into the overlying Caerbwdy Sandstone is well
exposed at Porthstinian (SM 7241 2526) and immediately west of Porthselau (SM
7263 2607), but access is more restricted.

Biota and age: Fossils from the Caerfai Bay Formation are rare, and were once
thought to be biostratigraphically undiagnostic (see Cowie et al. 1972, p. 26; Rushton
1974, p. 54). Hicks (1881) described the brachiopod Lingulella primaeva and the
ostracode Leperditia? cambrensis from Porth Clais and recorded trilobite fragments
from southeast of Rhosson (SM 7244 2461) in Ramsey Sound. Some fragments
originally identified by Hicks as Leperditia? cambrensis were subsequently
considered to be cephalic fragments of Ollenellus because they displayed a reticulate
surface ornamentation (Hicks 1892, p. 21; Jones in Cox et al. 1930a, p. 250). In the
summary of Progress of the Geological Survey for 1928 (p. 24) it was stated that a
specimen collected by Pringle from the red shales at Cwm Bach, near Newgale in
1908 had been identified as the hypostoma of an Olenellus or closely allied genus.
This “hypostoma”, however, has subsequently been identified as an ostracode
(Pringle and George 1948, p. 19).

Re-investigating Pringle’s locality at Cwm Bach, Siveter and Williams (1995)
collected some 50, mostly fragmentary, specimens of an ostracode species, a
probable trilobite fragment, and a specimen of Coleoloides? sp. The fragments of
ostracode were considered conspecific with 22 specimens collected by Pringle, and
all were assigned to Leperditia (?) lentiformis Cobbold (/ndiana). This identification
affords an important point of correlation between the Caerfai Bay Formation and the
Red Callavia Sandstone (division Ac2 of Cobbold 1933) of the basal Lower Comley
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Sandstone, at Comley, Shropshire, and proves a lower Cambrian age for most, of not
all, of the Caerfai Group. The presence of a trilobite fragment, and correlation with
the Red Callavia Sandstone places the Caerfai Bay Formation in the trilobitic
Olenellid Biozone of Cowie et al. (1972), a position consistent with the
chronostratigraphy presented by Landing (1998) and a U-Pb data for the formation
of 519 + 1 Ma.

2.2.1.4. Caerbwdy Formation

History: “Purple, or Caerbwdy Sandstone” (Table 2.1) was introduced by Jones (in
Cox et al. 1930a, p. 251) as an alternative name for the uppermost “Purple
Sandstone” division of the Caerfai Group as then recognised by Hicks (1881).
Stubblefield (1959, p. 15) used the term “Caerbwddy Sandstones” and gave the type
locality as “Caerbwddy Bay”.

Name: From Caerbwdy Bay situated on the coastline south of St David's (Fig. 2.3C).

Type locality: Although a good section through the Caerbwdy Formation exists in
Caerbwdy Bay (retained as an important reference section), the most easily
accessible and complete succession occurs on the eastern side of Caerfai Bay (Fig.

2.2), which is considered the best candidate for stratotype.

Thickness: The Caerbwdy Formation was estimated by Harkness and Hicks (1871)
to be 1000 ft (300 m) thick and by Green (1908, p. 365) to be 900 ft (275 m). Jones
(in Cox et al. 1930a, p. 365) considered a thickness of 500 ft (150 m) as more
probable. The logged thickness as exposed on the eastern side of Caerfai Bay is 136
m once fault bounded repetitions of relatively small sections have been removed.
The Caerbwdy Formation shows a marked thinning to the east, with equivalent beds
(formerly the “Welsh Hook Beds") in the Haycastle area attaining a maximum
thickness of 80 m (Thomas and Jones 1912, p. 392).

Lower boundary: The lower junction with the Caerfai Bay Formation is entirely
gradational and marked by the appearance of maroon sand grade detritus thinly
interbedded with bright red cleaved mudstone. The base of the formation is defined
at the point where sandstone beds account for more than 50% of rock volume.
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Lithology and process sedimentology: In the St David’'s area the Caerbwdy
Formation is a fairly uniform deposit of fine- to medium-grained micaceous, and
somewhat argillaceous sandstone, dull purple in colour and generally poorly sorted.
Beds may range up to 1.5 m in thickness (Fig. 2.2C) and are typically massive in
appearance, although parallel lamination (Fig. 2.2D2), cross-stratification and grading
sometimes occur. Individual beds exhibit planar tops and bases, and appear
extensively bioturbated (Fig. 2.2B and D1). In most cases homogenization is so
intense that discrete burrows are no longer preserved, although rare bedding parallel
forms and Skolithus have been documented (Prigmore and Rushton 2000). The
origin of these thick-bedded sandstones is uncertain (Rushton 1974). Crimes (1970a)
suggested that deposition took place below storm wave-base, and that the whole
Caerfai Group represents a transgressive sequence and thus a deepening sea.
Prigmore and Rushton (2000) highlighted the presence of Skolithus and inferred
rapid deposition from traction currents in a high-energy environment, and therefore a
regressive state with respect to the Caerfai Bays. Critical to this argument is the
almost complete absence of internal stratification, which on face value precludes
traction-influenced sedimentation.

There are three possible mechanisms that can explain the observed
characteristics: (1) deposition from a large surge-type tractional flow or long duration
quasi-steady flow, followed by intensive bioturbation, (2) suspension sedimentation
but in relatively shallow water, or (3) deposition from a form of non-Newtonian (and
thus non-tractional) sediment gravity flow. Although traction structures are noted in
the succession, they are extremely rare, and tend to occur only on upper bed
surfaces suggesting formation during post-depositional reworking rather than during
emplacement of the whole bed. It is also considered unlikely that bioturbation could
destroy all stratification in a bed greater than 2 m thick as it was deposited, or once it
had been emplaced. Although sediment gravity flows cannot be ruled out, the
dominance of parallel lamination without parting lineation (therefore of the lower flow
regime) is more consistent with suspension sedimentation. Deposition principally out
of suspension would also allow time for thorough bioturbation.

Thin planar-bedded tuffaceous horizons identical to those seen in the Caerfai
Bay Formation occur throughout but with greater vertical spacing. Bioturbation in
these bands is also far more intense than that recorded previously, with many ash
layers almost completely homogenized (Fig. 2.2D1). At Caerfai Bay, on the western
side of Caerbwdy Bay and the western side of Porth Clais (70-80 m south of the
harbour wall), there exists a brick red sequence some 80 m above the base of the
formation (Jones in Cox et al. 1930a). Bedding in this sequence is better defined and
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stratification preserved. Discrete beds up to 20 cm thick occur displaying rare bi-
directional cross-bedding. These solitary sets display mud-draped reactivation
surfaces and current ripple crests in the opposite direction to megaripple toesets. Bi-
polar palaeocurrents and reactivation surfaces are typically associated with tidal
action (Visser 1980), which may suggest a regressive phase during deposition of this
unit. Above this sequence, the style of sedimentation normally associated with the
Caerbwdy Formation returns. The uppermost beds of this formation are reduced in
thickness and become much coarser where they pass gradationally into pebbly
sandstones of the Newgale Formation (= “Lower Solva” of Hicks 1881). This
coarsening upwards defines a regressive motif that continues into the overlying

Newgale Formation.

Distribution: The Caerbwdy Formation is well developed in all the cliffs from Porth
Clais to the eastern side of Caerbwdy Bay (Fig. 2.1C) where the highest sandstones
and basal beds of the Newgale Formation are involved in a spectacularly exposed,
southward verging, thrust-related monoclinal fold (see frontispiece in Holland 1974).
South of the St David'’s Lifeboat Station on Ramsey Sound outcrops of the Caerbwdy
Formation are much faulted and largely inaccessible. Minor exposures occur
immediately west of Porthselau where the transitional contact with the Caerfai Bay
Formation is seen, at Cwm Bach, Dinas Fawr (SM 8285 2290) and both eastern and
western outcrops of the Haycastle inlier.

2.2.1.5. Newgale Formation (new)

General: The Newgale Formation (Table 2.1) is equivalent to the Lower Solva of
Hicks (1881).

Name: From the northern cliffs of Newgale Sands.

Type locality: The formation is fully exposed at Porth Clais and immediately east of
Porthstinian, but these sections are relatively condensed and partly inaccessible.
Well exposed sections at Cwm Mawr and Ogof Blawd Ceirch (7554 2401) are faulted
against the Caerbwdy Formation but in the former only a metre or so of section
appears to be lost. Cwm Mawr is therefore designated stratotype, and in terms of
lithology offers by far the most representative section through the Newgale
Formation.
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Thickness: A marked thinning of the Newgale Sands Formation is recorded from
Cwm Mawr in the east, where it attains a minimum thickness of 55 m, to Porthstinian
in the west, which measures 29 m. Sections at Porth Clais and Ogof Blawd Ceirch
measure 38 m and 40 m respectively.

Subdivisions: The formation is divided into 3 members (Table 2.1), the boundaries of
which are those defined by Stead and Williams (1971). In ascending order their
“Lower pebbly sandstone member”, “Sandstone-shale member”’, and “Upper pebbly
sandstone member” are formally defined as the Trwyncynddeiriog Member, Pen-y-
Cyffrwy Member, and the Cwm Mawr Member respectively.

Lower Boundary: The boundary between the Caerbwdy Formation and the Newgale
Formation is well exposed in the eastern cliffs of Caerfai Bay, at Trwyncynddeiriog,
Caerbwdy Bay, Dinas Fawr, Porth Clais, and west of Porthselau. Apart from at
Caerfai Bay, all other localities display a simple gradation from coarse grained dull
purple sandstones of the Caerbwdy Formation into pebbly sandstones typical of the
Newgale Formation (Stead and Williams 1971; Rushton 1974; Prigmore and Rushton
2000). Although historically, the base of the Newgale Formation (previously the base
of the Solva Group) is drawn at the first pebbly sandstone (Hicks 1894, p. 10),
subsequent authors (e.g. Stead and Williams 1971; Prigmore and Rushton 2000)
have preferred a more arbitrary contact defined by a diagenetic colour change from
purple Caerbwdy Formation to greenish Newgale Formation. The first pebbly bed is a
distinctive mappable horizon from Dinas Fawr in the east to Porthselau in the west,
while the green/purple colouration differs quite significantly immediately above and
below this pebbly bed. The definition by Hicks (1894) is therefore preferred although
this marker bed may be purple or have a metre or so of purple beds above or below
it.

At Caerfai Bay, the Newgale Formation was interpreted by Jones (1940) to
rest disconformably upon eroded Caerbwdy Sandstone. To the east of the Haycastle
Anticline, Jones (1940) also claimed a similar stratigraphic break between the green
sandstones overlying the Caerbwdy Formation and the “Lower Solva” Musland Grit,
and correlated this break with pre-“Solva” erosion at Caerfai Bay. A detailed analysis
of this contact at Caerfai Bay by Stead and Williams (1971, p. 191) concluded that
the offset interpreted as an unconformity is in fact a faulted contact. Higher in the cliff
face, the same fault runs through the Caerbwdy Formation, revealing a transitional
gradation into the Newgale Formation.
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Distribution: Traced eastwards from Porth Clais, the Newgale Formation intersects
and traverses the Trwyncynddeiriog, Pen-y-Cyffrwy, Caerfai and Caerbwdy
headlands (Fig. 2.1C). Continuing eastwards, exposure occurs on the headland of
Dinas Fawr (SM 8119 2281), and in the Haycastle anticline at Cwm Mawr. Complete,
but largely inaccessible sections occur to the north of Porthstinian and to the west of
Porthselau (Fig. 2.1B). Both sections terminate near Point St John. A small exposure
of the upper part of the formation occurs in a small quarry (SM 8064 2447) on the
roadside opposite Solva Harbour car park.

Age and biota: Fossils have only been recovered from the Pen-y-Cyffrwy Member on
the extreme headland of Trwyncynddeiriog and indicate a late Paradoxides
oelandicus (P. pinus Biozone) age (Middle Cambrian). The interval between the
Indiana in the Caerfai Bay Formation and the paradoxidid fauna is therefore
represented only by approximately 180 m, but is a time interval that spans the whole
Moroccan Tissafinian Stage (with three trilobite zones). According to Rushton (pers.
comm. 2003) this is too long an interval to be represented by the measured thickness
if the sediment had been rapidly deposited, as had previously been assumed.
Following considerations by early authors, Rushton (1974 and op. cit.) also inferred,
based on this biostratigraphic evidence, that there must exist a cryptic hiatus some
where between the Caerfai Bays and the Pen-y-Cyffrwy Member, preferring
somewhere near the very base of the Newgale Formation. Detailed logging of this
interval at 4 different locations found no evidence for a hiatus, and it is considered
more likely that both the Caerfai Bay Formation and the Caerbwdy Formation are
condensed sections, a conclusion consistent with the sedimentological
characteristics of both formations.

2.2.1.5.1. Trwyncynddeiriog Member (new)

Type locality: The type locality is the headland of Trwyncynddeiriog (SM 7488 2392)
on the western side of St Non’s Bay (Fig. 2.1C). An important reference section
occurs at Cwm Mawr, an exposure that demonstrates lithological characteristics not
represented elsewhere.

Thickness: At the type locality, the Trwyncynddeiriog Member attains a thickness of
21 m. This increase eastwards attaining a minimum thickness at Newgale of 23 m,
and decreases westwards, where less than 15 m can be demonstrated west of
Porthselau.
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Lithology and process sedimentology: The member consists essentially of poorly
sorted grey-green to pale-yellow coarse to pebbly sandstones with thin mudstone
interbeds. Mudstones typically constitute less than 20% of the member, which is in
part due to intense amalgamation of coarser beds. Pebbly mudstones and mud-
matrix-supported conglomerates (Fig. 2.5A) with a chaotic internal fabric and non-
erosive bases are subordinate and confined to exposures at Cwm Mawr. Pebbly
sandstones become coarser-grained, more frequent and thicker towards the east,
where they attain their highest values at Cwm Mawr. Bedding is generally thick and
tabular in geometry, with highly erosive bases that typically display load casts and
flute casts. Grading is extremely variable, and includes normally graded, inversely
graded, inverse to normally graded, and ungraded beds. Many beds display a clear
bipartite structure, the most common being a simple pebbly sandstone-coarse
sandstone couplet. Outsized rip-up clasts of mudstone are common, and are often
found aligned between the two divisions or apparently “floating” in coarse sandy
matrix. These intraclasts, as well as pebbles, typically display a(p)a(i) imbrication
(notation after Walker 1975). Desiccation cracks have been reported from the type
locality (Rushton 1974).

The amount of stratification also displays great variation from east to west. At
Cwm Mawr, stratification is completely absent in sandstones and matrix-supported
conglomerates, but is well developed in intercalated mudstones, where flaser and
wavy bedding dominates. Elsewhere, mudstones are extensively bioturbated,
although remnant fabric can still, in some case, be discerned. At Pen-y-Cyffrwy and
Trwyncynddeiriog, stratification in sandstones is more common, with trough cross-
bedding, herringbone cross-bedding, reactivation surfaces, and ripple cross-
lamination documented. Hummocky cross-stratification and wave ripples also occur,
but are extremely rare and very poorly developed. Stratification is generally confined
to the upper 20 cm of graded or massive divisions (Fig. 2.5B). These upper portions
are invariably better sorted, although pebbles are still common, often found aligned
on megaripple foresets.

Upper contacts of sandstones and pebbly sandstones may be sharp or
gradational. The upper 4-6 cm often consists of small overturned fold structures
while bedding planes record irregular ripple-like forms. The latter resemble the
kinneyia ripples described by Martinson (1965) and Dzulynski and Simpson (1966).
Dish structures are common in all coarse sandstones, being particularly well
developed at Pen-y-Cyffrwy. Larger scale soft sediment deformation structures occur
at Cwm Mawr, including a 3 m thick slump horizon (Fig. 2.5C). The degree of
bioturbation increases dramatically from Cwm Mawr to Porth Clais, being absent in
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the former and ubiquitous in the latter. Skolithus burrows are the only identifiable
traces. At all localities, beds display a typical regressive motif with coarsening and
bed thickening upward. This trend is mirrored by a decrease in stratification upward
through the section, a trend particularly pronounced at Pen-y-Cyffrwy.

Poor sorting, a(p)a(i) clast orientations, hydraulic sorting of pebbles, granules
and sand into discrete couplets, lack of stratification, kinneyia ripples, erosive bases,
dish structures, floating rip-up clasts, and massive and inverse grading are all typical
of density-stratified, psuedo-laminar, coarse-grained high-density turbidity currents
(Lowe 1982; Postma et al. 1988; Mulder and Alexander 2001). (Note: the term
“turbidity current” is used here purely in a non-environmentally specific sense, and
simply describes a mode of sediment transport in which motion is achieved by
excess density). Both the S-sequence and R-sequence defined by Lowe (1982) for
coarse-grained turbidites occur. Normal grading suggests fully Newtonian conditions
and may represent deposition from low-density turbidity currents (Shanmugam 1997
2000). Mud-matrix-supported conglomerates and pebbly mudstones display
characteristics consistent with deposition from cohesive debris flows where the
cohesive matrix is the main clast support mechanism (Lowe 1982; Nemec and Steel
1984). The presence of cross-bedded tops to graded beds reflect subtidal reworking
and partial redistribution of sediment emplaced by high-density turbidity currents. The
presence of flaser and wavy bedding confirms the modulating effect of tidal currents
on deposition (Visser 1980).

