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The Bude Formation (Lower Westphalian), SW England: siliciclastic shelf
sedimentation in a large equatorial lake

ROGER HIGGS*
Department of Earth Sciences, University of Oxford, Parks Road, Oxford OX1 3PR, UK

ABSTRACT

The 1300-m-thick turbiditic Bude Formation was deposited in a lake, Lake Bude, but disagreement persists
over whether the environment was a deltaic or deep-water fan. The tectonic setting of the lake was the
northern flank of a northerly advancing Variscan foreland basin, close to the Westphalian palaeo-equator.
Palaeocurrents indicate sediment sourcing from all quadrants except the south.

There is a dm-m scale cyclicity, whereby sandstone bodies comprising amalgamated event beds alternate
with mudstone intervals containing non-amalgamated event beds. The ‘ideal’ cycle is a symmetrical
coarsening-up/fining-up cycle, consisting of three facies (1, 2 and 3) arranged in 12321 order. Facies 3, in
the middle of the cycle, is an amalgamated sandstone body up to 10 m thick which interfingers laterally
with thin (cm) mudstone layers. The sandstone body comprises amalgamated beds of very fine sandstone
which are largely massive and up to 0-4 m thick. Channels are absent except for scours up to 0-2 m deep
which truncate the interfingering mudstone layers. Sandstone bodies are inferred to be tongue-shaped in
three dimensions. Facies 1 and 2, completing the 12321 cycle, are respectively dark-grey fine and light-grey
coarse, varved(?) mudstone containing thin (< 0-4 m) sandstone event beds. Fossils and burrows indicate
that facies 1 and 2 were deposited, respectively, in brackish (rarely marine) and fresh water. Hence, the
ideal cycle (12321) reflects an upward decrease then increase in salinity (brackish—fresh—brackish); this is
attributed to the lake sill being periodically overtopped by the sea, due to glacio-eustatic sea-level
oscillations. The resulting oscillations in lake depth produced the coarsening-up/fining-up (regressive—
transgressive) cyclicity, the central sandstone body representing the regressive maximum.

Event beds are interpreted as river-fed turbidites deposited during catastrophic storm-floods. Combined-
flow ripples and other wave-influenced structures occur in event beds throughout the ideal cycle, suggesting
deposition of the entire Bude Formation above storm wave base. The proposed environment is a shelf, of
continental-shelf dimensions, but lacustrine instead of marine. Sandstone bodies are interpreted to be
river-connected tongues or lobes. The absence of cycles containing nearshore or emergent facies is
attributed to: (i) the lake sill preventing the water level from falling below sill level, thereby insulating the -
lake floor from eustatically forced emergence; and (ii) relatively distal deposition, beyond the reach of
shoreline progradations. The lack of palaeoflow from the south is attributed to a (now eroded?) deep-water
trough lying to the south, in front of the northerly advancing orogen.

Some facies 2 laminated mudstone beds grade laterally into massive and/or contorted beds, interpreted
as in-situ seismites (Facies 4), consistent with an active foreland basin setting. Development of seismites
was possibly facilitated by gas bubbles and/or weak cohesion in the (fresh water) bottom mud.

The late Quaternary Black Sea, with its broad northwestern shelf, is probably a good physiographical
analogue of Lake Bude, and was likewise fresh at times.

INTRODUCTION

Although the literature on ancient lake sediments is
growing rapidly, descriptions of Palaeozoic and older
lake deposits are few (but see, for example, Donovan
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et al., 1976; Van Dijk et al., 1978; White & Youngs,
1980). The facies analysis described here deals with a
Palaeozoic lake and provides insights into the deposi-
tional environments, hydrodynamics, biology, palaeo-
climate, and bottom-mud properties of this ancient
lake.
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GEOLOGICAL SETTING

The Bude Formation is of early Westphalian age (see
below), and was deformed in the Variscan orogeny in
Late Carboniferous time (Hobson & Sanderson, 1983).
Post-orogenic Stephanian—Triassic rocks lie uncon-
formably above (the New Red Sandstone; Laming,
1982). The Bude Formation was deposited in a
foreland basin ahead of the northward-verging and
northward-advancing Variscan deformation front
(Selwood & Thomas, 1988). Deposition took place on
the northern, non-orogenic flank of the basin, as
shown by a lack of palaeocurrents from the south (see
below) and by the compositionally mature (Burne,
1973), fine-grained nature of the Bude Formation.

Lying conformably beneath the Bude Formation is
the Crackington Formation, consisting of Namurian—
Westphalian shales with turbidite-like sandstone beds
(Edmonds et al., 1975).

R. Higgs

STRUCTURE AND STRATIGRAPHY OF
THE BUDE FORMATION

Exposure of the Bude Formation is poor inland. By
contrast, the N—S coastal stretch from Hartland Point
to Widemouth Sand (Fig. 1) offers superb strike-
perpendicular exposure of the entire formation in
near-continuous cliffs and wave-cut platforms (see
cliff sections by Lovell, 1965; King, in Freshney et al.,
1972; Freshney et al., 1979). The strata are folded ina
series of mainly upright chevron folds trending E-W.
Freshney & Taylor (1972) measured a composite
section along the coast and calculated a total thickness
of about 1300 m. Correlation along the folded and
faulted cliffs is aided by a number of fossiliferous ‘key
shales’ which punctuate the otherwise unfossiliferous
succession (Fig. 2; Freshney & Taylor, 1972).

The base of the Bude Formation is defined as the
top of the Hartland Quay Shale (Fig. 2; Freshney et
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Fig. 2. Westphalian stratigraphy of the Bideford and Bude
areas. Key shales (from Freshney & Taylor, 1972):
ES=Embury Shale; GRS =Gull Rock Shale;
HQS=Hartland Quay Shale; LS=Longpeak Shale;
TCS=Tom’s Cove Shale; SPS=Saturday’s Pit Shale;
SMS =Sandy Mouth Shale; WGS =Warren Gutter Shale.
Goniatite horizons (from Freshney et al., 1979):
G.=Gastrioceras; ‘A’ ="‘Anthracoceras’. The G. amaliae hori-
zon is known in both the Bideford and Bude areas.

al., 1979), above which the ‘massive sandstones of
Bude Formation type become progressively more
common’ (Freshney & Taylor, 1972, p. 467). The age
of the Bude Formation is late Westphalian A to
earliest Westphalian C, based on goniatites in the
Hartland Quay Shale and in the Warren Gutter Shale
(Fig. 2; Ramsbottom et al., 1978; Freshney et al,,
1979). Thus, deposition spanned about 5 Ma (Harland
etal., 1982).

PALAEOGEOGRAPHIC SETTING

There is general agreement that: (i) the Bude Forma-
tion was deposited entirely offshore, based on the
presence of turbidite-like beds and thelack of evidence
for emergence (Reading, 1963; Goldring & Seilacher,
1971; Freshney et al., 1979; Melvin, 1986); and that
(ii) the water body was fresh or brackish for most of
the time, because body fossils and trace fossils are
scarce and because the only definite marine fossils are
confined to the key shales (Goldring & Seilacher,
1971, Freshney & Taylor, 1972; Burne, 1973). Hence,

an offshore lacustrine environment is indicated
(Goldring & Seilacher, 1971; Higgs, 1986a). The
lacustrine interpretation is supported by the presence
of a fossil fish unknown elsewhere (White, 1939), since
endemic fishes are common in lakes (Beadle, 1981).
The marine key shales imply intermittent marine
incursions into the lake, suggesting that the lake was
near sea-level (Goldring, 1978). The lake, ‘Lake Bude’
(Higgs, 1986a), lay within 5° of the palacomagneti-
cally-determined equator (e.g. Scotese et al., 1979). A
humid climate is indicated by the prevalence of Coal
Measures among coeval deposits elsewhere in Britain.

Although the extent of Lake Bude is unknown, the
fact that marker beds (¢.g. Tom’s Cove Shale, Fig. 2)
can be traced over the entire N-S extent of the coast
section suggests that the lake was larger than the
present N-S outcrop length. This figure can probably
be increased by 50% to allow for Variscan tectonic
shortening (Coward & Smallwood, 1984). The east
and west shores of Lake Bude are unknown because
the Bude Formation passes beneath the sea to the west
and beneath younger strata to the east. The position
of the south shore, which was possibly an advancing
mountain front (above), is uncertain because coeval
rocks are unknown south of the Bude Formation. The
north shore may have coincided with the southern
margin of the ‘Bristol Channel landmass’, invoked by
previous authors (e.g. Anderton et al., 1979) to explain
why early Westphalian palaeocurrents simultaneously
flowed south in SW England (Bideford and Bude
formations) and north in southernmost Wales.

Coeval deltaic deposits of the Bideford Formation
crop out immediately north of the Bude Formation
(Figs 1 & 2; Edmonds et al., 1979), and are possibly
shoreline equivalents of the Bude Formation (Melvin,
1986; Higgs e al., 1990). However, the nature of.the
lateral transition from the Bideford Formation into
the Bude Formation is unknown due to poor exposure.
A major thrust fault may divide the two successions
(Reading, 1965), and two separate nappes are sug-
gested by vitrinite reflectance evidence (Cornford et
al., 1987). Hence, the palacogeographic relationship
between the two successions is uncertain.

PREVIOUS INTERPRETATIONS

Reading (1963) drew attention to a ‘fundamental
difference of opinion’ regarding the depositional
environment of the Bude Formation. He was referring
to the conflict between Owen (1934, 1950), who
favoured a deltaic origin, and Ashwin (1957), who
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proposed deposition from turbidity currents at the
foot of a continental slope. Remarkably, this shallow-
vs.-deep conflict persists: Freshney et al. (1979)
suggested deposition on a delta slope in water depths
of only a few metres at times, while Burne (1969) and
Melvin (1976) both postulated a ‘relatively deep-
water’ fan. Melvin (1986, 1987) attempted to reconcile
the shallow-vs.-deep controversy by proposing a fan
which developed in ‘relatively shallow (shelf as
opposed to abyssal) water depths’. This interpretation
was challenged by Higgs (1987), who argued for non-
fan shelf deposition (see also Higgs, 1986a; Higgs et
al., 1990).

The palacobathymetry of the underlying Cracking-
ton Formation, and the Dinantian shales below that,
is also uncertain: a pro-shelf, ‘basin floor’ was invoked
by Thomas (1982, Fig. 3.5; 1988), but shelf deposition
is an alternative possibility, especially in view of the
neritic origin of Upper Devonian and basal Dinantian
sediments that lie conformably below (Goldring,
1971).

FIELD-WORK

Field-work was confined to the folded coastal expo-
sures. In the cliff face, individual beds can be traced
for up to 100 m, to the cliff top, but can seldom be
correlated into the next fold limb because marker beds
are scarce. Beds can be traced across the wave-cut
platform for up to 100 m.

Ten representative, stratigraphically dispersed cliff
sections up to 112 m thick were measured at a scale of
1:20 (see Higgs, 1986b, for details). Three of the
sections represent a single stratigraphic interval,
between the Tom’s Cove Shale (TCS) and the
Saturday’s Pit Shale (SPS; Fig. 2), enabling an
assessment of N-S lateral variability to be made
(Higgs, 1986b).

FACIES

Four facies are recognized: (1) dark and (2) light
mudstone with intercalated sandstone beds; (3) amal-
gamated sandstone beds; and (4) disturbed beds.

Facies 1: dark mudstone with graded sandstone beds
Description

Facies 1 occurs as units of dark-grey mudstone (silty
claystone in the classification of Tucker (1982, Fig.

3.2),0-02-2-0 m thick, containing sharp-based, graded
sandstone beds up to 0-2 m thick, spaced up to 0:3 m
apart (described separately below). The mudstone is
laminated, consisting of graded couplets up to 2 mm
thick (average ¢. 0-5mm). Each couplet is sharp-
based, and grades upward from very-fine silt into dark
clay (Fig. 3a). The mudstone consists mostly of illite
and quartz (Freshney et al., 1979) and contains 0-5-
1-0% organic carbon (four samples; Higgs, 1986b).
Comminuted plant debris is common on parting
surfaces and in thin sections (Fig. 3a).

A few facies 1 units are unusually thick, up to 10 m,
with sparse sandstone interbeds (Fig. 3b). These units
include the key shales, which contain calcareous
concretions and possible fish coprolites (Freshney et
al., 1979). The key shales contain the only body fossils
known in the Bude Formation. Goniatites and pelagic
bivalves occur in the Longpeak, Sandy Mouth and
Warren Gutter Shales (Fig. 2; Freshney et al., 1979);
in each case, the fossils occur in an interval less than
0-2m thick (R. T. Taylor, pers. comm., 1985),
associated with finely disseminated pyrite. Other key
shales have yielded fish (White, 1939; King, 1966),
and specimens of an eocarid crustacean (White, 1939).
Microfossils appear to be absent (E. C. Freshney,
pers. comm., 1984; Palmer, 1984).

Various burrows occur in facies 1. Retrusive
Diplocraterion parallelum is common (Fig. 3c; see
Fiirsich, 1974), whereas Arenicolites sp., Phycodes sp.,
Skolithos sp., and Teichichnus sp. are rare (Higgs,
1986b). These five ichnogenera are invariably confined
to the top few centimetres of sandstone interbeds,
with their apertures at the upper surface. Besides these
‘bed-top’ burrows, Planolites sp. is common, between
sandstone interbeds.

Interpretation

The three goniatite-bearing horizons are clearly
marine. Outside thiese horizons, the lack of pyrite and
unequivocally marine body fossils and trace fossils
suggests brackish or fresh water. A brackish environ-
ment seems the more likely because the carbon-to-
sulphur (C/S) ratio in four out of five Facies 1
mudstone samples was below 10 (Higgs, 1986b),
whereas C/S ratios in fresh-water deposits generally
exceed 10 (Berner & Raiswell, 1984). Furthermore,
the diversity of burrows may indicate brackish rather
than fresh water, because there is evidence that fresh-
water burrowers were few prior to Permian time
(Miller, 1984). All six ichnogenera in facies 1 are
consistent with'a brackish environment, having been '
reported in (marine-influenced) brackish Palaeozoic
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Fig. 3. (a) Facies 1 mudstone in thin section, showing two
sharp-based, light-dark complets, each consisting of very-
fine silt grading up into clay. The large, dark, elongated
particles are carbonized plant fragments. Field of
view =0-5 mm high. Plane-polarized light. (b} Thick Facies
| mudstone unit. Saturday’s Pit 8hale, at Saturdays Pit, UK
National Grid reference SS 2026 0681. (c) Diplocraterion
parallelum in transverse section on the upper surface of an
event bed in Facies 1. Note characteristic dumb-bell shape
(e.g. Goldring, 1962); some dumb-bells are curved, due to
lateral shifting of successive U-tubes (Fiirsich, 1974).

deposits elsewhere (Chisholm, 1970; Goldring &
Langenstrassen, 1979; Tevesz & McCall, 1982; Eagar
et al., 1985). Similarly, fish and eocarid crustacea,

both of which occur in facies 1, are known in brackish
Palaeozoic deposits elsewhere (Brooks, 1969; Miles,
1971). .