The interbedded assemblage of coarse-grained turbidites, cohesive debris
flows, and fine-grained nearshore heterolithics is a commonly recorded facies
association on flood-dominated fan-delta plains and fan-delta fronts (Prior and
Bornhold 1989, 1990; Folk and Dorsey 1995; Mutti et al. 1996, 2000) (Fig. 2.4). The
generation and ignition of high-density turbidity currents is directly related to flood
episodes on coastal alluvial fans that discharge huge quantities of sediment into the
nearshore generating quasi-steady turbidity currents of sufficient density to underflow
sea water.

2.2.1.5.2. Pen-y-Cyffrwy Member (new)

Type section: The type section is located on the headland of Pen-y-Cyffrwy (SM
7553 2403 to SM 7554 2401) on the western side of Caerfai Bay (Fig. 2.1C). An
important reference section occurs on the extreme headland of Trwyncynddeiriog.
Although extensively faulted, this exposure offers the lowest horizon from which
Middle Cambrian fossils have been found in Wales.
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Thickness: The member is 13 m thick in the type section but thins dramatically east
attaining only 1.5 m at Cwm Mawr.

Lithology: The Pen-y-Cyffrwy Member is composed predominantly of dark or medium
brown-weathering, light-grey or green, finely laminated siltstone and mudstone (Fig.
2.5E), but includes well sorted beds of fine- to coarse- grained sandstone up to 50
cm thick in all sections apart from Cwm Mawr. This east—west lateral facies change
also includes an increase in sandstone bed thickness up to the eastern side of
Caerfai Bay, followed by a decrease in bed thickness and grain size at Porth Clais
and west of Porthselau. The member is best displayed in the type section where it
comprises two lithologically distinct units. The lower unit, about 2 m thick, consists of
microlaminated mudstones and siltstones that display no structure other than
discontinuous planar laminations and some bioturbation features (Fig. 2.5E). This
closely resembles typical rhythmite facies documented from modern and ancient tide-
and storm-influenced depositional systems (Reineck and Singh 1973; Johnson and
Baldwin 1996).

The upper unit, approximately 11 m thick, consists predominantly of
bioturbated silty mudstone interbedded with fine- to coarse-grained well graded
sandstone. These sandstones often display either Bouma divisions Ta-Td, or more
rarely tabular cross-bedding (particularly well developed at Porth Clais) and
hummocky cross-stratification. Like the previous member, wave ripples are extremely
rare while flute casts and load casts are common and well developed. Bioturbation
throughout this upper unit is intense, with Planolites, Sinusites and Teichichnus-type
burrows being particularly dominant. Skolithus burrows occur towards the junction
with the overlying Cwm Mawr Member. In terms of depositional processes, most of
the characteristics of this member can be reconciled with distal emplacement by
similar currents that deposited the underlying member. The lower unit is difficult to
interpret but is probably a rhythmite associated with distal turbidity currents as there
no evidence for cyclicity, temporary exposure or wave action, features typical of tidal
rhythmites. The upper unit with sandstones exhibiting Bouma divisions are more
readily reconciled with low-density turbidity current deposition. This transition into
more proximal facies as well as the presence of Skolithus towards the top of the
member implies a shallowing-upward regressive motif after very sudden deepening
at the base of the sequence.
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Lower boundary: At all localities where the lower boundary may be examined, the
contact is extremely sharp and marked by an instantaneous cut off of pebbly
sandstone typical of the regressive Trwyncynddeiriog Member and very rapid
deepening (Fig. 2.5D and E). Considering these characteristics, this junction may be
referred to as a marine flooding surface, one that forms an important marker horizon
throughout the area.

Biota and age: The discovery of fossils from this member was first reported by Salter
(in Salter and Hicks 1869, footnote p. 52). Hicks (in Harkness and Hicks 1871)
described the fauna as having been collected from a “headland near Nun's well”; it
comprised Paradoxides harknessi Hicks, Microdiscus sculptus Hicks, Bailiella
(“Conocoryphe”) lyellii (Hicks), Paradoxides (Plutonia) sedgewickii (Hicks) and
Condylopyge (“Agnostus”) cambrensis (Hicks). Non-trilobite species described and/or
illustrated by Hicks in the same paper were Protospongia ? major Hicks and “Theca"
antiqua Hicks and Lingulella ferruginea Salter. The trilobites indicate a late P.
oelandicus (P. pinus Biosubzone) age (Rushton 1974). The lowest Swedish Middle
Cambrian Biosubzone, that of P. (Eccaparadoxides) pinus, is not proven in Britain,
and may well be represented in part by the underlying Caerbwdy Formation.

2.2.1.5.3. Cwm Mawr Member (new)

Type locality: The type locality is at Cwm Mawr. Very different facies assemblages
are recorded at important reference sections at Ogof Blawd Ceirch (SM 7554 2401 to
7555 2400) on the extreme headland of Pen-y-Cyffrwy and at Porth Clais.

Thickness: The member attains a minimum thickness of 19 m in the type locality, but
this figure decreases to 12 m at Ogof Blawd Ceirch and 8 m at Porth Clais.

Lithology: In general, the member is composed of dull grey to yellow coarse-grained
pebbly sandstones of polymictic composition. Beds are up to 2 m thick (Fig. 2.6D)
and often form amalgamated units up to 3.2 m thick (Fig. 2.6A1). Geometrically,
bedding is either tabular (Fig. 2.6D) with planar erosive or non-erosive surfaces, or
highly channelized (Fig. 2.6A1, A2 and B) with multiple concave-up profiles (Fig.
2.6C) displaying a relief of up to 1.2 m, and a stepwise configuration reflecting
channels with deeper and shallower parts. Smaller scale asymmetrical scours on
these basal surfaces are occasionally filled with crude trough cross-bedding. General
features include poor sorting, polymodal texture, massive, inverse, massive to
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inverse (Fig. 2.6C) or inverse to normal grading, floating rip-up clasts (many of which
are highly deformed), rip-up clasts aligned upon internal shear planes, poorly
organized texture and fabric, lack of internal stratification, and angular to subrounded
pebbles set in a poorly sorted coarse-grained sandy matrix.

Clast fabric is dominantly a(p)a(i) but some examples either show no
consistent imbrication, with clasts in unstable positions, or imbrication angles that
increase upwards through the bed (Fig. 2.6C). The latter is associated with a “late
stage” inversely graded profile that only affects the upper 30—40 cm of the bed.
Coarse sandstones, usually less than 20 cm thick, commonly cap the pebbly
sandstones. These sandstones are often highly lenticular, cut out by the succeeding
sandstone unit. Internally, these sandstones are massive but often contain markedly
outsized intraclasts up to 14 cm long apparently suspended in the sand. Clasts
always display a well developed a(p)a(i) fabric.

The unit exhibits an east-west lateral facies variation between Cwm Mawr
and Porth Clais. Pebbly sandstones become thinner, finer, and develop graded silty
mudstone interbeds as the member is traced westwards. The degree of channel
incision also varies quite dramatically, peaking at Ogof Blawd Ceirch (Fig. 2.6A), and
becoming tabular at Porth Clais and west of Porthselau. This variation coincides with
a marked increases in basal sole structures associated with tabular geometries.
Mudstone interbeds are typically flaser and wavy bedded. Evidence for bioturbation
is restricted to a few Skolithus burrows at Porth Clais and the section west of
Porthselau.

Many of the features recorded in the Cwm Mawr Member are present also in
the Trwyncynddeiriog Member and, likewise, the mode of emplacement is inferred to
have occurred from structurally bipartite sediment gravity flows. Pebbly sandstones
interbedded with tidal heterolithics may be interpreted as the deposits of high-density
turbidity currents, a conclusion consistent with deformed intraclasts and clasts
aligned along internal shear planes (Nemec 1990a). The transition from lenticular
beds at Ogof Blawd Ceirch to tabular beds at Porth Clais and west of Porthselau is
typical of the channel lobe transition often documented from fan-delta and deep-sea
fan successions (Mutti and Ricci Lucchi 1972; Mutti et al. 1999). The record of tidal
modulation and Skolithus burrows precludes deep marine sedimentation.
Channelized units of coarser grained pebbly sandstones with a(p)a(i) imbrication at
Cwm Mawr (Fig. 2.6C) are more difficult to interpret as there is no evidence to
suggest subaqueous emplacement. They occur immediately (and conformably)
above tidal heterolithics and record many features typical of the structurally bipartite
hyperconcentrated flood flows documented on alluvial fans (Smith 1986; Mutti et al.
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1996; Sohn et al. 1999, Manville and White 2003) (Fig. 2.4). Interbedded tabular
pebbly sandstone (Fig. 2.6D) with disorganized texture and fabric, and clasts in
unstable positions are characteristic of non-cohesive debris flow deposits (Lowe
1982; Nemec and Steel 1984; Kim et al. 1995).

Lower boundary: The lower boundary of the Cwm Mawr Member is interpreted as
unconformable (Fig. 2.6A2) at all localities based on: the sharp erosive contact, deep
channel incision (in excess of 5 m at Pen-y-Cyffrwy), abrupt grain size increase,
intraclasts of the preceding member in basal beds, and the marked facies dislocation
(Myers and Milton 1996, p. 39) at this surface. The latter is extremely prominent at
Porth Clais and Pen-y-Cyffrwy, where coarse-grained turbidites interbedded with tidal
heterolithics erosively overlie silty mudstones emplaced close to storm wave base. In
the type locality at Cwm Mawr, the exact nature and position of the unconformity is
complicated by lateral facies changes and difficulties in distinguishing major incision
and abrupt basinward shifts in facies from localized channel scour (Posamentier and
Weimer 1993; Wescott 1993). Thus one particular surface is difficult to determine
precisely, especially as lateral exposure is severely limited.

2.2.1.6. Porth Clais Formation (new)

General: The Porth Clais Formation (Table 2.1) is a new term to replace the “Middle
Solva” division of Hicks (1881) and subsequent auihors. Stead and Williams (1971)
divided the “Middle Solva” of Hicks (op. cit.) into a lower “Grey sandstone member”
and an upper “Purple sandstone member” but defined no limits to these units. The
divisions were based purely on secondary diagenetic colouration (presence or
absence of purple and green beds), which they assumed affected all beds in the
upper reaches of the “Middle Solva”. While this simple two-fold division occurs in the
type section at Porth Clais, the cliff sections immediately south of Trelerw between
Carreg-y-Barcud (SM 7750 2410) and Ogof-y-Flés (SM 7770 2432), and between
Porthselau and Point St John (SM 7195 2597) (both sections are only accessible
from the sea) cannot be distinguished by colour or any other lithological
characteristics. Thus following Hicks’s original classification and Rushton (1974),
these beds are regarded as belonging to a single formation.

Name: From Porth Clais.
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Type section: The type section is at Porth Clais where the formation is fully exposed.
Reference sections occur along cliff sections south of Trelerw between Carreg-y-
Barcud and Ogof-y-Ffos, and on the foreshore and low cliff at the northern end of
Newgale Sands. The latter section offers the best opportunity to study the
sedimentology of the formation, as it is relatively unbioturbated.

Thickness: The type section attains a measured thickness of 156 m, a figure
considerably lower than previously reported. Harkness and Hicks (1871, p. 390) for
example, estimated the sequence between Porthstinian and Point St John to be 1500
ft (456 m). A comparable thickness has been suggested for the area around Solva
(Rushton 1974). Although there is some evidence to suggest thickening of the
formation from west to east, which may account in part for the figure determined from
Solva, the previous lithological distinction based on diagenetic purple colouration
may have led to an overestimation of thickness, as purple bands occur at very
different levels across the region (see above).

Lithology and process sedimentology: Immediately east of Cwm Mawr, the facies
present are generally more varied and coarser than those developed on the St
David’'s Peninsula. Medium- to coarse-grained amalgamated sandstones are
dominant (Fig. 2.7B), although pebbly sandstones form an important constituent.
Beds are tabular in geometry, medium to thickly bedded (maximum thickness 1.5 m),
and typically devoid of internal stratification. Floating rip-up clasts are common, as
are water escape structures such as elutriation pipes and dish structures. Most of the
beds are massive, ungraded, structureless, but grading though uncommon, is
extremely variable and includes normal, inverse, inverse to normal, and normal to
inverse profiles. Load casts and ball and pillow structures are well developed when
sandstones are interbedded with dark-grey mudstone. All of these features together
suggest rapid emplacement from high-density turbidity currents. Massive bedding in
sandstone has been modelled by Kneller and Branney (1995) who proposed a
mechanism of gradual aggradation beneath sustained quasi-steady currents like
those developed at the mouths of high gradient mountainous streams (Mulder and
Alexander 2000).

Throughout much of the St David's Peninsula, the Porth Clais Formation is a
dull-grey and dull-purple monotonous succession of tabular, medium to thinly bedded
fine- to rarely coarse-grained well graded sandstones, interbedded with structureless
dark grey, purple and green silty mudstone. Bioturbation is ubiquitous in the silty
mudstones and common in sandstones, with Planolites, Teichichnus, Sinusites and
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Chondrites being the main burrow types (Crimes 1970a). These are spectacularly
preserved on vertical bedding planes immediately west of Porth Clais. Sedimentary
structures are difficult to identify due to the effects of bioturbation, but where
apparent conform to Bouma divisions Tb, Tc, and Td. Structureless graded divisions
are equated with Bouma division Ta. Hummocky cross-stratification and climbing
ripple cross-lamination occurs sporadically in the lower beds of the formation. Load
casts and flute casts are well exposed in the section at Porth Clais and Ogof Blawd
Ceirch. Concretionary horizons and phosphate nodules have been documented at a
number of levels in the upper part of the formation west of Porth Clais and northeast
of Point St John. Most of the features can be equated with deposits of fine-grained,
typically low-density turbidity currents, and represent the distal expression of the
coarser grained facies recorded at Cwm Mawr. The type of bioturbation and rare
HCS are typically associated with mid-shelf water depths.

In all localities on the St David’s Peninsula (but faulted out at Cwm Mawr) the
uppermost part of the formation is composed of erosively based pebbly sandstones
(Fig. 2.7C and D and Fig. 2.8B) similar to those described from the Newgale
Formation. This unit attains a maximum thickness south of Trelerw of 3.5 m, thins to
2.5 m at Porth Clais (Fig. 2.7C), and to less than 1.5 m at Whitesand Bay (Fig. 2.8B).
The presence of inverse grading, floating rip-up clasts, a(p)a(i) clast imbrication, and
pebbly sandstone-coarse sandstone couplets identify these deposits as coarse-
grained turbidites emplaced by high-density turbidity currents. The lower contact of
this pebbly unit is interpreted as an unconformity (or correlative conformity) based on
the sharp contact between pebbly sandstone and bioturbated silty mudstone,
significant basal erosion, and a clear facies dislocation. In most respects this surface
is identical to the one identified at the base of the Cwm Mawr Member and likewise is
considered an important marker horizon across the region. The upper boundary of
this pebbly unit is also relatively sharp (Fig. 2.7D), forming a recognizable surface
that separates the Caerfai Group from the overlying dominantly fine-grained Porth-y-

rhaw Group.

Lower Boundary: The junction between the underlying Newgale Formation and the
Porth Clais Formation is abrupt but conformable (Fig. 2.7A and Fig. 2.2E), and is
defined at the contact between coarse-grained thickly bedded sandstones
amalgamated along uneven erosion surfaces and more thinly bedded fine- to
medium-grained sandstones with tabular amalgamation surfaces. The contact is well
displayed at Pen-y-Cyffrwy (Fig. 2.7A) and Porth Clais. At Cwm Mawr, the junction is
faulted out.
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Distribution: In addition to the type and references sections outlined above, easily
accessible exposures of parts of the formation occur on the eastern and western
sides of Solva Harbour, and on the extreme headland of Pen-y-Cyffrwy although
faulting appears to replicate the succession somewhat and a strong cleavage
obscures many of the lithological characteristics. Additional exposures not as readily
accessible include the eastern side of Caerfai Bay (Fig. 2.2F), the western side of
Caerbwdy Bay, immediately below the lifeboat station at Porthstinian, and in the
higher grounds of Solva Valley (Jones in Cox et al. 1930a, p. 417). A small section
(c. 15 m) of grey and purple fine-grained sandstones faulted against the Precambrian
Pebidian Supergroup immediately north of Ogof Golchfa is also referred to the Porth
Clais Formation. This exposure was previously mapped as “St Non's Sandstone” by
Stead and Williams (1971, p. 195) and by the B.G.S. (1973) as “Solva Beds”
(undifferentiated). About 120 m of green and purple silty mudstones recorded by
Williams (1934) at Tancredston in the Tremaenhir syncline probably represent part of
the Porth Clais Formation. Apart from at Newgale Sands, the formation is poorly
developed in the Haycastle inlier, but may be represented in the east by grey flaggy

sandstones overlying the “Musland Grit".