The bed-top burrows reflect colonization by oppor-
tunistic organisms during the late stages of each sand-
depositing event (Frey & Pemberton, 1984). Rapid
sedimentation is reflected in the retrusive behaviour
of the Diplocraterion parallelum animal (Fiirsich, 1974).
The fact that burrow apertures do not extend above
the sandstone bed suggests that the animal died when
normal mud deposition resumed; death may have
been due to: (i) clay particles clogging the respiratory
apparatus (S. G. Pemberton, pers. comm., 1986); or
(ii) development of oxygen deficiency in the bottom
water between sand-depositing events. If oxygen was
indeed restricted, the presence of Planolites and
eocarids implies dysaerobic rather than anaerobic
conditions (cf. Rhoads & Morse, 1971); both of these
taxa are known to have been tolerant to low levels of
oxygen in the late Palaeozoic (Brooks, 1969; Jordan,
1985). Bottom water was oxygen-deficient during
deposition of the key shales, as shown by preservation
of fish remains and by C/S ratios of less than | in each
of two key-shale samples analysed (Berner & Raiswell,
1984; Higgs, 1986b).

The fine grain size of the mudstone indicates
suspension deposition from a low-velocity current.
The current was probably a river-fed surface plume,
reflecting the low density of inflowing river water
relative to the brackish lake water (cf. Bell, 1942).
Interlamination of silt and clay suggests a fluctuating
current, while the regularity of the lamination suggests
a seasonal control. Hence, the couplets may be varves,
as suggested by Goldring & Seilacher (1971), each
couplet representing an annual wet-season—dry-season .
cycle. A similar monsoonal climate has been inferred
from Westphalian deposits elsewhere in England
(Broadhurst et al., 1980).

With regard to water depth, sandstone beds with
wave-influenced structures (see below) are common in
facies 1. Beds are generally spaced no more than 1 m
apart, suggesting that facies 1 was deposited above
storm wave base. In the key shales, however, wave-
worked beds are up to 5 m apart, so parts of the key
shales could have accumulated below storm wave
base.

Facies 2: light mudstone with graded sandstone beds

Description

Facies 2 is coarser than facies 1. It consists of light-
grey mudstone (clayey mudstone to clayey siltstone)
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with sandstone interbeds, and occurs as units 0-02—
10-0 m thick (Fig. 4a). Many sandstone beds show
load casts. Sandstone beds are seldom more than
0-05 m apart, and are commonly amalgamated (Fig.
4b), as shown by internal planar sutures and by thin
mudstone partings. Amalgamated sandstone bodies
thicker.than an arbitrary 1 m are assigned to Facies 3.

The mudstone consists of light-dark couplets like
those of facies 1, except coarser grained. Within each
couplet, a sharp-based layer of fine to medium silt
grades up into a darker layer of silty clay. Couplets
are up to 3 mm thick (average c¢. 0-5 mm). The mineral
composition is quartz, illite, kaolinite, chlorite, sider-
ite and minor feldspar (R. J. Merriman, pers. comm.,
1987). Organic carbon in five samples was 1-8-2:9%
(average 2-3%; Higgs, 1986b). Plant fragments are
conspicuous in thin section.

Facies 2 includes a rare, coarser subfacies, compris-
ing millimetre-scale couplets in which medium or

coarse silt grades up into clayey silt. The rock splits
readily on carbonaceous and micaceous partings,
revealing tracks and trails (see below). Units of this
flaggy subfacies are up to 2m thick, including
intercalated sandstone beds.

Facies 2 lacks body fossils and burrows. Xiphosurid
trackways (Kouphichnium) and fish trails (Undichna)
occur in the flaggy subfacies (King, 1966; Goldring &
Seilacher, 1971; Higgs, 1988; Tyler, 1988).

Interpretation

The lack of marine fossils in Facies 2 suggests either
fresh or brackish water. A fresh-water interpretation
is preferred, because: (i) bed-top burrows are absent,
in contrast to their presence in (brackish) Facies 1;
and (ii)) C/S ratios, measured on five mudstone
samples, exceed 10 (22-8-39-0; Higgs, 1986b). Xipho-
surids and fishes are known to have tolerated fresh

Fig. 4. Facies 2. Hammer is 31 cm long. (a) Interbedded mudstone and sandstone. (b) Three amalgamated sandstone beds.
Top to the left. The S5-cm bed immediately left of the hammer head is mudstone. Planar partings mark the sutures between

adjoining beds.
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water in Carboniferous time (Stermer, 1955; Miles,
1971). The bottom water was aerobic, at least for the
flaggy subfacies, as shown by the presence of tracks
and trails.

The sediment-supplying current was weak, as
indicated by the overall fine grain size. The regular
coarse-fine lamination suggests a wet—dry seasonal
control. The mud was probably deposited from a
continuous river-fed turbidity current (e.g. Gould,
1960; Houbolt & Jonker, 1968), because the lake,
being fresh, would have been prone to underflows
from denser turbid river inflow. The current may have
flowed year-round, but would have slackened during
the dry season. Continuous underflow would have
ensured aerobic bottom conditions.

The presence of wave-influenced structures in
sandstone interbeds (see below) suggests deposition of
facies 2 above storm wave base. The xiphosurid
trackways also suggest relatively shallow water,
because fossil xiphosurids and/or xiphosurid traces
are known only in lacustrine and marine rocks which
appear, on other evidence, to have been deposited in
water no deeper than a few tens of metres (Bandel,
1967; Goldring & Seilacher, 1971; Anderson, 1975;
Chisholm, 1983).

The graded sandstone beds of Facies 1 and 2
Description

Individual (non-amalgamated) sandstone beds are up
to about 0-2 m thick in facies 1 and 0-4 m thick in
facies 2. The sandstone beds in facies 1 are identical
to those in facies 2, apart from being thinner and
lacking load casts. The grain size never exceeds very
fine sand. Beds are generally tabular for at least tens
of metres laterally, but in some cases, a 0-1-0-2-m bed
pinches out laterally within 5 m.

An ‘ideal’ Bude Formation sandstone bed consists
of four divisions (Figs 5 & 6a). A massive basal
division (B) consists of ungraded very fine sand. This
grades up abruptly, over about 0-01 m, into a 0-02—
0-05-m interval of medium to coarse silt showing
parallel lamination (P), followed by ripple cross-
lamination (R). The silt is capped by 0-:02-0-05 m of
light-grey mudstone (M). The ideal sandstone bed is
less common than incomplete variants: of the lower
three divisions, any one or two may be missing (Fig.
6b), but the order in which divisions occur is
invariable.

The ripples of division R are in sharp contact with
the M division, and commonly weather out. Ripples
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Fig. 5. Schematic ideal Bude Formation sandstone bed,
showing the four successive divisions, B, P, R and M (see
text). The background mud is shown as being of clay grade

(i.e. Facies 1). When the background mud is Facies 2 instead,
the M division lacks burrows.

Fig. 6. (a) An ideal Bude Formation sandstone bed, encased
in Facies 2 mudstone. All four divisions are visible, starting
at the base: massive, B; parallel laminated, P; ripple cross-
laminated, R; and mud, M (slightly recessive). Note quasi-
symmetrical ripple profiles. Lens cap is 5-3 cm across. (b)
Sandstone bed showing only the B, P and M divisions. Coin
is 3-0 cm across.
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are typically straight to slightly sinuous, and quasi-
symmetrical, with a ripple symmetry index (RSI)
ranging from 2 to 3. Ripple spacing is 0-05-0-15 m,
and height is 0-005-0-02 m. Cross-lamination, viewed
perpendicular to ripple crestlines, consists of gently
climbing lamina-sets of irregular size and form. Set
boundaries are erosional, and are gently curved to
scooping (cf. de Raaf er al., 1977). Laminae are
tangential to the lower set boundary, and show
preferential one-way dips. In some beds, lamina-sets
contain sparse burrows.