Biota and age: Fossils are very infrequent, especially in the lower part of the
formation, but an immature cranidium apparently from Porth Clais (Loc. 3 of Farshori
1962, p. 1580), and figured and identified in Lewis (1987) as Paradoxides
(Hydrocephalus) cf. sjoegreni Linnarsson may indicate a late P. oelandicus (P. pinus)
Biozone for the lower part of the formation. From beds higher up, Hicks (in Harkness
and Hicks 1871, p. 390) recorded Ctenocephalus (Hartella) solvensis (Hicks),
Lingulella ferruginea Salter, and Paradoxides (Eccaparadoxides) harknessi Hicks
from a temporary exposure on the roadside between Whitchurch and Upper Solva
Village. C. (H.) solvensis occurs in the upper part of the Porth Clais Formation on
Ramsey Sound where it is associated with Bailiaspis aff. dalmani (Angelin),
Parasolenopleura? Sp. and Paradoxides ramsayensis sp. nov. The latter species has
been previously identified as P. sjoegreni Linnarsson (Farshori in Smith and White
1963, p. 404) which, together with Hicks’' identification of “P. harknessi’, has
contributed to these strata being assigned a late P. oelandicus Biozone age. The one
specimen of B. aff. dalmani was considered by Lewis (1987) to be too imperfectly
preserved for positive identification, but in Sweden the species is not recorded from
beds older than of the P. gibbus Biozone. Furthermore, it seems apparent that
throughout most of the Acado-Baltic region Hartella is found only in beds of this age.
The upper part of the Porth Clais Formation may therefore tentatively be referred to
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the Zone of Ptychagnostus gibbus. The P. gibbus Biozone is also represented by the
lower part of the Whitesand Bay Formation stratigraphically above.

2.2.2. PORTH-Y-RHAW GROUP (new)

General: The Porth-y-rhaw Group (Table 2.1) is a new collective term for strata
previously assigned by Hicks (1881) to the “Upper Solva” and “Menevian Group”, and
by Harkness and Hicks (1871) to the “Lingula Flags”. The group also includes the
“Treffgarne Bridge Beds” of Cowie et al. (1972). None of these units has ever been
formally defined or their boundaries described. Since the studies of Harkness and
Hicks (1871) and Hicks (1881), the “Menevian” and “Lingula Flags” have been
considered separate lithological units although no boundary or distinctive feature has
been published to warrant this. In the stratigraphic scheme erected by Cowie et al.
(1972), the junction between the two was taken as the boundary between the Middle
Cambrian (St David’s Series) and Upper Cambrian (Merioneth Series).

Lewis (1987) identified Agnostus pisiformis (Wahlenberg) in beds exposed at
Loch Warren (north-northeast of Cradle Rock, Fig. 2.1C)), which were mapped by the
B.G.S. (1973) as “Menevian”. These beds, which are 500 m east of Porth-y-rhaw and
were considered “Middle Lingula Flags” by Hicks and Salter (1866) are, based on the
presence of A. pisiformis, basal Upper Cambrian in age. The Middle-Upper
Cambrian boundary must therefore lie within beds formerly referred to as “Lingula
Flags”. The mapping of Upper Cambrian strata as “Menevian” by the B.G.S. also
highlights the strong lithological similarities between the “Menevian” and succeeding
beds. The boundaries of the Porth-y-rhaw Group are in fact those originally defined
as “Lingula Flags” in the earliest stratigraphic scheme for the area constructed by
Salter (1864). These boundaries also corresponds closely to those of the Mawddach
Group of the Harlech Dome (Allen et al. 1981), with which the Porth-y-rhaw Group

shares many lithological similarities.

Name: From the small coastal inlet of Porth-y-rhaw (Fig. 2.1C).

Subdivisions: The Group is divided into five formations (Table 2.1): the Whitesand
Bay Formation (new) which equates to the “Upper Solva” of Hicks (1881); the
Menevia Formation (new) which corresponds to the “Lower Menevian” and “Middle
Menevian” of Hicks (op. cit); the Aber Llong Formation (new), which was formally the
“Upper Menevian” of Hicks (op. cit) and the lower part of the “Lingula Flags” as
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defined by Harkness and Hicks (1871) or the “Middle Lingula Flags” of Salter (1864)
and Hicks and Salter (1866); the Ogof Velvet Formation, a term used by Kokelaar et
al. (1985) but without formal definition, and the Treffgarne Bridge Formation (revised
after Cowie et al. 1972). The group is unconformably overlain by fine-grained
sediments of the Ogof Hen Formation that yield a fauna of early Arenig age.

Type area: The coastal cliffs east and west of Porth-y-rhaw (Fig. 2.9A and B), from
50 m east of Ogof y Ffés (SM 7770 2432) to Cradle Rock (SM 7883 2372). The lower
three formations are exposed in full, and the contact with Ogof Velvet Formation also
occurs. Important reference sections include Whitesand Bay (Fig. 2.2B), Porth Gain
and Aber Mawr (Granston area) for the Ogof Velvet Formation, while Treffgarne
(9594 2287) is the only known locality that exposes the Treffgarne Bridge Formation.

Thickness: In the type area the group attains a measured thickness of 405 m
although over 600 m of section is actually exposed through structural repetition. A
further 260 m is exposed at Porth Gain and Aber Mawr and 22 m at Treffgarne,

which gives a conservative estimate for the group as greater than 687 m.

Lower and upper contact: The group rests conformably upon the Porth Clais
Formation at Whitesand Bay, Porth Clais, Point St John, and between Ogof-y-Fos
and Ogof Enyon (Fig. 2.7D and Fig. 2.8C). The unconformable contact with the
Gwynedd Supergroup (Arenig) may be studied at both Whitesand Bay and Porth
Gain, but at both localities the junction (marked by a thin pebble lag) is cryptic due to
very similar lithologies on either side.

Dominant lithology: The group is predominantly composed of very fine-grained
quartzose sandstones and siltstones interbedded with dark-grey to black laminated
mudstone. Pale weathering metabentonite horizons are present in the Menevia
Formation. Carbonate concretions, nodular limestones and phosphate nodules occur
throughout the lower 3 formations, which are mud-dominated, high in organic carbon
(Price 1963, p. 196) and typically pyritous. The Ogof Velvet Formation is significantly
more arenaceous, and black mudstone typical of the preceding formations is
replaced by light blue silty mudstone. Large- and small-scale soft sediment
deformation is common in both the upper part of the Whitesand Bay Formation and
throughout the Ogof Velvet Formation (Kokelaar et al. 1985).
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Distribution: The Porth-y-rhaw Group forms a distinctive fine-grained, dark
weathering and cliff-forming unit across 7 km of coastline between Ogof y Ffés and
Ogof y Cae (SM 8218 2322), where the upper beds are faulted against Caerbwdy
Sandstone. In addition to the type area, good exposure of the Menevia and Aber
Llong Formations occur on the eastern and western sides of Solva Harbour. The
greater part of the Cambrian outcrops in Pembrokeshire belong to the Aber Llong
and Ogof Velvet formations (formally the “Lingula Flags"), which occur on both flanks
of the St David’'s and Haycastle Anticlines, occupy the core of the Mabws Anticline
and an extensive tract southeast of Granston. A small inlier also occurs on Ramsey
Island.

Biota and age: The Porth-y-rhaw Group is composed of strata of late St David's to
mid-Merioneth age. The faunal assemblage is relatively diverse and allows
correlation into the Scandinavian sequences (Table 2.1). Proven biozones include
those of: Tomagnostus fissus, Hypagnostus parvifrons, Ptychagnostus punctuosis
(from the St David's Series) and the Agnostus pisiformis and upper Olenus (from the
Merioneth Series). The presence of the Ptychagnostus gibbus Biozone is suspected,
while the Solenopleura brachymetopa and Lejopyge laevigata are unproven.

2.2.2.1. Whitesand Bay Formation (new)

General: This formation corresponds to strata previously assigned by Hicks (1881) to
the “Upper Solva”. It also includes approximately 20 m of strata previously defined as

“Lower Menevian”.

Name: From Whitesand Bay, situated northwest of St David'’s.

Type section: On the southern side of Whitesand Bay immediately north of Ogof
Golchfa (Fig. 2.8B and C). This section was mapped by Williams (in Owen and
Williams 1971, fig. 5, p. 30) and Stead and Williams (1971, fig. 8, p. 195) as “St
Non’'s Sandstone” and by the B.G.S. (1973) as “Solva Beds” (undifferentiated). Stead
and Williams (op. cit., p. 194-195) noted that the sequence includes “laminated dark
mudstone bands which exhibit a variety of sedimentary structures”, but that the rocks
“are of rather different aspect to the green [St Non's Formation] sandstones at
Caerfai Bay’. On lithological grounds these beds are typical Whitesand Bay
Formation, as exposed in the historical type locality west of Porth-y-rhaw (Fig. 2.9A)
between Ogof y Ffés and Ogof Eynon (SM 7839 2427) (Fig. 2.9D). This section is
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largely inaccessible but is retained as an important reference section due to the
fossiliferous localities recorded by Hicks (in Hicks and Salter 1866, p. 283) and Lewis
(1987). A further reference section occurs at the inland end of Porth-y-rhaw (SM
7846 2430).

Thickness: At its type locality, the Whitesand Bay Formation attains a thickness of
118 m. In the cliff sections west of Porth-y-rhaw, this increases to 136 m. Previous
estimates based on the latter exposure range from 46 m (Hicks 1881, p. 298) to 106
m (Jones in Cox et al. 1930a, p. 254), the thickness variation clearly depending upon
arbitrary boundaries.

Lower contact: The base of the formation is taken at the first siltstone bed that occurs
above the prominent pebbly sandstone unit at the top of the Porth Clais Formation.
This junction, which is well exposed at both Porth Clais (Fig. 2.7C and 7D) and
Whitesand Bay (Fig. 2.8B and C), also coincides with the first appearance of dark
organic-rich laminae that characterise much of the Porth-y-rhaw Group.

Lithology and process sedimentology: The lithology is fairly uniform across the St
David’s Peninsula, varying from light grey, medium to thinly bedded or flaggy sandy
siltstones and mudstones in the lower part (Fig. 2.7D and Fig. 2.8A) to a facies of
interbedded thin dark mudstones and light grey, very fine-grained sandstones and
siltstones at the top. Sandstones are generally tabular with sharp erosive basal
contacts and gradational upper surfaces (Fig. 2.9D). Siltstones, particularly in the
upper 15 m of the formation, are lenticular and may be better described as fading
ripples (Stow and Shanmugam 1980). Dark, organic-rich mudstones occur
throughout the sequence but increase in abundance and average thickness towards
the top of the formation. Much of the sequence is intensely bioturbated, with
Planolites and Sinusites burrows particularly common. Sedimentary structures are
difficult to determine, but parallel lamination overlain by ripple cross-lamination is the
dominant profile in sandstones, while siltstones document only the rippled upper
division. With the additional presence of load casts and flute casts, both the
sandstones and siltstones display the salient characteristics of fine-grained turbidites.
A mid- to outer-shelf depth may be inferred based on palaeontological evidence.
Towards the contact with the overlying Menevia Formation, the rock takes on
a banded appearance that appears cyclic in origin. The base of each banded unit is
composed of a thin (0.2-2.1 cm thick) rippled siltstone that may be massive or
consist of fading ripple cross-lamination. Basal boundaries are slightly erosional and
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commonly loaded. This siltstone is succeeded by a graded green to grey silty
mudstone, which may have a mottled appearance suggesting bioturbation (Prigmore
and Rushton 2000). This horizon varies between 1-5 cm thick, and may be diffusely
laminated, convoluted or structureless. This is in turn overlain by a massive or
diffusely laminated, largely unbioturbated black mudstone. This banded facies is
similar to the so-called “Zebra facies” (Baird and Brett 1991) commonly described
from pro-delta—outer shelf environments when oxygen-carrying low-density turbidity
currents enter the “dysaerobic” facies zone (Rhoads and Morse 1971).

Distribution: In addition to the type and reference sections outlined above, the
Whitesand Bay Formation also forms part of the headland of Penpleidiau at the
extreme eastern point of Caerfai Bay (Fig. 2.1C), and in the low cliffs extending
south-westwards from the lime kilns in Solva Harbour. The darker banding which
characterizes the division elsewhere is absent at Solva, but it appears that all
originally dark mudstones in this side of the harbour, including those of the
succeeding Menevia Formation, have acquired a greenish colouration due to thermal

alteration by a large intrusive body (Jones in Cox et al. 1930a, p. 417).

Biota and age: Hicks (in Hicks and Salter 1866, p. 283) recorded “Paradoxides
aurora’, a new “Conocoryphe” and other fossils from the lowermost beds of the
division. Hicks (in Salter and Hicks 1869) described the “Conocoryphe” as C. bufo
Hicks, which Lake (1940, p. 283) considered a junior subjective synonym of
Bailiaspis dalmani (Angelin). Harkness and Hicks (1871, p. 390) also listed “Agnostus
cambrensis Hicks”, Theca antiqua Hicks, Theca penultima Hicks, Discina pileolus
Hicks, Obolella sagittalis Salter, and Lingulella ferruginea Salter. The “Agnostus
cambrensis” was identified by Lake (1906, p. 18) as Agnostus integer Beyrich (now
Peronopsis integra), but a reassessment of this specimen by Lewis (1987, pl. 5, fig.
2) showed it to be referable to Peronopsis redita (Pek and Vanék 1971). Lake (1935)
also described Paradoxides intermedius Cobbold from these beds but, according to
Lewis (1987), the one cranidium differs from those of the English form illustrated by
Cobbold (1913c), and was instead referred to Paradoxides aff. intermedius Cobbold.
Fossils collected by Lewis (1987) from the banded facies near the top of the division
at Porth-y-rhaw include Bailiaspis cf. dalmani, Tomagnostus fissus (Linnarsson),
Paradoxides hicksii, Phalagnostus sp., Ptychagnostus sp. and Phalacroma? sp.

The Whitesand Bay Formation is conventionally referred to the biozone of
Paradoxides aurora (following Hicks 1881). A re-examination of the type specimens
by Lewis (1987) showed the species to be a probable junior subjective synonym of P.

45



Cambrian stratigraphy in SW Wales

Hicksii, and called for the term “Paradoxides aurora Biozone” to be abandoned. The
lower part of the formation has been tenuously equated with the P. gibbus Biozone
(Rushton 1974; Prigmore and Rushton 2000). The upper part of the formation was
assigned an early 7. fissus — P. atavus age by Lewis (1987) based on the first
appearance of T. fissus.

2.2.2.2. Menevia Formation (new)

General: This formation corresponds to strata previously assigned by Hicks (1881) to
the “Lower Menevian” and “Middle Menevian” (Table 2.1). Following suggestions by
a number of authors (e.g. Lewis 1987; Prigmore and Rushton 2000), sandstones of
the “Upper Menevian” as defined by Hicks (1881) are excluded from the entirely

mud-dominated Menevia Formation.

Name: The name “Menevian” has been employed in various senses both as a rock-
formation and a biostratigraphical term (see Stubblefield 1959); in the latter context it
always refers to the biozones of Paradoxides hicksii and Paradoxides davidis (Table
2.1).

Type section: The historical type section at Porth-y-rhaw (Fig. 2.1C and Fig. 2.10A)
exposes the formation in its entirety and is designated stratotype. This SSSI is a
classic geological locality of international importance. The locality is mentioned in
accounts of the St David’s area, notably by Cox et al. (1930a, b), who described the
succession in detail, and in guides to the area (Owen et al. 1971, Williams and Stead
1982).

Thickness: At the type locality, the formation has a measured thickness of 97 m. This
is less than half the thickness of strata that was previously assigned to the “Menevian
Group” estimated by Hicks (1881, p. 299) and Stead and Williams (1971, p. 181).

Lower contact: At both Whitesand Bay and Porth-y-rhaw, the contact between the
“Zebra facies” of the upper Whitesand Bay Formation and diffusely laminated black
mudstones typical of the Menevia Formation is gradational over approximately 7 m.
In these transitional beds, rippled siltstones and mottled green silty mudstone
decrease in thickness as the black mudstone division increases over each cycle. The
base is drawn at the first unit where the black mudstone division forms over 50% of

couplet thickness.
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Lithology: The formation predominantly comprises massive or diffusely laminated
dark-grey to black mudstones (Fig. 2.10) with occasional very thinly bedded, laterally
persistent graded fine siltstones. Silt horizons contain no evidence for traction
deposition and display non-erosional bases and gradational tops. Discontinuous
limestone beds composed almost entirely of ferroan calcite occur lower in the
formation. Pale weathering, tabular bedded metabentonites also occur (Fig. 2.10A
and B). Large spheroidal carbonate concretions lower in the formation are replaced
higher up by phosphate nodules. Framboidal pyrite is common throughout.
Approximately 14 m above the base of the formation occurs a very conspicuous
erosion surface characterised by gentle symmetrical scours overlain by a laterally
persistent concentration of very well rounded phosphate and mudstone rip-up clasts
(Fig. 2.10C). This horizon is of some stratigraphic importance as an identical layer
has been recorded from coeval strata in the Manuals River Formation in
southeastern Newfoundland (bed 115 of Howells 1925, p 36). Soft sediment
deformation occurs throughout the division but is particularly prominent lower in the
formation. Evidence for bioturbation is confined to the lowermost 30 m, but nowhere
does it occur extensively.

The general lack of infauna, sparse epifauna (see below), the laminated
texture and very dark grey to black colouration suggest low levels of dissolved
oxygen, possibly bordering on complete anoxia (Arthur et al. 1991). The uniform
composition, lack of primary sedimentary structures and inferred low sedimentation
rates (based on the presence of carbonate concretions, Raiswell 1987) suggest
hemipelagic sedimentation (Stow et al. 1996). Although the common presence of
pyrite does not necessarily imply anoxic conditions on the sea floor, it does suggest
that sufficient metabolizable organic matter remained during burial to promote
sulphate reduction within the sediment and sulphate mineralisation (Berner 1978).
The framboidal state implies early diagenetic formation at very shallow depth (Love
1967), forming in muds of soupy consistency (O'Brien 1995). This is consistent with
the presence of the controversial echinoderm-like organism Protocystites menevenis
Hicks, which Jefferies et al. (1987) considered particularly adapted to staying upright
on extremely soft (watery) muds. The origin of the thin silt bands is uncertain, but
they clearly represent a type of “event” sedimentation deposited out of suspension
that punctuated an environment usually associated with intense condensation.

Distribution: In addition to the type section outlined above, Menevia Formation strata
also occur at Penpleidiau, Dwrhyd Pit (SM 7914 2477) (see Prigmore and Rushton

2000 for site description) and Solva Harbour. Other outcrops occur at Tancredston
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and in the Haycastle inlier where they constitute the upper division of the “Ford Beds”
(term abandoned) described by Thomas and Jones (1912). The formation is not
known from north of the St David’'s Peninsula, where it appears to be faulted out
(Owen et al. 1971, p. 29). |

Biota and age: The section through the Menevia Formation at Porth-y-rhaw,
supplemented by evidence from other sites close by (Dwrhyd Pit, Penpleidiau and
Solva Harbour), provides the most complete zonal sequence for the St David’s
Series in Britain, ranging from the base of the fissus Biozone up to the punctuosus
Biozone (Prigmore and Rushton 2000). It is the type locality for several trilobite and
other species and is famous for yielding Paradoxides davidis Salter. References
covering the most important faunas include: Salter (1863, 1864, 1866), Salter and
Hicks (1867, 1869), and Hicks (in Harkness and Hicks 1871). Most of the trilobites
were later redescribed by Lake (1906-1946; see Thomas et al. 1984 for updated
nomenclature). The most important contribution to the fauna of the Menevia
Formation since the late 19" Century is undoubtedly the systematic account of Lewis
(1987), on which the summary below is based.

The lower part of the Menevia Formation (beds previously referred to as
“Lower Menevian” and correlated with the T. fissus Biozone of Scandinavia) on the
western side of Porth-y-rhaw (Loc. PR-6 in Lewis 1987) have yielded Paradoxides
hicksii Salter, Eodiscus punctatus (Salter) s.l., Peronopsis scutalis (Hicks) s.l.,
Jincella applanata (Hicks), Linnarssonia sagittalis (Davidson), Protospongia sp. and
Hyolithes sp. Harkness and Hicks (1871, p. 396-397) also listed the following
species: “Conocoryphe” humerosa Salter, Agraulos [‘Arionellus"] longicephalus
(Hicks), Onymagnostus [‘Agnostus’] davidis (Hicks), O ['A"] barrandei (Hicks),
Protospongia diffusa Salter, Protocystites menevensis Hicks, hyolithids and
bradoriids. Middle T. fissus Biozone faunas are better known from Penpleidiau (Locs.
CF-1 to CF-6 in Lewis 1987), and include Paradoxides hicksii, P. illingi Lake,
Luhops pugnax (lling), Parasolenopleura elegans (llling), Holocephalina incerta
llling, Tomagnostus fissus (Linnarsson), T. westergaardi sp. nov., Condylopyge cf.
rex (Barrande), Pleuroctenium granulatum (Barrande) s.l., Peronopsis scutalis
(Hicks) s.l., Onymagnostus barrandei (Hicks) and Eodiscus punctatus scanicus
(Linnarsson).

The upper of the formation (previously assigned to the “Middle Menevian” and
correlated with both the H. parvifrons and P. punctuosus Biozones) on the western
side of Porth-y-rhaw have yielded Hypagnostus cf. parvifrons (Linnarsson),
Pleuroctenium granulatum scanense (Westergard), Tomagnostus perrugatus
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(Gronwell), Agraulos longicephalus (Hicks), Ptychagnostus cicoroidos (Mathew),
Solenopleura applanata (Salter), Ptychagnostus davidis (Hicks), Condylopyge rex
(Barrande), Grandagnostus sp. B, Phalagnostus sp. B, Pleuroctonium tubercalatum
(llling), Ptychagnostus punctuosis affinis (Brégger), Ptychagnostus (Onymagnostus)
sp., Aconthous sp. nov., Anopolenus sp. A, Anopolenus sp. B, Clarella sp. nov.,
Clarella sp. A, Dasomatopus sp. nov., Hartshillia inflata (Hicks), Hartshillia spinate
(Ming), Eodiscus punctatus punctatus (Salter), Meneviella venulosa (Salter) and
Peronopsis Scutalis Scutalis (Hicks). Additional collections from Solva Harbour and

Ogof Eynon can be found in Lewis (1987).
2.2.2.3. Aber Llong Formation (new)

General: The Aber Llong Formation (Table 2.1) is a term applied to strata previous
defined as “Upper Menevian” (or “Orthis hicksii Beds") (Harkness and Hicks 1871,
Hicks 1881) and “Lingula Flags” (Harkness and Hicks 1871) (lower part). The “Middle
Lingula Flags” of Salter (1864) and Hicks and Salter (1866), and the “Maentwrog
Group” of Hicks (1881) roughly correspond to the part of the “Lingula Flags” that is
included in the Aber Llong Formation.

Name: From the small bay of the same name immediately east of Porth-y-rhaw (Fig.
2.1).

Type section: The formation is well exposed at low tide from the southernmost point
of Porth-y-rhaw eastwards (Fig. 2.9B) across the small bays and headlands as far as
Loch Warren (Fig. 2.1C). Although almost continuous exposure exists, and the
section is the best candidate for stratotype, small parts between Porth-y-rhaw and
Aber Llong are inaccessible. An important reference section for this lower part, which
also exposes the contact with the underlying Menevia Formation, occurs on the

western side of Solva Harbour, although again this is tide dependent.

Thickness: A minimum thickness for the formation at the type locality is 172 m, but
the section is structurally complex and this estimation is open to further revision. At
least 100 m of continuous section occurs on the western side of Solva Harbour.

Lower contact: The contact between the Menevian Formation and Aber Llong
Formation is sharp and marked by a unit (approximately 2.2 m thick) of thickly

bedded coarse sandstone overlying black mudstone (Fig. 2.9A). According to Stead
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and Williams (1971, p. 188) the junction is conformable, but Taylor and Rushton
(1972, p. 9) suggested the possibility of a non-sequence as there is a general
absence of higher Middle Cambrian biozones throughout Avalonia due to a
widespread regression during the time of the Solenopleura brachymetopa Biozone.
In all areas where the relevant beds are exposed, there is an abrupt lithological
change at approximately the same level as that seen at Porth-y-rhaw (see Fig. 2.13).
The sharp junction between mid- to outer shelf mudstones and shoreface sandstones
(discussed below) is a characteristic : commonly associated with forced regressions
(Posamentier and James 1993; Fitzsimmons 1994; Ainsworth and Patterson 1994).
The clear facies dislocation between offshore muds and nearshore sands is therefore

interpreted as an unconformity or its correlative conformity (Posamentier et al. 1992).

Lithology and process sedimentology: The Aber Liong Formation, like the preceding
formation, is dominated by diffusely laminated or massive pyritous black mudstone.
The lower 15-18 m (Fig. 2.9A) comprise interbedded sandstones and mudstones
(Fig. 2.9C), including the basal 2.2 m unit of thickly bedded medium- to coarse-
grained sandstones exhibiting rare cross-bedding and symmetrical ripples. Above the
basal unit, sandstones thin and fine markedly, rarely attaining a thickness greater
than 15 cm, and typically falling within the fine sand to coarse silt fraction. Beds with
these finer grain sizes display more variable internal stratification including
hummocky cross-stratification, micro-hummocky cross-stratification, wave ripple
lamination, parallel lamination and rare trough cross-bedding (restricted to medium
sand). Wave ripples, interference ripples (Fig. 2.11E) and current ripples are
spectacularly exposed on gently dipping bedding planes at Aber Llong. Soft sediment
deformation associated with water escape often forms convolute lamination,
particularly in the thicker beds. Bed geometry is extremely variable ranging from
tabular (Fig. 2.9C) to highly lenticular (Fig. 2.11D). The latter is a depositional rather
than erosional feature, with lenticg|s existing as “starved hummocks” (Myrow 1992a;
Brenchley et al. 1993). Interbedded black mudstones may be massive, but are more
commonly wavy, lenticular or flaser bedded.

Above this arenaceous lower part, the rest of the formation is almost identical
to the Menevia Formation, and it is hardly surprising that parts of this succession
were originally mapped as such by the B.G.S. (1973). Mudstones are typically colour
banded (Fig. 2.11A), with a thin starved ripple train of siltstone, overlain by a green
silty mudstone that culminates in black laminated mudstone. Tabular beds of nodular
limestone (Fig. 2.11B) composed of amalgamated carbonate concretions are rare but

highly conspicuous, while concretions that are not amalgamated but developed along

L




ety = == e N
B NOILVIWHOZ ONOT1 438V et B TR

NOILYINYO4
13AT3A 4090




Cambrian stratigraphy in SW Wales

certain horizons are common. Bioturbation is completely absent. The overall fining-
upward trend culminates in a distinctive black mudstone unit exposed at Loch
Warren that is devoid of silt but rich in nodular limestone and carbonate concretions.
This section was previously mapped as “Menevian” and is the locality where Lewis
(1987) collected specimens of Agnostus pisiformis. The uppermost beds, which
include the transition into the overlying Ogof Velvet Formation (Fig. 2.11C), mark the
return of starved ripple trains and thinly bedded fine-grained sandstones. The latter
become dominant in the succeeding formation.

The sedimentological characteristics outlined above are consistent with
deposition on a transgressive—regressive fine-grained storm-dominated shelf (Crimes
1970a). Deposition of organic-rich mud in nearshore settings is typical of highly
dissipative coastal profiles where severe wave attenuation is a common feature
(Orton and Reading 1993). A good modern example of a highly dissipative shoreline
exists between the Orinoco and Amazon deltas on the Surinam coast (Wells and
Coleman 1981; Nittrouer et al. 1986), where waves neither reach the shoreline nor
break. This results in the predominantly onshore transport of muds, insignificant
nearshore erosion, and restricted dispersal of sand/silt grade material onto the shelf.
Intense condensation on the mid- to outer shelf is represented in the Aber Llong
Formation by nodular limestone and carbonate concretions. The conspicuous
nodular limestone bed and abundant carbonate concretions at Loch Warren may
represent the maximum flooding surface, documenting the period of most intense

condensation during peak transgression.

Distribution: Apart from the type locality and reference sections, the Aber Llong
Formation is elsewhere poorly exposed. Approximately 100 m of black mudstone
with subordinate sandstone, the latter displaying very well preserved hummocky
cross-stratification and starved hummocks occurs at Gwadn (SM 8032 2374), a small
bay on the eastern side of Solva Harbour, where neither upper nor lower contact is
exposed. Transitional beds into the overlying Ogof Velvet Formation occur in a small
quarry on the path leading to Aber Mawr (SM 8802 3457). Although no contact is
exposed, these dark mudstones with abundant starved ripples outcrop roughly 120 m
below beds of the Ogof Velvet Formation, which form the headland at Aber Mawr.
Approximately 90 m of black mudstones with starved siltstone ripples exposed at
Porth Glastwr (SM 8692 3420) 1.5 km southwest of Aber Mawr were mapped as
Arenig (Ogof Hen Formation) by the B.G.S. (1973). Faulted upper and lower contacts
were either observed or inferred: the latter is suspected as the section is only
accessible from the sea. Although some displacement of the section is evident, this
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clearly occurs within beds identified as Aber Llong Mudstones. Lithological features
share little in common with the shallow water facies typical of the Ogof Hen
Formation. This locality also exposes the transitional contact into the Ogof Velvet

Formation.

Biota and age: Fossils have previously been collected at only two localities. Beds
previously referred to as “Upper Menevian" have at Porth-y-rhaw yielded to Harkness
and Hicks (1871): Conocoryphe sp., Agnostus scutalis Salter, Lingulella ferruginea
Salter, Discina pileolus, Billingsella? hicksii (Davidson), “Orthis” hicksii Salter, Theca
corrugata Salter, Protospongia fenestrata Salter and Protospongia flabellata Hicks.
Unfortunately the trilobites were never illustrated to confirm their identities.
“Billingsella” hicksii and P. fenestrata are also recorded from beds stratigraphically
lower, while the stratigraphic ranges of the remaining species are unknown. Hicks
(1892) record of Paradoxides and “Conocoryphe” (specimens which have never been
described) may partly correspond to the Paradoxides forchhammeri (Solenopleura
brachymetopa?) zonal group of the Scandinavian sequence (Rushton 1974).
Deposition during this widespread regressional phase, with the development of a
falling stage systems tract (Plint and Nummedal 2000), would add significant weight
to the interpretation of this arenaceous unit as a forced regression. The occurrence of
Agnostus pisiformis at Loch Warren (Lewis 1987) in sediments deposited close to
maximum flooding, places the intervening Lejopyge Ilaevigata Biozone in
transgressive sediments, a feature present throughout Avalonia and Sweden
(Rushton 1978, p. 248; Allen et al. 1981, p. 307).

2.2.2.4, Ogof Velvet Formation (revised)

General: Traditionally the “Upper Lingula Flags” of Salter (1864) and Hicks and Salter
(1866), and the “Ffestiniog Group” of Hicks (1881), these beds were formally defined
by Kokelaar et al. (1985) as the “Ogof Velvet Formation” based on an 87 m thick
succession of “Lingula Flags” found beneath the Ogof Hen Formation (Arenig) on
Ramsey Island. Lithologically, the Ogof Velvet Formation is very similar to the
Ffestiniog Flags Formation exposed in North Wales (Allen et al.. 1981).

Name: After the coastal section of the same name (SM 7090 2528) situated on the

eastern headland of Bae Ogof Hén, at the most north-eastern point of Ramsey Island
(see Kokelaar et al. 1985).
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Type locality: The largest continuous exposure through the formation occurs in the
Granston Area from Aber Mawr (SM 8800 3448) to Penmorfa (SM 8672 3466), but
parts of the section are inaccessible from land and the unconformable junction with
the Arenig has yet to be identified. Over 250 m of well-exposed and continuous
section outcrop on both sides of Porth Gain Harbour (SM 8038 3261). As this locality
best displays the junction with the Arenig, this section is designated stratotype. The
succession at Aber Mawr is retained as a reference section and complements strata
exposed on the Trwynhwrddyn promontory on the northern side of Whitesand Bay
(Fig. 2.1B), where the unconformable contact with the Arenig is again exposed.

Thickness: A minimum thickness of 260 m occurs in the base-absent sequence at
the type locality. A similar figure is estimated for the top-absent sequence between
Aber Mawr and Penmorfa.

Lower and upper contacts: The lower contact with the Aber Llong Formation is well
exposed immediately east of Loch Warren (Fig. 2.11C) and at Porth Glastwr (access
from the sea only). In both sections the junction is entirely gradationalover
approximately 4 m, and is marked by a fairly rapid increase in the abundance of thin,
laterally persistent fine-grained sandstone beds with a concomitant decrease in dark
grey mudstone, which is replaced by light grey and dark blue silty mudstone (Fig.
2.11C). The base is drawn where sandstone forms a greater proportion than dark
grey mudstone. The upper contact with the Ogof Hen Formation (Arenig) is at most
localities faulted, but at Whitesand Bay (Pringle in Cox et al. 1930a, p. 422, 431;
Jones 1940, p. 407; Evans 1948), Ramsey Island (Kokelaar et al. 1985), and Porth
Gain, the junction is marked by very slight angular bedding discordance and a thin
(2-7 cm) conglomerate horizon composed of angular volcanic and metamorphic
clasts. The record of conglomerate in the Ogof Velvet Formation at Porth Gain (Cox
1915) is probably erroneous, more likely being the first recorded observation of this
extremely cryptic unconformity. At Whitesand Bay, Evans (1948) also documented
channel and karst-like features, but even with photographic evidence, this is difficult

to verify.