A few sandstone beds show much larger ripples,
with straight to slightly sinuous, bifurcating crestlines,
and rounded, symmetrical crest profiles. Spacing is
0-3-1-0m, and height is 0-02-0-1 m. All examples
observed by the author are internally structureless.

Hummocky cross-stratification (HCS) was seen in
about 20 beds (Higgs, 1983, 1984). HCS is omitted
from the ideal sequence because of its scarcity. Most
beds with HCS have a basal massive division; some
beds are capped by cross-lamination. A few thin (cm)
sandstone beds show ‘type 3’ ripple-drift cross-
lamination (Walker, 1963). The associated ripples
fade upward into mudstone and are strongly asym-
metrical (RSI 4-6).

Sandstone beds show various sole marks, including
flutes, grooves, longitudinal scours, prod marks,
bounce marks and rare gutter casts. In some beds, tool
marks are multidirectional.

In some cases, a sandstone bed is incised by an
undulatory mud-draped scour. Such scours are usually
lined by a 1-2-mm silt veneer (cf. Fig. 5 in Walker et
al., 1983). Scour surfaces are similar in form and
dimensions to HCS set boundaries (e.g. Brenchley,
1985), suggesting a possible genetic link. Mud-draped
scours can cause sand beds to pinch out laterally.

Interpretation

Each sand bed was produced by a waning-energy
depositional event, as evidenced by its sharp base and
grading; hence, the sandstones are ‘event’ beds (cf.
Seilacher, 1982). The quasi-symmetrical ripples are
intermediate in morphology between current ripples
and wave ripples (Higgs, 1984); they are interpreted
as combined-flow ripples formed under the joint
action of a unidirectional, sediment-supplying current
and a wave-induced oscillatory current (Higgs, 1984;
cf. Harms, 1969). In the cross-lamination, wave action
is suggested by the strongly curved set boundaries (cf.
de Raaf et al., 1977), while a superimposed unidirec-

tional current is indicated by the one-way lamina dips
(Higgs, 1984).

There is additional evidence for wave action,
namely the HCS (Brenchley, 1985) and the multidirec-
tional tool marks (Gray & Benton, 1982). Mud-draped
scours are also commonly attributed to wave action
(Walkeret al., 1983; Brenchley, 1985; Craft & Bridge,
1987), and gutter casts are perhaps also indicative of
waves (Brenchley, 1985).

The large ripples are interpreted as wave ripples,
based on their symmetrical form and on the presence
of bifurcations (Reineck & Singh, 1980). These ripples
are unsuitable for calculating ancient sea conditions,
because the ripple index exceeds 7-5 (Allen, 1981).
Large wave ripples are well known in modern and
ancient sediments, but only in coarse sand or gravel
(Leckie, 1988), unlike the very fine sand of the Bude
Formation.

The evidence for bottom-feeling waves suggests
that the depositional events were storms. The sand-
supplying current may have been: (i) a slump-
generated turbidity current ; (ii) a wind-driven current;
or (iii) a river-fed turbidity current (i.e. underflow),
induced by catastrophic storm-flooding. Slump-gen-
erated turbidity currents are theleastlikely alternative,
because they tend to wane continously once deposition
has begun (Harms ef al., 1982), resulting in a graded
bed (Middleton & Hampton, 1976), whereas the lack
of grading in the massive (B) division of the Bude
beds (Fig. 5) suggests deposition from a continuously
replenished current. Wind-driven currents are known
to move sand on modern shelves during storms (Swift
et al., 1986), but their ability to deliver and deposit a
graded sand bed is unproven. The third alternative,
river-fed turbidity currents, are likely to have occurred
in Lake Bude, given the evidence for fresh to brackish
water (above), which would have favoured underflow.
Similar ephemeral underflows in modern lakes can
transport coarse sand (Lambert et al., 1976), and are
probably responsible for sand interbeds up to 0-3 m
thick in the Recent bottom muds of Swiss lakes
(Houbolt & Jonker, 1968; Lambert et al., 1976 ; Sturm
& Matter, 1978). River-fed turbidity currents also
occur in the sea (Wright et al., 1988; Higgs, 1990).
Hence, river-fed turbidity currents, induced by storm-
flooding, are considered the most likely sediment-
supply process for the Bude Formation event beds.

Deposition of the ideal event bed can be divided
into four stages, corresponding to the B, P, R and M
divisions. In Stage 1, the B division is inferred to have
been deposited by fall-out from a two-component flow
comprising a river-fed turbidity current and a wave-
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induced oscillatory current. The river-fed current was
initially dominant, as shown by the prevalence of
unidirectional sole marks. Deposition was sufficiently
rapid to prevent traction lamination from forming
(Middleton & Hampton, 1976), while the lack of
grading implies that the current velocity decreased
spatially but not temporally (Harms et al., 1982). Stage
2 reflects a weakening of the river-fed current, and
therefore of the overall combined flow, allowing finer
sediment (silt) to settle. The P division was deposited
during this stage, either by a pulsing unidirectional
flow or by an asymmetrical reversing flow (cf. Harms
et al., 1982). In Stage 3, the overall current weakened,
and the R division was deposited under oscillatory
flow; the river-fed current was still active, imparting
an asymmetry to the flow, as shown by the one-way
lamina dips. Finally, in Stage 4, currents returned to
their normal fair-weather velocities, and storm-
suspended clay and silt settled to form the M division,
perhaps over several days. Deposition of ‘background’
mud then resumed.

Facies 3: amalgamated sandstones
Description

Facies 3 is defined as any sandstone unit thicker than
1 m, and includes the ‘thick massive sandstones with
few visible structures’ (Reading, 1963) which charac-
terize the Bude Formation (Fig. 7). Units are up to
10 m thick. The sandstone is predominantly massive,
and the grain size never exceeds very fine sand.
Dewatering structures are common and fossils are
absent. Lensoidal ferruginous concretions up to 2 m
long, orientated parallel to bedding, occur in some
thicker units, as does pressure-solution cleavage
(Beach, 1977).

The bases of facies 3 units are planar (i.e. non- -

channelled), and show flutes, longitudinal scours, or
tool marks. Tops are flat, or show quasi-symmetrical
ripples. There are also hummocky upper surfaces;
some of these are mud-draped scours (see below),
while others are possibily formed by compaction-
drape over large concretions. Many facies 3 units
show bedding-parallel planar partings, 0-05-0-4m
apart vertically (Fig. 7). Other units have partings
which are undulatory instead of planar, and less
continuous laterally. Planar or undulatory partings are
the only visible ‘structure’ in some facies 3 units.
Facies 3 commonly contains angular, bedding-
parallel mudstone slabs, 0-:01—0-1 m thick and 0-05-
0-5 m long. The mudstone is of facies 1 or 2. Slabs can

Fig. 7. General view of the Bude Formation, showing three
amalgamated-sandstone units (Facies 3), of which the lowest
is in the foreground, at beach level. Pack in left foreground
and hammer at centre for scale. All three sandstone units
show planar partings (see text). In the central unit, the
undulatory surface at the level of the hammer head is a mud-
draped scour. This and other mud-draped scours are
responsible for the lenticularity evident in this sandstone
unit. Interval 2-13 m in Fig. 14(a).

occur closely spaced along a single horizon, with
massive sandstone occupying the gaps between slabs;
lamination can be correlated from slab to slab in some
cases.

Two kinds of mud-draped scour occur in and on top
of facies 3 units: (i) undulatory scours (Fig. 7),
identical to those described above, except that the
mud drape may be just a string of disconnected
mudstone slabs; and (ii) concave-up scours, 1-30 m
across and up to 1 m deep (Owen, 1934, plate 42A;
McKeown et al., 1973, plate 5B). The latter have
gently curved walls which merge smoothly into a flat
or gently curved floor. The three-dimensional geome-
try of concave-up scours is unknown; they could be
pan-shaped (cf. Goldring & Aigner, 1982), or channel-
shaped. Some scour surfaces, of both the undulatory
and concave-up types, show symmetrical ripples.