Lithology and process sedimentology: The formation generally comprises light-grey
weathering quartzose fine-grained sandstones with interbedded light blue silty
mudstone. Bed thickness, sandstone to shale ratio, and average grain size all
increase up section, continuing a trend begun in the underlying formation. Silty
mudstones are either laminated or massive lower in the sequence but become wavy,
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lenticular and flaser bedded half way up (Fig. 2.12C). Wave, interference and current
ripples are commonly associated with these structures. Cross-lamination is typically
bi-directional, and displays evidence for continued reactivation. Loading of ripple
forms suggests deposition on a low strength substrate. All of these structures are
beautifully preserved in the wave-weathered section at Whitesand Bay. Bioturbation
is extremely rare, but Planolites burrows occur occasionally higher in the succession
at both Whitesand Bay and Porth Gain.

Sandstones are tabular towards the base, but become increasing lenticular
higher up, culminating in intensely amalgamated channels incised into wavy bedded
silty mudstone (Fig. 2.12A). Internal stratification is extremely well developed
throughout, and particularly well preserved at Whitesand Bay and Porth Gain. The
lower beds record a stratification sequence comparable to Bouma divisions Ta-Td,
with erosive bases, gradational tops, and well developed sole structures including
load casts and flute casts. These beds pass gradationally into hummocky cross-
stratified sandstones that become amalgamated higher up (Fig. 2.12D) and replaced
by trough cross-bedding and quasi-planar lamination (cf. Arnott 1993).

Channels that form the upper part of the sequence may be hummocky cross-
stratified, trough cross-bedded or quasi-planar laminated, with trough cross-bedding
dominating the medium fraction. Grading is particularly common. Each channel unit
is completely encased in silty mudstone, and is typically composed of at least 14
discrete depositional episodes (Fig. 2.12A). Channel margins are typically steep,
occasionally overhanging, with no evidence for lateral accretion. Convolute
lamination is particularly well developed in channel units exposed at Whitesand Bay,
with excellent preservation of various types of water escape structure. Sinuous and
straight gutter casts are also extremely abundant, with good examples exposed at
Aber Mawr and Porth Gain. Although well developed throughout the succession, they
are quite distinctive when associated with channel units, particularly at Aber Mawr.
Sediment slides, although relatively uncommon, are a conspicuous feature of the
formation, with good examples exposed at Whitesand Bay, Porth Gain (Fig. 2.12B),
and according to Kokelaar et al. (1985), on Ramsey Island.

On both palaeontological and sedimentological grounds, Turner (1977)
concluded that the Ogof Velvet Formation represented intertidal and subtidal
deposition. The presence of wavy, lenticular, and flaser bedding, coupled with
reactivation surfaces, bi-directional cross-bedding, hypersaturated low strength
muds, and the quartzose nature of the sediments higher in the formation are certainly
consistent with this interpretation (Reineck and Wunderlich 1968; Visser 1980; Yeo
and Risk 1981). However the incised channel units, and the amalgamated
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Ogof Velvet
Characteristics of a fine grained subaqueous delta Formation
75-95% clay, silt and very fine sand *
Little or no subaerial expression *
Nearshore grain size profile may be inversely graded *
Well developed bypass - deposition - condensation zonal scheme *
Muddy nearshore prone to bypass (low accumulation rates). *
High energy tidal currents and expanded intertidal zone *
Moderate mass movement and resedimentation *
Dissipative shoreline (high wave attenuation) *
Low salinity water column *
Association with shore attached mud banks (Aber Llong Mst Fm) *
Large low gradient catchment draining a passive margin *

Table 2.2. Summary of the main characteristics of large fine-grained subaqueous delta
platforms based on studies by Nelson (1982), Nittrouer et al. (1986), Alexander et al. (1991),
Michels et al. (1998), and Hill et al. (2001). Evidence for a low salinity water column is
uncertain, but this feature may account for the almost complete exclusion of biogenic activity,
body fossils, and the unusual distribution of bioturbation in the Welsh Basin. See text for
further details. * = present.

sandstones and interbedded sandstones and mudstones lower in the
sequence, are not compatible with deposition under the modulating affect of tides.
[nstead, the presence of hummocky cross-stratification, quasi-planar lamination,
combined flow ripples, gutter casts, flute casts, and the unpredictable frequency of
bedding are typical features of inner to mid-shelf storm deposits (Harms et al. 1975;
Brenchley 1985; Arnott 1993; Myrow and Southard 1996).

A rather unusual feature of this storm- and tide-dominated shoreline
sequence is the occurrence of fine-grained sediment in the nearshore. Proximality
trends such as grain size and sandstone to shale ratio actually decrease in the
nearshore, the exact opposite to that recoded on most modern and ancient storm-
influenced shelves (Brenchley 1985; Swift et al. 1988; Johnson and Baldwin 1996).
The presence of gutter casts and channels in the nearshore (Fig. 2.4) is consistent
with the only tempestite model developed for fine-grained shorelines. According to
Myrow (1992a) and Perez-Lopez (2001) these features act as sediment conduits that
bypass sand grade material through the nearshore and out onto the inner shelf.
[dentical facies in the Ffestiniog Flags Formation in North Wales were interpreted by
Allen et al. (1981) as being deltaic in origin. A comparison of the salient attributes of
the Ogof Velvet Formation -with accepted features of subaqueous delta platforms
associated with large fine-grained rivers like the Amazon and Ganges is presented in
Table 2.2., and reaffirms this conclusion.
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Distribution: In addition to the type and reference sections outlined above, the
formation occurs extensively to the east and west of Solva Harbour, but access is
difficult, and in cliff sections at Porth Dwfn (SM 8041 3253) to the west and Trwyn
Elen (SM 8192 3281) and Trwyn Llwyd (SM 8331 3293) to the east of Porth Gain.

Biota and age: Fossils in the Ogof Velvet Formation are extremely rare and are not
considered age-diagnostic. Disarticulated shells of the brachiopod Lingullella davisii
(M'Coy) are abundant at certain horizons at several localities including Whitesand
Bay and Porth Gain. As this is a facies-dependant species, previous suggestions of
correlation with L. davisii bearing sediments of the Ffestiniog Flags Formation cannot
be assumed (Rushton 1974). The only other collection of note are well preserved
Hymenocaris-like crustacea obtained from Whitesand Bay by Lewis (1987).

2.2.2.5. Treffgarne Bridge Formation

General: Dark laminated mudstones exposed in the Treffgarne area assumed
importance when Upper Cambrian trilobites of the Olenus Biozone were discovered
there (Lake 1906-1946, pp. 10, 58). Fossils include Lingulella davisii and the
trilobites Homagnostus obesus (Belt), Olenus cataractes Salter and Olenus mundus
Lake, the latter two of which Rushton (1983) considered to be conspecific. The local
name “Treffgarne Bridge Beds” was proposed for these strata by Cowie et al. (1972),
and the general geology of the area was described by Thomas and Cox (1924).
Because the section is poorly exposed (intermittently exposing only 20 m of strata),
and fault bounded by Precambrian and Arenig Volcanics, its relationship to the Ogof
Velvet Formation is unknown. An upper Olenus age (cataractes Biosubzone) places
it stratigraphically above the Aber Llong Formation, but it contains lithofacies that are
different from both the upper part of the formation and the whole Ogof Velvet
Formation. Based on the age and lithological characteristics of the Ffestiniog Flags
Formation in North Wales (Allen et al. 1981), and sediment dispersal patterns
(Crimes 1970a) that suggest a south to north migration of facies belts across Wales
(Prigmore and Rushton 2000) culminating in shallow water sedimentation in North
Wales by the uppermost Olenus and Parabolina spinulosa Biozones (Allen et al.
1981), it is difficult to imagine Ogof Velvet sedimentation being any younger than the
O. cataractes Biosubzone. The Treffgarne Bridge Formation is therefore tentatively

equated with the Ogof Velvet Formation, and may simply record more distal
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deposition away from the main axis of deltaic sedimentation, a view shared with
Prigmore and Rushton (2000).

Type section: In cutting along the roadside and in a quarry next to Treffgarne Bridge
(SM 9594 2287).

Lithology: This predominantly argillaceous formation shares many lithological
characteristics with the Aber Llong Formation like colour banding (green, dark grey
and black mudstones), starved siltstone ripples, convolute lamination and rare cross-
lamination. Hard fine-grained siliceous sandstones occur as both lenticels and 1-6
cm thick tabular beds. Parallel lamination is occasionally preserved in the latter, but
always slightly convoluted by water escape. These beds are interpreted as distal
storm deposits laid down on the mid- to outer-shelf.

2.3. THE CONCEPT OF A UNIFIED AVALONIAN CHRONOSTRATIGRAPHY

Avalonia (Fig. 2.1E) is one of several exotic terranes within the Appalachian-
Caledonide orogen that are interpreted to have evolved along an active margin of
Neoproterozoic Gondwana (Nance et al. 1991, 2002). Extending from New England
and Atlantic Canada (West Avalonia) to southern Britain (East Avalonia), Avalonia is
the largest of these peri-Gondwanan terranes, all of which are characterized by
Neoproterozoic histories of continental margin subduction, and by the peri-
Gondwanan affinity of their early Palaeozoic shallow marine succession (Nance and
Thompson 1996; Landing 1996).

The remarkable lithological and palaeontological similarities between
Cambrian successions in East and West Avalonia have long been appreciated (e.g.
Mohr and Allen 1965), but up until the late 1970’s, work on the Avalonian cover
sequence was dominated by macrofossil studies and generalized lithostratigraphic
descriptions from small areas (Landing 1996). With the birth of high-resolution
sequence stratigraphy and precise U-Pb radiometric dating techniques, a picture of a
unified Avalonian cover sequence has emerged by extrapolating
chronostratigraphically significant, unconformity-bounded depositional sequences
identified in the type-Avalonian succession in SE Newfoundland, into coeval sections
in Nova Scotia, southern New Brunswick, eastern Massachusetts, Rhode Island,
Cape Breton Island, the Carolina Slate Belt, and parts of Southern Britain (Landing et
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al. 1980; Landing 1988, 1991, 1992, 1994, 1996; Landing and Benus 1988; Brasier
1989, 1992; Landing and Westrup 1996; Landing et al. 1998; Mcliroy et al. 2000).

Cambrian palaeogeographical reconstructions based on west—east transects
across these Avalonian cover sequences apparently define a marginal (western) and
inner (eastern) platform (Fig. 2.1A) (Landing 1994, 1996; Landing and Westrop
1996). In the sedimentary record, these broad geographical locations are apparently
defined by their depositional response to the timing and scale of epeirogenic activity
(Landing 1992, 1996). Marginal platform successions such as those on the Burin
Peninsula (SE Newfoundland), St John's (New Brunswick), Cape Breton Island and
Nova Scotia typically demonstrate: (1) a thick lower Placentian Series that extends
downwards into the latest Neoproterozoic (e.g. the Rencontre-Random formations
on the Burin Peninsula, Fig. 2.13) and, (2) a dominantly arenaceous Branchian—
middle Acadian (St David's) Series punctuated by large unconformities (e.g. St
John's, New Brunswick, Fig. 2.13). These features are comparable with Cambrian
successions in the Bangor area and Caernarfonshire Slate Belt in southern Britain
(which are situated on the northwestern periphery of the British Avalonian
Superterrane (Fig. 2.1A); a location consistent with the marginal platform of West
Avalonia (Landing 1996).

These characteristics may be contrasted with successions on the eastern
inner platform of Avalonia in locations such as Trinity Bay (SE Newfoundland, Fig.
2.13) and Cradle Brook (New Brunswick), which typically demonstrate: (1) a thin
lower Placentian Series with an unconformable contact with the latest Precambrian
(e.g. the Random Formation at Trinity Bay, Fig. 2.13) and, (2) a shale-dominated
middle Lower Cambrian—-upper Middle Cambrian that contains units of limestone
(e.g. the Bonavista and Brigus groups and Chamberlain's Brook Formation at Trinity
Bay, Fig. 2.13). The dominantly fine-grained succession at Nuneaton on the eastern
part of the Midland Platform defines the inner platform in southern Britain (Brasier
1989; Landing 1996).

Based on a comprehensive synthesis of local studies, Landing (1996)
proposed 9 epeirogenically-controlled depositional sequences that are apparently
recognized in the Dyfed Supergroup of southern Britain (Fig. 2.13). As this sequence
framework was principally developed from sections in West Avalonia, and has yet to
be applied in detail to any sections in southern Britain (Landing relied almost entirely
on secondary accounts), this contribution to Cambrian stratigraphy in SW Wales
presents an opportunity to test the applicability of a unified Avalonian stratigraphy to
Cambrian sections in southern Britain. Although Pembrokeshire exposes one of the

most complete successions of Cambrian rocks in southern Britain, it was overlooked
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Cambrian stratigraphy in SW Wales

in Landing's (1996) synthesis of Avalonia stratigraphy. This may be because
geographically, Pembrokeshire is located between the inner and marginal platform
(Fig. 2.1A), and contains a succession not as easily incorporated into Landing’s
broad overview.

2.4. SEQUENCE STRATIGRAPHY

Sequence stratigraphic nomenclature used here follows that of Vail et al. (1977)
modified by Van Wagoner et al. (1988). Sequence boundaries are placed at surfaces
showing substantial fluvial incision and/or a significant basinward translation of
coastal onlap (see Fig. 2.14) (Van Wagoner et al. 1988; Posamentier and James
1993). Utilising these basic principles, the Dyfed Supergroup is divided into 8
unconformity bounded depositional sequences (Fig. 2.14), which correlate both
lithologically and chronologically with epeirogenically-controlled sequences identified
by Landing (1996) throughout Avalonia (Fig. 2.13). Sequences 1 and 2 of the
Avalonian stratigraphic scheme (latest Neoproterozoic to the mid Placentian Series
of the Lower Cambrian) are not recognized in the Dyfed Supergroup of SW Wales, a
feature typical of successions situated on the Avalonian inner platform (Landing
1996; Landing and Westrop 1996). These sequences are only fully developed on the
marginal platform, which in Eastern Avalonian corresponds roughly to localities in
North Wales. Examples of sequence 1 and 2 deposits include the Fachwen
Formation and lower Llanberis Slates in the Caernarfon Slate Belt (Crimes 1970a,
Rushton 1974), and the Dolwen and Llanbedr formations around the Harlech Dome
(Allen and Jackson 1978, 1985).

For a detailed overview of biostratigraphical correlation, the reader is referred
to excellent review papers by Brasier (1989) and Landing (1991, 1992, 1995, 1996).
Detailed faunal correlations are not discussed further here.

2.4.1. Depositional sequences

2.4.1.1. Sequence 3

Sequence 3 extends from the base of the Ogof Golchfa Formation to the base of the
Caerfai Bay Formation (Fig. 2.14), attaining a maximum thickness of 195 m. The
basal unconformity that separates arc-related Precambrian sediments from basal

Cambrian conglomerates demonstrates slight angular discordance and is interpreted
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as a type-1 sequence boundary. The overlying 41 m consists almost exclusively of
poorly sorted cobble-pebble conglomerates of the Ogof Golchfa Formation (Fig. 2.3),
interpreted as lowstand alluvial fan and gravelly braided stream deposits (Fig. 2.4).
These are in turn overlain by transgressive nearshore marine sandstones of the St
Non’s Formation. A wave ravinement surface (transgressive surface of erosion) (Fig.
2.3C) separates syn-tectonic lowstand deposits from post-tectonic onlap strata of the
transgressive systems tract. A 1.5 m thick unit of intensely bioturbated mid-shelf silty
mudstones mark the maximum flooding surface at Porthselau. A return to nearshore
sedimentation is evident in the uppermost 7 m of the St Non's Formation with the
replacement of Teichichnus burrows with Skolithus burrows. This rapid shallowing is
interpreted as an attenuated highstand systems tract.

A U-Pb radiometric date from the base of the overlying Caerfai Bay Formation
places sequence 3 at the top of the Lower Cambrian Placentian Series (Landing et
al. 1998), and coeval with the Bonavista Cycle (Fig. 2.13) in SE Newfoundland
(Landing 1996). A strong tectonic control on sequence development and
sedimentation is evident throughout Avalonia. Good examples include sediment-filled
fissures along the sub-Bonavista unconformity in SE Newfoundland interpreted by
Landing (1996) as recording active extension, while compressional tectonic regimes
appears dominant in both the Lower Comley Sandstone of Shropshire and the
condensed limestones of the Home Farm Member (Hartshill Formation) at Nuneaton
(Brasier 1989; Landing 1996). The occurrence of alluvial fan and gravely braided
stream deposits at the base of sequence 3 in NW Pembrokeshire is consistent with
syn-tectonic sedimentation. The presence of blue and green amphibole, mylonite,
and medium to high-grade metamorphic lithic fragments throughout sequence 3,
coupled with westerly-derived palaeocurrent patterns (Fig. 2.15) suggest sediment
was shed from a southerly extension of the Monian Superterrane (Fig. 2.1A),
implying fault-accommodated subsidence along the Menai Straits Fault System.

The recognition of sequence 3 in North Wales is severely hampered by a
complex and poorly documented lithostratigraphy, as well as few fossiliferous
horizons. Based solely on shared lithological characteristics, Landing (1996)
correlated the Bonavista cycle with the Dwndwr Grits (a subdivision of the Llanberis
Slates) of the Caernarfon Slate Belt. This unit, like sequence 3 in NW Pembrokeshire
was sourced from the Monian Superterrane to the west (Crimes 1970a). Thus
movements along the Menai Straits Fault System that led to basin inception in
Pembrokeshire may also account for the sudden influx of coarse detritus in the
otherwise uniform mudstones of the Llanberis Slates, making the lithological
correlation of Landing (1996) more secure. The Lower Cambrian successions of the

64






Cambrian stratigraphy in SW Wales

Sequence 4 (Fig. 2.14) attains a maximum thickness of 179 m and includes the red
shales and tuffs of the Caerfai Bay Formation, the purple muddy sandstones of the
Caerbwdy Formation, and the pebbly sandstones and coarse sandstones of the
Trwyncynddeiriog Member (basal division of the Newgale Formation). This
lithostratigraphy is very similar to the Hanford Brook Formation (New Brunswick) and
other successions on the marginal Avalonian platform (Landing and Westrop 1996).
The paraconformity at the top of the St Non’s Formation is considered a “drowning
paraconformity” (cf. Proust and Hosu 1996) based on rapid deepening rather than
the more commonly documented shallowing/emergence. This surface is correlated
with the type-2 unconformity that separates the pre-trilobitic Placentian Series from
the trilobitic Branchian Series at the top of the Bonavista Group in SE Newfoundland
(Landing 1996, Landing et al. 1998) (Fig. 2.14), and records a major phase of
tectonic reorganization of basins across Avalonia. Depocenter migration, a change in
provenance and an easterly switch in sediment source are features that characterize
this sequence boundary in West Avalonia (Landing 1996; Landing and Westrop
1996), while post-Home Farm and “Obolus” groomi bed emergence at Nuneaton and
Shropshire respectively (Fig. 2.13) suggest a compressional regime on the Midland
Platform (Brasier 1989; Landing 1996).

Rapid deepening across this sequence boundary in Pembrokeshire is
interpreted as the local expression of basin reorganization based on: (1) a similar
switch from westerly derived sediment in the St Non’s Formation to easterly derived
in the Caerfai Bay Formation (Fig. 2.15), (2) the instant shut down of arenaceous
sedimentation, this being a typical syn-tectonic lithological expression (the “anti-
tectonic cycles” of Paola et al. 1992 and Gorden and Heller 1993), and (3) the
abundance of thick, coarse-grained feldspathic tuff (Fig. 2.2A). The tectonic
reorganization evident in Shropshire suggests that fault rejuvenation along the Welsh
Borderland Fault System (Fig. 2.1A) may be responsible for the easterly switch in
sediment source, a conclusion consistent with the apparent lack of upper Lower
Cambrian and Middle Cambrian strata to the southeast in the Carmarthen area and
Malvern Hills (Fig. 2.1A) (Cope and Rushton 1993).

The base of the Brigus Formation in SE Newfoundland (Fig. 2.13) is marked
by a rapid west to east onlap typical of the transgressive systems tract (Landing
1996), a retrogradational motif mirrored in the distal tempestites and condensed
shales of the Caerfai Bay Formation. The rest of Brigus cycle deposition compares
well with the inner platform Purley Shales at Nuneaton (Brasier 1989), both of which
continue a retrogradational (transgressive) trend. In SW Wales, the Caerbwdy
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Cambrian stratigraphy in SW Wales

Formation and Trwyncynddeiriog Member form a 157 m thick coarsening and
shoaling upwards sequence (a classic highstand systems tract) from bioturbated
muddy shelf sandstones at the base to coarse-grained fan-delta front turbidites
towards the top. The latter record reworking of their upper surfaces by tidal currents,
thus a position above fairweather wave base is considered likely. A parallel change in
lithology and depositional environment occurs in the Hanford Brook Formation on the
marginal platform in southern New Brunswick (Landing and Westrop 1996), while in
Shropshire the Lower Comley Limestone (Fig. 2.13) comprises five unconformity-
bounded units (Ac2—Ac5, Ad) that record epeirogeny of the Longmynd and other
blocks (Brasier 1989).

This variability in sequence 4 across Avalonia can be accounted for if we
consider major fault-block rotation in what appears to be a dominantly extensional
“rift" regime. In this model (Fig. 2.16), successions punctuated by hiatuses would
occupy tilt-block highs (e.g. Shropshire, Carmarthen and the Malverns), while thick
sand-rich strata form progradation clastic wedges sourced from the elevated tilt-
block. Due to typical low clastic penetration away from the fault (a result of the
direction of depositional slope), much of the half graben will be relatively condensed
and mud-rich, accounting for the sections in SE Newfoundland and at Nuneaton. This
interpretation of the inner Avalonian platform is consistent with: (1) stratal thickening
into faults evident on seismic profiles across the Midland Platform (Smith and
Rushton 1993), (2) a rapid phase of differential subsidence apparent in subsidence
curves constructed from Lower and Middle Cambrian successions throughout
southern Britain (Prigmore et al. 1997), (3) a thin transgressive systems tract and
thick highstand systems tract in NW Pembrokeshire, reflecting initial rapid
subsidence (fault activation and block rotation) followed by clastic wedge
progradation during relative tectonic quiescence (the anti-tectonic cycle), and finally
(4) the onset of fan-delta sedimentation during clastic wedge outbuilding, a classic
depositional system response to fault activation (Massari and Colella 1988).

Sequence 4 in North Wales comprises the red and green slates of the upper
Llanberis Slates, which are similar in lithology to the Brigus Formation and Purley
Shales (Landing 1996), and coarse-grained turbidites of the Hell's Mouth and Rhinog
formations of St Tudwal's Peninsula (Fig. 2.1A) and the Harlech Dome respectively.
The regressive trend that characterizes sequence 4 in locations proximal to active
fault zones (essentially the marginal platform) is evident in both formations (Crimes
1970a), but most notably in the Hell's Mouth Formation, where supposed deep water
turbidite fan deposits (Bassett and Walton 1960; Crimes 1970a; Young et al. 1994)
pass rapidly into gravelly turbidites with interference, asymmetrical and symmetrical
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Cambrian stratigraphy in SW Wales

rippled tops (Bassett and Walton 1960). These are virtually identical to the pebbly
sandstones of Trwyncynddeiriog Member, which may suggest that these turbidites
are Gilbert-type fan-delta deposits (cf. Postma 1990) rather than deep-sea fan.
Although the dominant source for both formations was the Monian Superterrane to
the north (Bassett and Walton 1960), Crimes (1970a) identified pebbles in easterly-
derived turbidites that he correlated with the Uriconian Volcanics of Shropshire. This
provides a critical link between fault rejuvenation on the Midland Platform and
turbidite deposition in North Wales.

2.4.1.3. Sequence 5.

The base of sequence 5 is drawn at the flooding surface within the Newgale
Formation between the pebbly sandstones of the Trwyncynddeiriog Member and the
dark grey phosphatic shales of the Pen-y-Cyffrwy Member (Fig. 2.5D and E). This
condensed sequence attains a thickness of 13 m in sections south of St David's,
thinning dramatically to less than 1.5 m at Newgale, and spans the whole of the
dominantly transgressive Pen-y-Cyffrwy Member. The rapid onset of condensed
shale deposition follows a prolonged phase of fan-delta progradation (clastic wedge
penetration from the basin margin fault in the east) that is evident in the upper part of
sequence 4. This flooding surface is similar to the drowning paraconformity recorded
at the top of the St Non’s Formation. The occurrence of slump structures (Fig. 2.5C)
immediately below the sequence 4-5 boundary in successions at Newgale and
Caerfai Bay, as well as the almost instantaneous increase in accommodation space
that led to drowning of the fan-delta environments, strongly suggests a renewed
phase of fault-block downwarping and consequent “in place drowning” (cf. Sanders
and Kumar 1975, Swift 1975) of the delta system. This phase of rapid subsidence
accounts for the low clastic penetration into the basin as coarse material is trapped
close to the fault scarp, and the initiation of condensed shale sedimentation in more
distal locations.

The sparse trilobite fauna recovered from the Trwyncynddeiriog Member
enables correlation with the condensed manganiferous shales (Member 1) of the
Chamberlain’'s Brook Formation of SE Newfoundland (Fig. 2.13). In correlating
sequence 5 across Avalonia, Landing (1996) highlighted three definitive
characteristics: (1) argillaceous sedimentation with high levels of manganese and
phosphate, (2) intense condensation associated with rapid flooding of basin margins
(rapid coastal onlap) and, (3) a strong syn-tectonic element to deposition. All of these
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characteristics are clearly evident in the Trwyncynddeiriog Member and are quite
conspicuous in inferred sequence 5 strata throughout southern Britain.

In North Wales, the manganiferous shales of the Haf otty Formation (Matley
and Wilson 1946; Allen and Jackson 1985) abruptly overlie the Rhinog Grits in the
Harlech area (Fig. 2.13). This transition is similar to the one recorded in
Pembrokeshire, with a sudden switch from rapidly accumulating turbidite deposits to
condensed shales. The enrichment in manganese has been related to submarine
exhalative hydrothermal solutions (Bennett 1987), which suggests an important
tectonic element. This phase of active tectonism is also obvious in the succession at
Shropshire (Fig. 2.13) where sequence 5 approximates to an angular unconformity
between the Lapworthella Limestone (Ad) at the top of sequence 4 and the Quarry
Road Grits which form the base of sequence 6 (Landing 1996). This unconformity is
highlighted in a cross section from the Comley area of Shropshire in Figure 2.17. The
transition was interpreted by Cobbold (1925) as recording uplift, tilting, and erosion of
the Lower Comley Limestone and Lower Comley Sandstone, characteristics now
understood to be compatible with fault-block rotation and an extensional tectonic
regime (Fig. 2.16.). A discontinuous 1-2 cm thick phosphatic horizon that occurs in
some locations in the Comley area between the Lapworthella Limestone and basal
conglomerate of the Quarry Road Grits (Cobbold 1933) may represent an erosional
remnant of sequence 5 onlap and sediment condensation prior to emergence of the
tilt-block high.

An unconformity of similar magnitude occurs between the Hanford Brook
Formation of sequence 4 and the Fossil Brook Member (Chamberlain's Brook
Formation) of sequence 7 in New Brunswick (Fig. 2.13), which may similarly be
located on a tilt-block high. This may also account for the lack of significant sequence
4 deposition and the large unconformity that separates the Random Formation
(sequence 2) from the Hanford Brook Formation. Sequence 5 at Nuneaton is
represented by the upper part of the Purley Shales (Fig. 2.13). The stratigraphy is
poorly known because of limited outcrop, and no evidence has been reported for a
sequence 4-5 boundary. A similar setting to that outlined for the lower Purley Shales
of sequence 4 may be concluded (Fig. 2.16).

2.4.1.4. Sequence 6
This sequence in SW Wales (Fig. 2.14) forms a 172 m thick fining then coarsening
upward motif from the base of the Cwm Mawr Member (Newgale Formation) (Fig.

2.6A) to the base of the pebbly sandstone unit that defines the top of the Porth Clais
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Formation (Fig. 2.7C and D). The sequence boundary is marked by a change from
mid-shelf mudstones and thin sandstone turbidites of sequence 5 to alluvial fan and
fan-delta conglomerates (Fig. 2.4), pebbly sandstones and tidal heterolithics of the
Cwm Mawr Member (Fig. 2.6A). This rapid alluvial incursion is associated with deep
erosional incision and is interpreted as a type-1 sequence boundary based on a
major basinward shift in facies as well as subaerial exposure and concurrent
subaerial erosion (Van Wagoner et al. 1988). This initial, abrupt downward shift in
coastal onlap (Fig. 2.14) is followed immediately by channel backfilling and general
retrogradation of facies belts forming a 60 m thick transgressive tracts that
culminates in dark grey shales of the prodelta. A phosphatic horizon characterized by
black organic-rich laminae separates retrogradational from progradational strata at
Newgale, and may represent the maximum flooding surface. The overlying
progradational sandstones and occasional pebbly sandstones record a sustained
phase of delta front outbuilding, and the development of a 100 m thick highstand
systems tract (Fig. 2.14).

Sequence 6, like sequence 4, is lithologically variable across the Avalonian
platform. Locations on the inner platform such as Trinity Bay in SE Newfoundland,
and Nuneaton are characterized by shale deposits of the Braintree Member
(Chamberlain’s Brook Formation) and upper Purley Shales respectively (Fig. 2.13),
and mark a period of condensed sedimentation (Landing 1996). The marginal
platform on the other hand is typically represented by a hiatus such as that recorded
at St John's (New Brunswick), Fortune Bay (SE Newfoundland) and probably in the
Caernarfonshire Slate Belt in North Wales (Crimes 1970a). Rapidly deposited
conglomerate, pebbly sandstone, and medium-coarse sandstone appears to
characterize locations intermediate between the inner and marginal platforms.
Examples include the fan-delta deposits of Pembrokeshire, the nearshore
conglomerates and sandstones of the Quarry Ridge Grits in Shropshire (Fig. 2.17),
the coarse-grained turbidites of the Cilan Formation on St Tudwl's Peninsula (Fig.
2.13), and its proximal equivalent, the Barmouth Formation of the Harlech Dome
(Crimes 1970a; Allen and Jackson 1985). Landing’s (1996) correlation into
Shropshire is biostratigraphically secure, but his inclusion of the turbidite fan deposits
of the Cilan and Ceiriad formations remains unclear, but appears to be based solely
on their stratigraphic position beneath the fossiliferous sequence 7 deposits of the
Nant-y-big Formation.

The sharp contact between the Cilan Formation and the underlying
condensed manganiferous shales of the Trwyn y Fulfran Formation (sequence 5)

marks a significant change in the shelf regime that should be recognized in coeval
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shallow marine successions elsewhere in the Welsh Basin. The importance of thick,
rapidly deposited turbidite fan complexes in basin analysis has only been fully
appreciated since the birth of sequence stratigraphy. The definition of systems tracts
(Brown and Fisher 1977, Posamentier and Vail 1988) was of particular importance as
it provided a critical link between the shelf and the basin, enabling deep marine
sediments to be incorporated into a basinwide sequence framework. The majority of
large submarine fans are generally considered coeval with the generation of type-1
sequence boundaries in paralic successions and are thus intimately associated with
periods of relative sea level fall at the offlap break (Mitchum et al. 1977a, b; Vail and
Todd 1981; Posamentier and Vail 1988). During progressive sequence boundary
development, the shelf becomes incised and acts as a sediment bypass/transfer
zone (Mutti et al. 1999), where erosional rather than depositional processes
dominate. Consequently, depositional zones that once operated on the shelf are
displaced beyond the offlap break resulting in deep marine sedimentation either
directly through flood-generated hyperpycnal flows or indirectly through
resedimentation processes (Mutti et al. 1999). As both the Cilan and Barmouth
Formations were derived from the southern margin of the Welsh Basin (Crimes
1970a), a correlation with the type-1 sequence boundary at the base of sequence 6
in SW Wales is proposed.

The relationship between sequence boundary development, shelf transfer,
depositional zone translation, and submarine fan construction is summarized in
Figure 2.18. Important sedimentological features that strengthen this model are as
follows: (1) similar palaeocurrent directions on the shelf and in the basin (essentially
defines the system tract), (2) a type-1 sequence boundary in the paralic succession
in Pembrokeshire (Fig. 2.6A) that demonstrates significant shelf incision, erosion and
sediment bypass, and (3) an extension of the transfer zone beyond the offlap break
during peak lowstand conditions. Evidence for the latter includes considerable
canyon erosion prior to deposition of the Barmouth Formation (Crimes 1970a) and a
thicker fan sequence in the more distal Cilan Formation (Young et al. 1994, Pratt
1995) suggesting considerable bypass prior to Barmouth Formation sedimentation
(Mutti et al. 1999).

Stage 1 of this model occurs during a fall in relative sea level at the offlap
break that enables the efficient transfer of clastics from the source area to shelf break
created by the previous highstand clinoform slope. The inherent instability leads to
large-scale slope failure and generation of accumulative (cf. Kneller 1995), and thus
highly erosive high-density turbidity currents that erode canyons (in the Harlech
Dome) and transfer their load out onto the basin plain (at St Tudwcil’s Peninsula).
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Cambrian stratigraphy in SW Wales

The progradational character of coarse-grained lobes at the base of the Cilan
Formation (Crimes 1970a) records migration of the depositional zone during the early
lowstand systems tract, which place these turbidtes in a similar evolutionary stage to
the “basin floor fan units” of Van Wagoner et al. (1988). Stage 2 is marked by
deposition in canyons at Barmouth and lobe retrogradation on St Tudwai's Peninsula
(Crimes 1970a), representing a reduction in the efficiency of sediment transfer across
the shelf. Channel backfilling and lower clastic penetration into the basin is typically
associated with small rises in relative sea level, and the filling of accommodation
created on the outer-shelf (Mutti et al. 1999). This shift in the main depositional zone
to the base of slope during the late lowstand systems tract is similar to the “slope fan
units” of Van Wagoner et al. (1988).