Some facies 3 units, traced laterally, split into two
subunits, separated by a mud layer (of Facies 2) up to
0-2 m thick (Fig. 8). The mud layer is cut out laterally
by the overlying sand bed due to scouring (Fig. 8).
Such scours, up to 0-2 m deep, are the only type of
channel observed in the Bude Formation. At least one
facies 3 unit splits apart laterally into many subunits
(Fig. 9); remarkably, the mud layers are all truncated
at about the same place, defining a ‘pinch-out belt’
only 3-5 m wide (Fig. 9). Facies 3 units seldom extend
more than 5 m laterally without splitting or merging.
On a regional scale, Freshney & Taylor (1972, p. 464)
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Fig. 8. An amalgamated-sandstone unit (Facies 3) splitting
laterally into two subunits separated by a truncated mudstone
layer. Top to the right. Note that the underlying sandstone
bed has a parallel-laminated upper (P) division, and is
warped due to differential compaction. Coin is 3-0 cm across.

Fig. 9. CIliff face, viewed looking up from beach, showing a
thick amalgamated-sandstone unit (centre) splitting laterally
(downward) into numerous subunits separated by mudstone
layers. The sandstone unit is about 3 m thick. Field of view
is the interval 44-74 m in Figs 10 (Upton column) & 13.

found that the ‘thick sandstones were normally too
impersistent for correlative purposes.” Thick sand-
stones in the TCS-SPS interval extend no more than
a few kilometres in a N-S direction, and terminate
laterally by splitting (Fig. 10).

Interpretation

Facies 3 consists of amalgamated event beds, as
shown by: (i) the internal planar partings and
discontinuous mud layers, whose vertical spacing
suggests that individual event beds are up to (-4 m
thick; and (ii) the similarity between sole- and top
markings in Facies 3 and those in event beds in Facies
1 and 2. The overall massive character reflects the
dominance of the B division in the constituent event
beds (cf. Fig. 5).

The mudstone slabs are interpreted as in-situ
remnants of formerly continuous mud layers, based
on their lateral correlatability. Their angular, tabular
morphology suggests that they formed by brecciation
of the parent mud layer. Brecciation presumably took
place at some depth below the sediment-water
interface, where the mud was suitably brittle. The
triggering disturbance was possibly an earthquake, or
rapid deposition of an event bed.

Each truncated mudstone layer, or ‘split’, is thought
to be a formerly continuous mud layer that was locally
eroded during the next sand-depositing event. The
sand, in effect, occupies and overspills a shallow (cm)
channel. Channel width is unknown: in some cases,
the channel ‘fill’ can be traced 20-30 m laterally, as
far as the cliff top. The superimposition of successive
splits (Fig. 9) suggests that successive sand-depositing
flows followed the same track. .

Planar partings are interpreted as sutures between
event beds. Any mud which formerly intervened was
eroded. Erosion also removed the structured cap of
the lower event bed in some cases, but not in others
(Fig. 8). Undulatory partings possibly reflect in-situ
disturbance of planar partings by an earthquake (see
facies 4 below for further evidence of earthquakes).

The undulatory mud-draped scours are probably
due to wave action, as mentioned above. The concave-
up scours may also be formed by waves: a possible
modern analogue occurs on the Bering shelf, where
elliptical, flat-bottomed scours, 10-30 m in diameter
and 0-6-0-8 m deep, are incised into very fine sand
and coarse silt, and are attributed to storms by Larsen
et al. (1979). The presence of symmetrical ripples on’
(some) mud-draped scours supports a wave origin.
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Discussion: sand-body geometry

Individual facies 3 sand bodies in the TCS-SPS
interval ‘shale-out’ to the north and south (Fig. 10).
This suggests that sediment transport was from the
east or west, which is consistent with palacocurrent
data (below). The sand bodies are thought to be E-W-
orientated tongues, comparable to the shelf ‘sand
lobes’ of Brenchley & Newall (1982, Fig. 10). The
tongues have planar upper and lower surfaces, and
‘frayed’ lateral margins (cf. Fig. 9). They are up to a
few kilometres wide (N-S), and of unknown length.
Internally, tongues consist of amalgamated sand beds;
each sand bed is inferred to occupy (and overspill) a
shallow channel, and to pinch out laterally due to
depositional thinning. Tongues may have connected

landward, to the east or west, with deltas from which
the sand-depositing flows originated.

Facies 4: disturbed beds
Description

Two kinds of disturbed bed are recognized: (i) mixed
beds, each comprising a non-laminated, homogeneous
or quasi-homogeneous bed of mudstone, muddy
siltstone or very fine muddy sandstone, with or without
dark mudstone fragments (Fig. 1la, b, ¢); and (ii)
contorted beds, differing only in that they are thicker
and contain one or more discontinuous, folded sand
layers, 0-01-0-1 m thick (Fig. 11d). Mixed beds and
contorted beds are synonymous with the ‘slurried
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beds’ and ‘slump beds’, respectively, of Burne (1970);
the latter terms are avoided here because of their
genetic connotations.

Mixed beds are tabular and 0-01-0-4 m thick. They
commonly contain one or more sand laminae, up to
0-02 m thick, with diffuse contacts, and commonly
with millimetre-size load balls (Fig. 1la, c). Many
mixed beds are bipartite, consisting of a layer of silt
or sand, grading up into a darker, muddier layer (Fig.
11b, ¢). Contorted beds are thicker (up to 20 m).
Internal folds have recumbent to inclined axial planes
(Fig. 11d), with preferential E-W orientation and
southward vergence (Enfield et al., 1985).

Some disturbed beds have a sharp base, commonly
with tool or scour marks, while others grade downward

(o)

into undisturbed sand or mud of facies 2. Bed tops are
sharp and generally planar, although some show
symmetrical sand volcanoes (Burne, 1970).

Most disturbed beds contain angular to subrounded
mudstone fragments, 0-01-0-05m thick and up to
0-5 mlong (Fig. 11a). Mudstone fragments are tabular,
orientated subparallel to bedding, and commonly
exhibit diffuse margins (Fig. 11a). Disturbed beds
generally show dewatering sheets and pipes (Fig. 11a,
b).

Disturbed beds extend at least 20-30 m laterally, to
the cliff top. One contorted bed was correlated for
3-5 km along the coast by King (1966, and in Freshney
etal., 1972). At some localities, a disturbed bed grades
laterally, over a distance of 1-5 m, into an undisturbed

Fig. 11. (a) A mixed bed (Facies 4), extending from base of the coin to the abrupt colour change near (receding) top of view.
The bed consists of clayey siltstone with dark mudstone fragments. Coin is 2:6 cm across. Note the laterally persistent sand
lamina about 1 cm above coin. (b) Mixed bed consisting of massive very fine sandstone, grading up into a few millimetres of
massive mudstone (immediately above coin). Coin is 2-8 cm across. The bed is sharply overlain by 5 mm of Facies 2 laminated
mudstone, and sharply underlain by facies 2 mudstone. Note abundant dewatering structures. (c) Bipartite mixed bed encased
in facies 2 mudstone. Coin is 3-0 cm across. The bed is 4 cm thick, and its base is 6 cm below base of coin. The bed consists of
massive pale siltstone, grading up abruptly into darker mudstone, capped by a siltstone layer with irregular load balls. (d) A
contorted bed comprising folded sand layers in a matrix of silty mudstone to clayey siltstone. Backpack at base of scree (upper
left) marks top of bed. Note that stratification in the basal 1-2 m of the bed (immediately left of the small, dark cave) changes
laterally (toward viewer) from uncontorted to contorted and diffuse, suggesting in-situ disturbance. Interval 3442 m in Fig.