Sedimentation during stages 3 and 4 occurs principally on the shelf and
records basin margin onlap during a rapid rise in relative sea level associated with
the transgressive systems tract. Fan-delta plain and fan-delta front deposits above
the sequence boundary in Pembrokeshire suggest that the main depositional zone
had migrated as far as the inner shelf, while the transfer zone is restricted to the
alluvial plain. As most of the sediment liberated on the alluvial plain remains on the
shelf, the basin becomes undersupplied and retrogradation of facies belts occur in
both the Barmouth and Cilan formations. The final stage of transgressive
sedimentation occurs almost entirely on the alluvial plain, culminating in fan-delta
front flooding and ultimately shelf and basin condensation. The latter is recorded in
the condensed mudstones of the Ceiriad Formation (Young et al. 1994) and the
Lower part of the Gamlan Formation (Crimes 1970; Allen and Jackson 1985) at St
Tudwed’s Peninsula and the Harlech Dome respectively (Fig. 2.13). The upper part of
the Gamlan Formation includes a number of sandstone turbidites (Matley and Wilson
1946) that suggest coarser material was again finding its way to the shelf edge, albeit
in a greatly reduced amount. This appears roughly coeval with fan-delta progradation
across the shelf during the highstand systems tract in Pembrokeshire.

The widespread unconformity at the base of sequence 6 across Avalonia
(Fig. 2.13) was construed as representing a further phase of Avalonia epeirogenesis
by Landing (1996). While it is often difficult to separate the effects of varying eustatic
sea level from active tectonism, there are a number of features evident in sequence 6
that are more consistent with the former controlling parameter. Firstly, sea level
curves determined from Middle Cambrian sequences on the tectonically stable Baltic
shield demonstrate a major sea level lowstand in the middle Paradoxides oelandicus
biozone (drafts of this curve were kindly supplied by Prof. A. Neilson, 2003, 2004,
2005). Secondly, epeirogenically controlled sequences on the Avalonia platform are
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typically associated with minor volcanic activity such as tuffaceous horizons, lahars
and pillow basalts, none of which can be allied with sequence boundary
development. Thirdly, unconformities appear most prominently on the Avalonian
marginal platform in the west, yet little sediment appears to be shed from that
direction. This is not consistent with major fault-block movements, which would
create highlands conducive to the liberation of vast quantities of sediment. Fourthly, if
epeirogenesis was indeed occurring across the Avalonian platform, one might expect
either condensation or hiatus in sections at Shropshire considering its location on a
tilt block high (Fig. 2.16). In fact, the Quarry Ridge Grits—Hill House Shales of
sequence 6 (Landing 1996) attain a thickness in excess of 120 m. Finally,
development of the type-1 sequence boundary is associated with exposure, incision,
and stripping of the shelf during a fall in relative sea level that ultimately led to the
construction of a coarse-grained turbidite fan. This system response is the opposite
of what would be expected during a syn-tectonic phase of sedimentation (Blair and
Bilodeau 1988), instead being typical of passive margin basin evolution during a fall
in eustatic sea level (essentially the Exxon model for lowstand and transgressive
systems tracts, see Van Wagoner et al. 1988).

2.4.1.5. Sequence 7

The base of sequence 7 is drawn at a facies dislocation in the uppermost part of the
Porth Clais Formation (Fig. 2.7C and 2.8B) where thickly bedded turbidites of the fan-
delta plain sharply overly stratified sandstones and bioturbated shales of the distal
fan-delta front. This rapid downward shift in coastal onlap (Fig. 2.14) involves
subaqueous rather than subaerial erosion, a feature that typifies type-2 sequence
boundaries (Van Wagoner et al. 1988). In SW Wales, sequence 7 extends to the top
of the black mudstone dominated Menevia Formation, attaining a maximum
thickness of 215 m. Of this, 208 m are transgressive deposits, culminating in black
laminated prodelta mudstones (Fig. 2.10). The return of thin sandstone beds in the
uppermost 7 m may be construed as facies belt progradation and development of a
thin highstand systems tract.

Faunal and lithological variations through sequence 7 can be directly matched
with the middle Middle Cambrian stratigraphy of West Avalonia (Fig. 2.13). The fine
sandstones, bioturbated mudstones and occasional discontinuous limestones of the
Whitesand Bay Formation also occur in the Fossil Brook Member of the uppermost
Chamberlain's Brook Formation (Landing and Benus 1988), while the black

laminated mudstones with pale weathering bentonites are mirrored in the Manuals
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River Formation (Poulsen and Anderson 1975). According to Landing (1996), an
unconformity exists at the base of the Manuals River Formation, which he correlated
across the Avalonian platform (his depositional sequence 8 in Fig. 2.13). This
sequence is not recognized in the succession in SW Wales, and there is some
evidence to suggest possible misidentification. Firstly, Landing (1996) bases his
interpretation on an apparent thickness variation in a single bentonite bed (which he
takes to signify basin margin onlap), and a change in trilobites. Variations in
bentonite thickness occur many times in the succession in Pembrokeshire, and are
entirely depositional features, while other workers on the faunal transition in SE
Newfoundland regarded it simply as a biofacies change into a more dysaerobic
environment (Hutchinson 1962; Fletcher 1972). A similar biofacies transition occurs
in the sequence in Pembrokeshire (Jefferies et al. 1987; Prigmore and Rushton
2000). Secondly, there is very little evidence for sequence boundary development in
coeval sections across Avalonia (Fig. 2.13). For example, no evidence has been
published for an erosion surface between the Hill House Shales and Hill House
Sandstones in the succession at Shropshire (Rushton 1974, Fig. 2.17), or similarly
between the Ceiriad Formation and the Nant-y-big Formation on St Tudwal's
Peninsula, both of which are unconformable contacts according to Landing (1996).
Continuous uninterrupted sedimentation across this supposed sequence boundary is
also evident in the black mudstones of the Clogau Shales exposed in the Harlech
Dome (Allen et al. 1981) and to the south of the Mawddach Estuary (Pratt et al.
1995).

The base of sequence 7 forms a readily recognisable surface across the
Avalonian platform (Fig. 2.13) and has been interpreted by Landing (1996) as
signifying a major phase of basin reorganization. In SE Newfoundland, a
Glossifungites ichnoassemblage has been observed within the onlap deposit of the
Deep Cove Limestone (Chamberlain’s Brook Formation) (Landing 1996), which
suggests burrowing of an overcompacted mud exposed by marine erosion. This
intimates that this erosion surface was also a type-2 sequence boundary. Volcanism
associated with sequence boundary development includes a 4.5 m thick
volcaniclastic debris flow and a 60 m thick pillow basalt (Fletcher 1972), both of
which are roughly coeval with a switch in sediment source from the inner to the
marginal platform.

In southern Britain, this phase of tectonic reorganization is more subtle, but
comprises: (1) numerous bentonites prior to and after sequence boundary
development. Examples include the upper part of the Porth Clais Formation and the
Menevia Formation in Pembrokeshire (Fig. 2.10), the Ceiriad Formation (upper part)
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and the Nant-y-big Formation on St Tudwel's Peninsula (Young et al. 1994), and the
Gamlan Formation (upper part) and Clogau Formation of the Harlech Dome (Allen et
al. 1981, Pratt et al. 1995). (2) Enrichment in manganese at the top of the Gamlan
Formation, interpreted as submarine exhalative hydrothermal solutions by Bennett
(1987), and (3) a northerly switch in sediment source in the upper part of the Ceiriad
Formation on St Tudwel's Peninsula (Crime and Oldershaw 1967; Crimes 1970a;
Young et al. 1994), suggesting similar uplift of the marginal platform as that recorded
in West Avalonia. This uplift continued throughout sequence 7, as witnessed by the
regressive trend in the Nant-y-big Formation (Young et al. 1994) during a period
when locations away from the platform were undergoing widespread and continued
transgression (see Rushton 1974).

An erosion surface towards the base of the Abbey Shales (Fig. 2.13) may
mark sequence boundary development at Nuneaton (llling 1916). Although Rushton
(1974, p 110) dismissed the surface as having no known stratigraphic significance,
its position in the Ptychagnostus gibbus biozone places it very close to the base of
sequence 7. In Shropshire, Landing (1996) correlated his sequence 6-7
unconformity with the base of the Hill House Grits, which sharply, and possibly
unconformably overly the Hill House Flags. This surface, like that in SE
Newfoundland also records an abrupt change in trilobites (Landing 1996). The
significance of this sequence boundary in terms of tectonic regime is uncertain.
There is no evidence for an angular unconformity and thus fault-block rotation prior to
deposition of the Hill House Grits (Fig. 2.17) but conversely, the local development of
the so-called Comley Breccia Bed (Cobbold 1913a, b) composed of fragments of
Lower Comley Sandstone may be construed as representing some type of fault
rejuvenation. Alternatively, and probably most likely, the Hill House Grits mark a rapid
eustatic lowstand, with the Breccia Bed forming a local onlap deposit. This
interpretation better fits the cross section outlined in Figure 2.17, with the timing
consistent with a prominent erosion surface and abrupt change in fauna recognised
worldwide at the base of the Ptychagnostus gibbus Biozone (Henderson and
Southgate 1978; Rowell et al. 1982; Robison 1984; Evans et al. 1995). The eustatic
sea level rise that followed (Rowell 1982; Prof. A. Nielson 2004, 2005) would then
account for the apparent onlap and erosion of the Lower Comley Sandstone at
Shropshire, as well as the transgressive nature of coeval formations that occur away
from the rising marginal platform.

The position of the sequence boundary in the Harlech Dome succession is
not constrained biostratigraphically, except that it is situated somewhere below the
Clogau Formation (represented by the Tomagnostus fissus biozone [Allen et al.

78



Cambrian stratigraphy in SW Wales

1981], which correlates with part of the Whitesand Bay Formation). The most likely
position based purely on facies development is below the coarse-grained turbidites
that form the top of the Gamlan Formation (previously the Cefn Coch Grits of Matley
and Wilson 1946). The sharp contact between these thickly bedded turbidites and the
underlying shales is similar to that recorded at the base of the Barmouth Formation,
and again records a significant change in the shelf regime to the south. This is most
readily accounted for by matching turbidite deposition with a downward translation in
coastal onlap on the shelf. The restricted vertical and lateral extent of the turbidite
fan, which attains a maximum thickness of 17 m when associated with a canyon in
the succession at Fairbourne, may be more typical of type-2 sequence boundaries
where shelf transfer zones do not migrate as far as the offlap break.

The appearance of organic-rich black shales above the zone of P. gibbus has
been considered by some (e.g. Pratt 1995) as marking a major event in the evolution
of the Welsh Basin. The reason for the onset of anoxic sedimentation after such an
extended period of strongly oxidized conditions has never been accounted for, but is
most easily explained in terms of tectonic reorganization of the Avalonian platform
with concomitant changes in basin morphology and water circulation (Thickpenny
and Leggett 1987). Although it not possible to rule out other factors such as upwelling
of nutrient-rich water masses (e.g. Chamley 1989) or the existence of an oxygen
minimum zone (e.g. Rhoads and Morse 1971), narrowing of the basin through
marginal platform uplift and the restriction on circulation that this would ultimately
produce provides a more than satisfactory explanation. There is also additional
evidence compiled from palaeocurrent patterns in fine-grained turbidites of the
Clogau Formation (at Fairbourne) that the basin may have been closing from the
southwest. This suggests linkage of the marginal and inner platforms to the
southwest, and the development of a near land-locked basin similar to the modern
anoxic Black Sea basin (Stow et al. 1996). This analogue may be extended to
account for the erosion surface found within the Menevia Formation (Fig. 2.10C).
This has been interpreted as recording the interception of a pycnocline (and internal
waves) with a gentle prodelta slope, a process that is intensified by the density
stratification typical of basins with restricted circulation (Stow et al. 1996).

2.4.1.6. Sequence 8
Sequence 8 in SW Wales attains a minimum thickness (below the Arenig
unconformity) of 432 m and includes the black transgressive mudstones with

subordinate sandstones and limestones of the Aber Llong Formation, and the
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regressive stratified sandstones and blue silty mudstones of the Ogof Velvet
Formation (Fig. 2.14). This transgressive-regressive motif, which spans the Lejopyge
laevigata to Olenus biozones in Pembrokeshire, is also recognized in the Maclean
Brook Formation in SE Newfoundland (Landing 1996), the Maentwrog to Ffestiniog
formations in North Wales, and the Mancetter Shales to Moor Wood Flags at
Nuneaton (Fig. 2.13). In North Wales and at Nuneaton, this regressive trend
continues well into Parabolina spinulosa biozone (Allen et al. 1981; Landing 1996).
Highly condensed black mudstone deposition, which affected all locations in Avalonia
during the development of sequence 7 ended abruptly with the rapid influx of large
quantities of well sorted, compositionally mature fine sand and silt (Fig. 2.19). The
sharp contact between mid- to outer-shelf mudstones and nearshore to inner-shelf
sandstones is everywhere unconformable based on a significant facies dislocation
and basinward shift in coastal onlap (Fig. 2.14). Examples include surfaces between
the Menevia and Aber Llong formations in SW Wales (Fig. 2.9A), the Nant-y-big and
Maentwrog formations on St Tudwel’'s Peninsula (Crimes 1970a; Young et al. 1994),
and the Abbey Shales and Mancetter Shales at Nuneaton (Taylor and Rushton
1971). In the Harlech Dome of North Wales, this influx of sand is represented by the
deposits of high-density turbidity currents at the base of the Maentwrog, which
sharply overlie condensed basinal shales of the Clogau Formation (Allen et al. 1981;
Pratt et al. 1995).

The cause of sequence boundary development on the Avalonian platform is
uncertain. Taylor and Rushton’s (1972, p 9) suggestion “that a single tectonic event
affected sedimentation in the whole Anglo-Welsh area (and south-eastern
Newfoundland)” in the late Middle Cambrian appears prescient, as the most
significant unconformities occur in successions located on the uplifted marginal
platform (e.g. St Tudwel's Peninsula, see Fig. 2.13). Marked facies changes in the
Maentwrog and Ffestiniog Flags formations across the Cwm Pennant Fracture Zone
west of St Tudwels Peninsula provides some evidence for fault controlled
sedimentation (Wilkinson and Smith 1988). There is also a large unconformity in
Shropshire, which may suggest reactivation of fault-blocks and relative uplift of the
tilt-block high. Tectonic reorganization of basin geometry is also indicated by the
rapid change in provenance recorded across Avalonia (Thorogood 1990; Landing
1996, see Fig. 2.15), as well as a shift in palaeocurrent patterns in southern Britain
from an easterly to a southwesterly source (Crimes 1970a, see also Fig. 2.15).
Eustatic sea level may also have played a fundamental role in the facilitation of a
more arenaceous style of sedimentation. A global lowstand during the Solenopleura
brachymetopa biozone followed immediately by a eustatic sea level rise in the
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Parabolina spinulosa biozones (Fig. 2.19). The origin of these parasequences is
again uncertain, but considering their scale (typically <30 m thick) and frequency,
they are probably driven by secular variations in eustatic sea level and/or sediment
flux. Similar progradational parasequences have been reported from coeval strata on
the tectonically stable Baltic Platform (Arne Nielson, pers. comm. 2003, 2004) and
other locations around the world (Leggett et al. 1981, Conway Morris and Rushton
1988), while variations in sediment supply, although difficult to quantify, should not be
discounted considering the deltaic nature of sedimentation in both formations (see
below).

The Lower and Middle Cambrian successions on the Avalon Peninsula of SE
Newfoundland are duly considered the type-Cambrian sections for Avalonia because
of their good continuous exposure, diverse fauna, and numerous datable volcanic
ash horizons (Landing 1994, 1996). Conversely however, sections through the
uppermost middle Cambrian and Upper Cambrian (essentially all of sequence 8) are
generally fragmentary, discontinuous, and comprised principally of fault bounded
inliers. This has severely hampered any meaningful sedimentological analysis, and
thus invariably, little is known about Upper Cambrian basin across the Avalonian
platform in terms of their size, depositional environments and sediment sources.
Sections that comprise the Welsh Basin in southern Britain offer the potential to ratify
this anomaly, as continuous exposure in excess of 600 m are not uncommon ( see
Fig. 2.20). The depositional environments of the Aber Llong and Ogof Velvet
Formations have been previously outlined, and interpreted as a storm-dominated,
tide-influenced subaqueous delta platform (Fig. 2.4). This system is most
characteristically developed during the progradational stage associated with
deposition of the Ogof Velvet Formation (Fig. 2.14). Detailed sedimentary logging of
the latest Middle Cambrian and Upper Cambrian of North Wales demonstrates a
strong systems link with deltaic sedimentation in SW Wales (Fig. 2.19), a conclusion
also held by Crimes (1970a) based on a study of depositional environments and
palaeocurrent patterns.

The most complete section through sequence 8 anywhere in Avalonia occurs
along the coastal section at Fairbourne in North Wales (Fig. 2.1A) (Pratt et al. 1995).
The main sedimentological characteristics of the Maentwrog to Dolgellau formations
are presented in Figures 2.20 and 2.21. Similar features have been reported from
coeval strata in the Harlech Dome area by Crimes (1970a) and Allen et al. (1981).
The Ffestiniog Flags Formation, which has been interpreted by Allen et al. (1981) as
deltaic in origin, can be matched lithologically with the Ogof Velvet Formation
(compare Fig. 2.12A, C and D with Fig. 2.21A, B and C). The bypass-zone
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tempestite model used to interpret the spatial and temporal distribution of facies in
the Ogof Velvet Formation can also be applied to the Ffestiniog Flags, and this
correlation into North Wales suggests a major phase of delta front progradation
tracking northwards during the Olenus biozone (Fig. 2.19). This is consistent with a
detailed palaeocurrent analysis on these Upper Cambrian sediments discussed by
Crimes (1970a).

Subaqueous delta platform sedimentation of the Ffestiniog Flags is preceded
in North Wales by the Maentwrog Formation (the Vigra Flags and Penrhos Shales of
Matley and Wilson 1946), a thick sequence of monotonously bedded fine sandstone
turbidites and dark mudstones (Crimes 1970a; Allen et. al. 1981; Pratt et al. 1995)
that are time equivalent to deltaic sedimentation in South Wales (Fig. 2.19). The
Maentwrog Formation has been notoriously difficult to classify in terms of
depositional processes and environments, with previous interpretations ranging from
deep-sea turbidite fan (Crimes 1970a; Allen et al. 1981; Pratt et al. 1995) to shelf
storm deposits (Young et al. 1994). Redistribution by persistent contour currents has
also been suggested based on the occurrence of wavy and lenticular bedding (the
ripple drift bedding of Crimes 1970a) with unimodal cross-lamination (Allen et al.
1981, see Fig. 2.21E).

The canyon-fed submarine fan model proposed by Crimes (1970a) and
endorsed by Pratt et al. (1995) is not easily reconciled with the lithofacies identified in
the Maentwrog Formation at Fairbourne (Fig. 2.20). Problems with this interpretation
include: (1) the lack of evidence for a single large feeder canyon that could have
served as a point source for turbidity current generation, (2) a slope facies that
appear abbreviated, suggesting only minor bathymetric relief, (3) a slope traversed
by multiple shallow channels or gullies, that lack any type of levee deposit, (4) a
turbidite sequence that lacks the pronounced differentiation into distinct channels,
interchannel and overbank areas and, (5) the lack of asymmetrical cycles, which
suggests spatially random sedimentation without the construction of discrete lobate
bodies. Additionally, the canyon-fed turbidite model does not readily account for
extremely well sorted turbidites. Redistribution by deep basinal contour currents has
also been criticized by Fitches and Woodcock (1987) who found no evidence for a
deep basin setting. Although the wavy and lenticular bedding does require persistent
low energy unidirectional currents, the contourite interpretation favoured by Crimes
(1970a) and Allen et al. (1981) fails to explain: (1) why the distribution is confined to
the most proximal locations such as the slope and outer shelf, (2) why wavy beds are
associated with trace fossils more typical of the shelf (e.g. Rusophycus, Crimes
1970a), and (3) why contour currents would be important in a basin that was
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Cambrian stratigraphy in SW Wales

Fig. 2.21. Depositional model for the Maentwrog and Ffestiniog Flags formations in North
Wales (see text for details). (A) Quasi-planar lamination in the depositional zone of the
Ffestiniog Flags at Borth-y-Gest. (B) Channels incised into wavy bedding in the bypass-zone
of the Ffestiniog Flags at Black Rock Sands. (C) Wavy bedding in the bypass-zone of the
Ffestiniog Flags at Fairbourne. (D), (E), (F) and (G) are all from the Maentwrog at Fairbourne,
and generally comprise high- and low-density fine-grained and very well sorted sandstone
turbidites with interbedded dark micaceous mudstones.

relatively small, restricted and possibly land-locked on three sides (Crimes 19703;
Brasier et al. 1992, Map 2a).

More recently, Young and Dean (1995) speculated on the possible role of
storm-generated combined-flows in deposition of the Maentwrog, although they gave
no evidence for this interpretation. The lack of symmetrical ripples, elliptical scours
and hummocky cross-stratification effectively rule out combined-flow processes,
while ungraded and unstratified thickly bedded sandstones with floating rip-up clasts
imply a non-Newtonian rheological state that requires sediment concentrations at
least an order or magnitude greater than that usually associated with storm erosion
and sedimentation (Lowe 1988).

In terms of process sedimentology, the sandstones beds in the Maentwrog
are compatible with the deposits of high- and low-density turbidity currents (Lowe
1982). It is not surprising that Crimes (1970a) opted for the point-sourced canyon-fed
turbidite model, as only recently have advancements led to the realization that this
system is but one member in a spectrum of submarine fan depositional styles. All of
the characteristics highlighted in Figure 2.20 are instead compatible with the delta-
fed submarine ramp model (Table 2.3) first described by Heller and Dickinson (1985).
This model, with some amendments based on characteristics of the Maentwrog
(discussed below), is displayed in Figure 2.21. In ramp systems, detritus is
transported off the shelf through numerous channels (Fig. 2.21D), with no individual
channel serving as a point-source for sedimentation. The network of channels
instead acts as a linear-source for turbidites that are deposited continuously along
the base of slope to form an aggrading ramp-like depositional feature. As many slope
gullies are available for turbidity current transport, no single channel is preferentially
developed into a larger canyon feeder system, hence the network is maintained, and
there is a less pronounced differentiation into distinct channel, interchannel or
overbank areas. This random juxtaposition of confined and unconfined flow reflects
the disorganized nature of the depositional system, with each flow being an
independent event starting at any point along the linear-source region. Asymmetrical
cycles representing lobe construction and abandonment are thus poorly developed
(Fig. 2.21F).
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Although the Heller and Dickinson (1985) model in its original state offers a
good approximation of the Maentwrog and Ffestiniog depositional system, there is
one major modification that is required. The deltasin both examples presented by
Heller and Dickinson (1985) have a significant subaerial component (similar to the
Nile and Mississippi deltas) that once at the shelf break provides an extremely
efficient mode of sediment transfer onto the ramp slope. The delta that characterises
the Ogof Velvet and Ffestiniog formations is instead a wholly subaqueous platform
(Fig. 2.4), analogues to the Amazon and Ganges-Brahmaputra deltas (Nittrouer et al.
1986). Sediment must therefore be transported to the ramp slope by currents acting
on the shelf. Based on palaeocurrent data from the Ogof Velvet Formation, the delta
platform can be divided into two broad zones (Fig. 2.4). The friction zone, which
occupies the inner- and mid-shelf, is characterized by storm-generated unidirectional
currents that are orientated perpendicular to the shoreline. On the outer-shelf, these
offshore-directed flows are balanced by the Coriolis force (Duke 1990) resulting in
shore-parallel flows that define the geostrophic zone on modern shelves (Swift ef al.
1985). The occurrence of weak, but persistent geostrophic currents provides a
means by which gullies are continuously charged with fine, very well sorted
sediment, and also accounts for the proximal location on the outer-shelf of wavy and
lenticular bedding. This process appears to be analogciss to the outer-shelf polishing
discussed by Stow (1998) and Stow and Mayall (2000), and has been reported by
Stauffer (1967) from a succession later interpreted as a ramp system by Heller and
Dickinson (1985).

Overlying the Ffestiniog Flags Formation in North Wales is the Dolgellau
Formation (Fig. 2.20), a ¢ 60 m thick succession of dark laminated mudstones with
carbonate concretions and thin wispy siltstone beds. In a sequence stratigraphic
interpretation of the Welsh Basin, Woodcock (1990) proposed, without discussion of
the evidence for its identification, a sequence boundary immediately below the base
of the Tremadoc (the Dol-cyn-afon Formation in North Wales). Two amalgamated
medium- to coarse-grained, erosively based tuffaceous sandstones (Allen et al.
1981) w ere interpreted by Landing et al. (2000) as marking this unconformity at
Bryn-llyn-fawr (Fig. 2.1A). These sandstones, which display internal sedimentary
structures typical of the shoreface record the sudden appearance of high energy
waves in what was prior to their deposition, a deep shelf environment (Landing et al.
2000). This facies dislocation and rapid basinward shift in coastal onlap is typical of
forced regressions (Posamentier and James 1993; Ainsworth and Patterson 1994).

This interpretation is consistent with a proposed eustatic sea level lowstand close to
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the Cambrian—Ordovician boundary recognized in many parts of the world (Fortey
1984; Landing 1988, 1993).

The transition from progradational subaqueous delta platform sedimentation
of the Ffestiniog Flags Formation to condensed deep shelf black shales of the
Dolgellau Formation is not easily explained. Clearly, the rate of sediment supply
suddenly fell below the rate of accommodation space creation, leading to either delta
retrogradation, or more likely considering the rapid onset of condensed
sedimentation (Allen et al. 1981), complete delta abandonment through in-place
drowning (Sanders and Kumar 1975). Woodcock (2000) interpreted this deepening
as signifying a renewed phase of active tectonism, with fault controlled subsidence
accommodated along the Menai Straits and Welsh Borderland fault systems (Fig.
2.1A). The problem with this view is that these areas were either below or very close
to sea level throughout the latter part of the Upper Cambrian (Brasier et al. 1992), as
well as there being no evidence for any coarse clastic wedge progradation away from
active scarp zones. The highly quartzose composition and fine grain sizes are not at
all consistent with sedimentation during active rifting. In fact, the composition is no
different from that recorded in the Maentwrog and Ffestiniog formations (Allen et al.
1981), which based solely on palaeocurrent patterns was not sourced from either the
Midland Platform to the east or the Irish Sea Platform to the northwest (Crimes
1970a). Instead, deepening and condensation following delta progradation in the
Ffestiniog Flags Formation can be more readily accounted for by assuming a rapid
decrease in sedimentation rate set against a highstand in Cambrian eustatic sea
level, the latter of which is suggested in most of the available sea level curves for the
time period in question (Leggett et al. 1981, Conway Morris and Rushton 1988;
Popov and Koren 1996; Prof. A. Nielson pers. comm. 2004).

The development of submarine ramp systems is closely aligned to high
sedimentation rates, as rapid delta progradation with concomitant deeper basin
aggradation (Fig. 2.19) are prerequisites for loss of structural relief along basin flanks
(Heller and Dickinson 1985; Surlyk 1987). Rapid accommodation space creation
during the Upper Cambrian highstand in sea level would render the system
susceptible to rapid transgression as soon as sediment supply began to fall below
accommodation creation. A change in this equilibrium may simply reflect lateral
movements of the main fluvial feeder channels or the complex feedback mechanisms
associated with delta autoretreat (Muto and Steel 1992, 1997). The autoretreat effect,
which is the inbuilt tendency for strongly regressive shorelines (particularly deltas) to
turn around to transgression, is especially appealing as it is caused by the inability of
sediment supply to fill the ever increasing area behind the regressive/aggrading delta
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Depositional features of delta-fed submarine ramp systems Maentwrog/Ffestiniog
Abbreviated section of mud-rich slope deposits traversed by multiple *
shallow channels or gullies
Channels are transient features rather than stable canyons, thus levee *
deposits are not found.
No prenounced differentiation into distinct channel, interchannel or *
overbank areas
Ramp has a linear rather than a point source *
Absence of a channalized inner fan and middle fan environment *
Asymmetrical cycles are absent or rare due to the lack of point source *
System is generally sandy with sandstone to shale ratios > 3:1 *
Proximal ramp dominated by thick sandstones emplaced by high- *
density turbidity currents
Distal ramp is more argillaceous, with thin sandstones emplaced by ' *
low-density turbidity currents
Ramp turbidites are generally very well sorted due to outer shelf polishing *
Fed by a large sandy deltaic system *
System typically progrades rapidly from ramp, through abbreviated slope *

to sandy deltaic sediments, as sedimentation rates are typically high

Table 2.3. Depositional features of delta-fed submarine ramp systems after Heller and
Dickinson (1985) and Surlyk (1987), and their occurrence in the Maentwrog and Ffestiniog
Flags formations in North Wales.

front (Cattaneo and Steel 2003). Although this naturally occurs on any type of delta,
the subaqueous delta platform with its nearshore zone of sediment bypass (Fig. 2.4)
must be particularly susceptible.

2.5. TECTONOSTRATIGRAPHY, PROVENANCE AND BASIN ANALYSIS

To place Avalonian chronostratigraphy into a wider tectonostratigraphic framework
requires the identification of megasequences, which are unconformity-bounded
lithotectonic units deposited during a distinct phase of tectonic evolution (Hubbard
1988). The only previous tectonostratigraphic interpretation of the Avalonian cover
sequence was that described by Woodcock (1990), who utilised rock preservation
curves to tentatively subdivide Welsh Basin stratigraphy (Cambrian—Devonian) into
three megasequences. Due to many previous uncertainties involving Welsh
Cambrian stratigraphy, Woodcock (1990) favoured a conservative approach that
equated all of the Dyfed Supergroup with ensialic intra-shelf sedimentation on a
passive continental margin, which he defined as megasequence 1. Of some
significance however is his suggestion that the late Middle Cambrian unconformity in
the “Menevian” (which equates to sequence boundary 7-8 in this study) may be a
candidate megasequence boundary (Woodcock 1990, p 540). In the sequence
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stratigraphic framework presented in Figure 2.13, this regional unconformity
separates tectonically active basin forming regimes (demonstrated in sequences 1-
7) from tectonically quiescent, passive margin sedimentation (that characterizes
sequence 8). This is essentially the definition of a megasequence boundary sensu
Hubbard (1988). Megasequence definition based on depositional environments and
tectonic regime are presented in Figure 2.4 and Figure 2.22 respectively. This is
supplemented by palaeocurrent data, whole rock magnetic susceptibility (as an
indicator of petrophysical properties), and sandstone framework composition utilising
the detrital modes of sandstone (cf. Dickinson et al. 1983; Dickinson 1985) in Figure
2.15. Two distinct lithotectonic packages can be clearly identified, which are
discussed separately below.

2.5.1. Megasequence 1

Evidence for mechanical subsidence under a dominantly extensional tectonic regime
has been previously highlighted in the analysis of sequences 3-7, and includes (1)
fault-block rotation on the Avalonian inner platform, (2) numerous intra-formational
unconformities, some of which demonstrate angular discordance (e.g. Fig. 2.17), (3)
in-place drowning of depositional systems during active phases of fault-block
downwarping, (4) coarse-grained feldspathic tuffs located within these syn-tectonic
transgressive facies and, (5) the proliferation of coarse-grained depositional systems
such as alluvial fans and fan-deltas (Fig. 2.4), which due to piedmont requirements
are almost always associated with tectonically active basins (McPherson et al. 1987;
Postma 1990; Blair and McPherson 1994).

In West Avalonia, evidence for depocenter migration and alternating periods
of extension and compression has led to a refinement of this interpretation, with
transtensional regimes in a dominantly strike-slip or pull apart tectonic setting
favoured by Murphy et al. (1985), Keppie and Murphy (1988) and Landing (1996). A
similar conclusion for East Avalonia was tentatively proposed by Prigmore et al.
(1997) based on subsidence curves from Lower and Middle Cambrian successions
throughout southern Britain. These authors relate this tectonic regime to the
transform termination of Cadomian/Avalonian subduction and the suturing of arc
related terranes to form the Avalonian Superterrane (Fig. 2.1A), a suggestion also
proposed by Murphy and Nance (1989), Nance (1990), and Nance et al. (1991,
2002) for West Avalonia.

The recognition of strike-slip basins even from well exposed basin-fill

sequences is often difficult because depositional and structural histories are complex
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accommodated subsidence along major structural lineaments with known strike-slip
displacement (Menai Straits and Welsh Borderland fault systems), (2) unconformity-
bounded sequences which record twin phases of extension and compression (e.g.
the Hartshill Formation at Nuneaton; Brasier 1989 and Bridges et al. 1998), (3)
intense reworking and cannibalization of basin margins (see Fig. 2.17), (4) sparse
igneous activity except locally in zones of transtension (e.g. bentonites in
transgressive facies associated with in-place drowning) and, (5) bentonites with intra-
plate geochemical signatures (e.g. the Clogau Shales in North Wales; Roberts and
Merriman 1990)) typical of pull apart rifts (Keppie et al. 1997).

Petrological characteristics of the basin-fill and relationship to tectonic setting
during megasequence 1 are highlighted in Figure 2.15. Composition is typically
immature, with lithic arkoses and arkosic litharenites dominant (QFL after Folk 1980).
These are typical framework modes for alluvial fan and fan-delta systems deposited
in tectonically active basins (Corcoran et al. 1999). Relatively high feldspar, volcanic
lithics and magnetic susceptibility are typical properties of sediment derived from
juvenile basement (Dickinson 1985; Floyd and Trench 1989; Piper et al. 1996). As a
tectonic provenance indicator, megasequence 1 is extremely diverse and thus
difficult to classify (QmFLt after Dickinson 1985). Detrital modes plot within both the
magmatic arc and recycled orogen global sandstone provenance fields, a tectonic
setting consistent with the abundance of sedimentary and volcanic lithic fragments.
These framework modes clearly record recycling of a diverse source area that
originated in a number of semi-discrete plate tectonic provinces, and is consistent
with derivation from the structurally accreted terranes that form the basement of
Avalonia and from late Precambrian sedimentary basins inverted during final terrane
accretion (Nance 1990).
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