14(b).
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interval of facies 2 mudstone withor without sandstone
interbeds (Fig. 11d; see also Melvin, 1986, p. 25).

Interpretation

The fact that disturbed beds can grade laterally and
downward into undisturbed facies 2 sediment suggests
that they formed in situ from a facies 2 precursor.
Disturbed beds were presumably formed at the
sediment-water interface, because: (i) any overburden
would have inevitably collapsed; and (ii) some beds
have sand volcanoes. The substantial thickness (up to
20 m) of individual disturbed beds implies that the
precursor mud was weakly cohesive to depths of many
metres. The deformation was probably caused by a
shock, induced by one of the following: storm waves;
a tsunami; or an earthquake. Storm waves can
probably be discounted because the tops of disturbed
beds show no evidence for wave reworking. An
earthquake is a more likely mechanism than a tsunami
because it induces repeated (cyclical) shaking, which
is more favourable for liquefaction than is a single
impulse (Seed, 1968). Hence, facies 4 beds are
interpreted as earthquake beds, or ‘seismites’ (Sei-
lacher, 1969, 1984).

The inferred seismic shock caused: (i) homogeni-
zation of lamination in the precursor mud, possibly
due to liquefaction of the coarser (silt) laminae; (ii)
collapse and folding of thick (cm) sand interlayers, if
any; (iii) development of load balls beneath thin sand
layers; and (iv) brecciation of cohesive mud interlay-
ers. Water expelled during and after deformation gave
rise to dewatering sheets and sand volcanoes. Bipartite
mixed beds are thought to reflect simultaneous
disturbance of a sand (or silt) event bed and an
overlying mud layer; disturbance did not necessarily
extend to the bottom of the sand bed, whose lack of
structure may instead by primary. In disturbed beds
with sole marks, the latter are probably ‘inherited’
from a precursor event bed which now forms the base
of the disturbed bed.

A possible prerequisite for the development of
disturbed beds is weak cohesion in the parent mud,
due to deposition in fresh water (van Olphen, 1977).
Another likely contributor is the presence of biogenic
gas (methane) bubbles, which form at much shallower
depths (cm) in fresh-water sediments than in marine
sediments (Curtis, 1977).

Similar contorted beds have been attributed to in-
situ disturbance by earthquakes in marine and fresh-
water deposits ranging from Precambrian to Quater-

nary (Selley et al., 1963; Sims, 1975; Brenchley &
Newall, 1977; Hempton & Dewey, 1983; Mayall,
1983; Brodzikowski et al., 1987; Davenport & Rin-
grose, 1987). Some of these examples show folded
sand layers in mud, as in the Bude Formation, but
none of the cited publications mentions homogeniza-
tion of mud lamination. In contrast, Seilacher (1969)
invokes such homogenization for some Miocene
seismites: these beds have an upper ‘soupy zone’ in
which ‘a kind of liquifaction’ has destroyed the
primary parallel lamination (Seilacher, 1969, p. 157).

An earthquake origin for facies 4 is consistent with
a foreland basin setting. Contorted beds increase in
abundance toward the top of the Bude Formation (e.g.
Freshney et al., 1979, Fig. 3), perhaps reflecting the
approach of the orogenic front.

PALAEOCURRENTS

Sole marks in the studied intervals of the Bude
Formation show a polymodal palaeocurrent pattern,
with flow from all quadrants except the south (Fig.
12b). The dominant flow direction was toward the
ESE (Fig. 12b). For discrete stratigraphic intervals,
between successive key shales, the palaeocurrent
pattern varies from unimodal to polymodal, and the
dominant flow direction ranges from SE to SW
(Freshney er al., 1979, Fig. 6; Melvin, 1986, Fig. 10).

Ripple crestlines show less directional dispersion
than sole marks (compare Fig. 12¢ and 12b); most
crestlines are orientated within 30° of ENE-WSW.
This clustering supports the conclusion that the ripples
are wave-influenced types (above), and suggests that
the direction of storm-wave approach varied little
throughout deposition of the Bude Formation. The
steeper flanks of the (combined-flow) ripples face
south, indicating that the unidirectional component
of the combined flow invariably approached the
ripples from their northern side.

FACIES SEQUENCES AND CYCLICITY

The Bude Formation shows a pronounced cyclicity,
in the form of sandstone units 1-10 m thick (Facies 3)
alternating with mudstone-rich intervals of similar
thickness(Figs 7,13 & 14). Todefine cycles objectively,
a facies relationship diagram was constructed (Fig.
15a; de Raaf et al., 1965). The diagram reveals that
Facies 1 and 3 are $eldom in contact (i.e. Facies 2
usually intervenes), and that Facies 2 is overlain as
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Fig. 12. Rose diagrams of various palaecocurrent indicators
measured in this study.

often by facies 1 as by facies 3. These results could
arise from either of two types of facies succession (Fig.
15b): (i) a regular succession of symmetrical, three-
facies cycles (12321); or (ii) an intermixing of 121-
and 232-type cycles. Inspection of the logs (Figs 13 &
14) shows the second model to be correct, except that
some 12321 cycles are present locally (see below).

Ideal cycle

The ‘ideal’ (most complete) Bude Formation cycle is a
symmetrical 12321 cycle (Figs 16 & 17, and 68-73 m
in Fig. 13). The cycle has a coarsening-up component
(123), and a fining-up component (321), not necessarily
of the same thickness. The facies ! interval at the top
and bottom of the cycle is up to 1 m thick and contains
thin (mm-cm) event beds. Stratigraphically adjacent
to these facies 1 units is a facies 2 interval, up to 2 m
thick, with thicker (up to 0-3 m) event beds. At the
centre of the cycle is a facies 3 sandstone unit 1-10 m
thick. Event beds with wave-influenced sedimentary
structures (quasi-symmetrical ripples, HCS, mud-
filled scours or multi-directional tool marks) can occur
at any level in the cycle (Fig. 16).

A notable feature of the ideal cycle is its non-
gradational character: a thick central (amalgamated)
sandstone unit is flanked by much thinner sandstone
layers (Fig. 16). This may reflect ‘advanced amalgam-
ation’, whereby mud interlayers are missing (eroded),
possibly due to the weak cohesion (high erodibility) of
fresh-water muds. The result is that cycles are
vertically ‘compressed’ (Fig. 18b) and, as documented
by Melvin (1986), lack well-developed upward-thick-
ening or -thinning sequences.

Departures from the ideal cycle

The cycles are rarely as complete or symmetrical as
the ideal cycle. Most cycles are of 121- or 232-type. In
some cases, facies 1 is directly overlain by facies 3,
possibly due to complete erosion of a (weakly cohesive)
facies 2 mud layer.

Interpretation of the cyclicity

The average cycle period is 7700 years, assuming that
the Bude Formation spans 5 Ma (see above), is 1300 m
thick (Freshney & Taylor, 1972), and that the average
cycle thickness is 2 m (e.g. Fig. 14). However, this
figure is a gross approximation: the true cycle period
could be substantially longer if, for example, the
thickness of the Bude Formation has been overesti-
mated due to repetition by thrusting, such as that
described by Enfield et al. (1985).

Any explanation for the cyclicity must include a
mechanism for producing salinity fluctuations, be-
cause facies 1 was deposited in brackish (sometimes
marine) water, while facies 2 (and 3?) was deposited
in fresh water. Increases in salinity were probably
caused by marine incursions, rather than by arid
evaporative episodes, because (i) some facies 1
intervals are marine; and (ii) Lake Bude was in an
equatorial (i.e. humid) setting. The salinity fluctua-
tions cannot be due to deposition in front of a
switching delta complex (e.g. Elliott, 1986), because
this causes salinity changes in the surface water only,
not the bottom water (e.g. Bates, 1953). The most
likely explanation is that the lake sill, or outlet level,
was intermittently overtopped by the sea. Each of the
resulting marine incursions caused the lake to become
brackish or (rarely) marine. Repeated drowning of the
sill could have been caused by eustatic sea-level
oscillations, or by intermittent bursts of accelerated
tectonic subsidence. The eustatic mechanism is pre-
ferred, for three reasons: (i) the Late Carboniferous
was a time of repeated glaciations (Frakes, 1979), so
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Fig. 13. Measured section between the Tom’s Cove Shale (TCS) and Saturday’s Pit Shale (SPS) at Upton, 1-5 km south of
Summerleaze Beach, Bude. See Fig. 10 for legend. Base of section is at SS 2000 0501. For simplicity, sand/silt beds thinner
than 3 cm are omitted, as are ripples. Also, facies 4 is included in facies 2; this is justifiable because the former is formed in situ
from a facies 2 precursor (see text).

glacio-eustatic sea-level oscillations are to be expected ; Holmes, 1965, Fig. 522; Matthews, 1984, Fig. 1E;
(ii) glacio-eustatic oscillations of similar periodicity Lorius ez al., 1985, Fig. 4b); and (iii) some intervals
(1000-10 000 years) to the possible 7700-year Bude consist of several consecutive, thicker-than-average
cycle (see above) are known from the Pleistocene (e.g. cycles (e.g. Figs 10 & 13), and this clustering would be
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Fig. 14. Large-scale measured sections. See Fig. 10 for legend. For simplicity, sand/silt beds thinner than 3 cm are omitted,
and facies 4 is included in facies 2. (a) CIiff section at northern end of Summerleaze Beach, Bude. Top of section is 20 m
stratigraphically below Saturday’s Pit Shale. (b) Cliff section at Warren Little Beach, 4 km north of Bude. Base of section is at
SS 2009 1085. Section is between Sandy Mouth Shale and Warren Gutter Shale (see Fig. 2).

Fig. 15. (a) Facies relationship diagram, summarizing all
(upward) facies transitions measured in this study. Numbers
inside circles are facies numbers. Facies 4 is included in
facies 2, since the former is formed in situ from a facies 2
precursor. (b) Two hypothetical facies successions consistent
with the facies relationship diagram (see text).

difficult to explain tectonically. The cause of such
short-period (7700 years) oscillations in global ice
volume is unclear; they are possibly related to
astronomical forcing of palaeoclimate, although the

shortest period predicted by the Milankovich astro-
nomical theory is about 20 000 years (e.g. Berger,
1980). Alternatively, if the thickness of the Bude
Formation has been overestimated (above), then the
Bude cycles could indeed represent the Miankovitch
20 000-year cycle.

Each marine incursion would have caused the lake
to deepen, as the rising eustatic sea-level overtopped
the sill. This deepening could explain why Facies 1,
representing the incursions, has the finest grain size.
Hence, the cycles are thought to reflect fluctuations in
water depth as well as salinity (Figs 19 & 20), each
cycle recording a regression (coarsening up) followed
by a transgression. During each transgression, the
rising sea eventually spilled over the sill, converting
the lake outlet into a marine strait (Fig. 20b). If the
sea-level rose high enough, a salt-water wedge in the
strait introduced sea water into the lake, compensated
by surface outflow of lake water. Normally, at such
times, the lake became brackish (not marine), indicat-
ing that the sill was not drowned very deeply (compare
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Fig. 16. Ideal Bude Formation cycle. HCS=hummocky
cross-stratification; C-U =coarsening-up; F-U =fining-up;
— =planar partings (bed sutures). Compare with Fig. 18.

b and ¢ in Fig. 20). A modern analogue is the Black
Sea, whose sill depth is such that annual additions of
sea water (flowing in through the Bosporus) and fresh
water (runoff and precipitation) are about equal
(Gunnerson & Ozturgut, 1974; Scholten, 1974);
mixing of these waters gives an overall salinity of
about 20%,.

As eustatic sea-level continued to rise, the lake level
necessarily rose in harmony, and the lake deepened.
Occasionally, sea-level rose to such a height that the
lake became fully marine (Fig. 20c), forming a land-
locked sea.

Regressions were caused by a drop in eustatic sea-
level, whereby the lake (and sill) shallowed. Eventu-
ally, sea-level fell below the crest of the sill, or at least
to such a level that the salt wedge pinched out before
entering the lake (Fig. 20a), as in modern Lake
Maracaibo (Hyne et al., 1979). With the marine
connection severed, the lake freshened, probably due
to displacement and mixing of brackish lake water
with underflow fresh water introduced by turbid rivers
(Higgs, 1986b), a process termed ‘desalination’ (Holds-
worth & Collinson, 1988). Analogous freshening

ated sandstone unit passes up and down into pale mudstone
with thin sandstone beds (Facies 2), followed by dark
mudstone (Facies 1). Hammer is 31 cm long. Interval 5-3—
6-9 m in Fig. 14(b).

(a)

NORMAL

CYCLE
FINING -
/THINNING UP
COARSENING-
/ THICKENING-UP

(b) Lo

COMPRESSED

CYCLE

Fig. 18. (a) Hypothetical ‘normal’ cycle. (b) Typical Bude
Formation ‘compressed’ cycle (see text). Horizontal dashes
represent bed sutures. Compare with Fig. 16.
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Fig. 19. Hypothetical section of the Bude Formation, showing inferred fluctuations in water depth, salinity and bottom-water
oxygenation. The section included a goniatite-bearing ‘key’ shale, indicated as being deposited partly below storm wave base
(see text; white squares=concretions). Omitted for clarity are non-amalgamated sandstone beds in Facies 1 and 2.

CU =coarsening-up; FU =fining-up.

occurred in the Black Sea, which was almost fresh
during thelast glaciation, having been virtually marine
during the preceding interglacial (Ross & Degens,
1974; Scholten, 1974).

In the case of 232-type cycles, fresh water may have
persisted throughout the cycle, implying that sea-level
failed to rise high enough for the salt wedge to reach
the lake (Fig. 20a, inset). On the other hand, 121-type
cycles lack a central facies 3 sand body (i.e. sand
tongue), suggesting that they were deposited between
sand tongues, or distally beyond them.

Larger cycles?

A higher order of cyclicity may be present, in addition
to the small cycles described above. This is suggested
by: (i) the occurrence of several thicker-than-normal
(key) shale units; and (ii) the clustering of numerous

thick sandstone units, each belonging to a small cycle,
near the middle of the TCS-SPS interval, suggesting
that this interval is a large symmetrical cycle (Figs 10
& 13), as suggested by King (1967). The TCS-SPS
interval may represent a ‘first-order’ eustatic sea-level
oscillation, upon which are superimposed many
‘second-order’ oscillations, responsible for the small
cycles. The central cluster of thick sand units would
correspond to the first-order lowstand, when the lake
level would have remained low and constant (at sill
level) for an extended period, punctuated only when
exceptionally high second-order highstands over-
topped the sill. Given that the TCS-SPS interval is
about 100 m thick (Fig. 10), it represents about
380 000 years, assuming that the thickness and time-
span of the Bude Formation are 1300 m and 5 Ma,
respectively. Hence, it is possible that the TCS-SPS
interval reflects the 400 000-year Milankovitch cycle’
(e.g. Berger, 1980).
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Fig. 20. Model showing how eustatic sea-level oscillations
may have caused fluctuations in salinity and water depth in
Lake Bude. Shown in (b) are inferred mixing processes,
whereby marine water and fresh water entering the lake are
mixed, forming brackish water. The diagrams depict fair-
weather conditions and neglect the inferred shelf-and-trough
physiography of Lake Bude. During marine episodes (i.e. ¢),
Lake Bude was actually a land-locked sea rather than a lake.
Similarly, during brackish episodes (b), the name ‘lake’ is
not entirely appropriate (cf. modern Black Sea).

Lack of nearshore and emergent facies

The Bude Formation was deposited largely, if not
entirely, above storm wave base, as indicated by the
fact that wave-influenced structures occur throughout
the succession, spaced no more than a few metres
apart. It is curious that such a thick (1300 m) shallow-
water succession is totally devoid of nearshore and
emergent facies, implying that the shoreline never
prograded into the Bude area. This is attributed to: (i)
the lake sill preventing the lake water level from
falling below sill level (cf. Fig. 20a); in this way the
Bude depositional environment (assuming it was
below sill level) was protected from eustatically
induced exposure, unlike shallow-marine environ-
ments; and (ii) deposition of the Bude Formation in a

relatively distal setting, beyond the reach of shoreline
progradations.

DEPOSITIONAL PROCESSES AND
ENVIRONMENT

Depositional environment

Asexplained earlier, the Bude Formation is lacustrine,
based on evidence for subaqueous deposition com-
bined with evidence that the basin water was fresh at
times. Fresh-water conditions imply that the lake was
hydrologically open (i.e. had an outlet; Allen &
Collinson, 1986). Deposition took place: (i) below
fair-weather wave base, as shown by the absence of
nearshore features; and (ii) mostly or entirely above
storm wave base, as shown by the presence of wave-
influenced structures throughout the succession. The
interpreted environment was a shelf, of continental-
shelf dimensions, but lacustrine rather than marine
(Fig. 21). The shelf may have been long-lived,

_CZ" USUAL STORM-WAVE ORIENTATION

T SLUMP-GENERATED TURBIQITY CURRENT
(EARTHQUAKE-INDUCED?)

U RIVER-FED TURBIDITY CURRENT
(STORM-INDUCED)

BFO BUDE FM. OUTCROP (PRESENT DAY)
~3 THRUST FAULT

Fig. 21. Reconstruction of Lake Bude, showing: (i) inferred
shelf-and-trough physiography; and (ii) inferred hydrody-
namic processes on the ‘Bude shelf” during storms. A river-
fed underflow is shown issuing from one of the rivers
discharging onto the -shelf. Episodic turbidity currents,
possibly generated by earthquake-induced slumping, are
inferred in the deep-water trough.
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inherited from Devonian time, because Devonian
strata conformably below are neritic (see above). A
shelf setting is consistent with in-situ seismites, whose
failure to slide laterally suggests a very low depositional
gradient, since subaqueous sliding and slumping can
occur on slopes of only 0-5° (Coleman, 1981); the
average gradient of modern shelves is 0-1° (Shepard,
1963). A shelf setting is also consistent with the
polymodal palaeocurrents of the Bude Formation
(Fig. 12), because underflows could have been de-
flected to flow across the (gentle) shelf gradient by
wind-driven currents.

South of the shelf lay an inferred deep-water trough,
formed by tectonic loading at the orogenic front (Fig.
21; see below). The trough explains the lack of
northward-flowing palaeocurrents in the Bude For-
mation (Fig. 12). The trough also explains the
‘problem’ (Selwood & Thomas, 1988, p. 22) that
despite an orogenic front nearby, the Bude Formation
lacks wildflysch: in other words, any wildflysch would
have been ‘trapped’ by the trough.

Velocity of river-fed turbidity currents

The event beds in the Bude Formation are interpreted
as storm beds, deposited by river-fed turbidity currents
induced by catastrophic storm floods (above). An
insight into the velocity of river-fed turbidity currents
on the ‘Bude shelf’ can be gained from modern
analogues. River-fed turbidity currents, orunderflows,
are well known in Swiss lakes (Houbolt & Jonker,
1968; Lambert et al., 1976; Sturm & Matter, 1978)
and in Lake Meade, Nevada (Gould, 1960). However,
none of these lakes is a good physiographical analogue
of the Bude shelf; most are deep (100-350 m), steep-
sided, flat-bottomed troughs.

In Lake Meade, underflows persist for months, and
sometimes travel the entire 200 km length of the lake;
the flows maintain a velocity of about 7cm s™*, even
though the lake-floor gradient is less than 0-1° (Bell,
1942; Gould, 1960). An underflow peaking at more
than 30 cm s~ 1, lasting at least 2 days, was recorded
on a 2° delta slope in the Walensee (Switzerland)
during spring thaw, following a period of heavy
rainfall (Lambert et al., 1976). Simultaneous current
measurements 1:5 km further offshore, on the flat
central plain, yielded maximum velocities of
2-3 cm s~ !. Further measurements on the same delta
slope 4 years later, following a summer rainstorm,
yielded a maximum velocity of 50 cm s~ ! (Lambert &
Hsii, 1979). In the sea, river-fed underflows of up to

30 cm s~ ! have been observed on the 0-6° delta slope
of the Yellow River, China, at 4-11 m depth (Wright
etal., 1988).

Extrapolation of the foregoing velocity data to Lake
Bude is tenuous because the Bude shelf was probably
less steep than most of the underflow survey sites.
However, to compensate for this factor, none of the
modern surveys was made during a catastrophic storm.
Hence, it seems reasonable to infer velocities of 30—
40 cm s™! for Bude shelf underflows. A 30-cm s™*
current would have been quite capable of transporting
very fine sand in suspension (Sundborg, 1967, Fig. 1).
The estimate of 30—40 cm s~ ! is consistent with the
presence of flutes in the Bude Formation: experimen-
tal flutes were made using a mean current velocity of
45cm s™! by Allen (1971).

DISCUSSION

Tectonic implications of the deep-water trough

The presence of a deep-water trough would imply that
the foreland basin hosting Lake Bude was at an early,
underfilled stage of development (cf. Allen et al.,
1986); i.e, the orogen had not yet fully emerged, so
that sediment production lagged ‘behind tectonic
loading and resultant basin subsidence, giving rise to
deep water (Covey, 1986). The trough fill may have
comprised turbidites and olistostromes; such deposits
crop out to the south between Dartmoor and Bodmin
Moor (Fig. 1; Isaac et al., 1982), but they are older
(Dinantian and Namurian), and were probably depos-
ited in a (marine) precursor of the ‘Bude trough’. The
missing Bude-age trough deposits may have been
deposited on top of their Namurian counterparts and
later eroded.

Ancestry of Lake Bude

The Bude Formation rests conformably on the
turbiditic Crackington Formation, which is marine at
the base, but contains brackish or fresh intervals
higher up (Freshney & Taylor, 1972). This suggests
that the Crackington and Bude formations were
deposited in a water body which became progressively
isolated from the open sea. Isolation may have been
caused by the Variscan mountain front advancing
(northward) across the areas east and west of SW
England sooner than across SW England itself (Higgs,
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1986b, c); this would have converted a formerly
continuous E-W seaway into a progressively enclosed
water body, flanked on each side by northward-
propagating mountains. Sole marks in the Cracking-
ton Formation show mainly E-W and W-E transport
directions (Thomas, 1988), consistent with mountains
to the east and west. Ultimately, the water body
became enclosed, forming a lake. The lake sill, which
functioned as an outlet during lowstands and as a sea-
water inlet during highstands (Fig. 20), presumably
lay north of the flanking mountains. The sill probably
lay somewhere along the NW margin of the lake,
because the only connection between Britain and the
open ocean in early Westphalian time lay to the west
(Ramsbottom, 1970).

Modern analogue of Lake Bude

No modern lakes show the same combination of
physiography, climate and tectonic setting inferred
for Lake Bude. A good physiographical analogue is the
Black Sea, which, like Lake Bude, has a broad
(northwestern) shelf flanked by a deep trough. Another
similarity is that the water level in the Black Sea has
varied with Quaternary oscillations in eustatic sea-
level, causing salinity to fluctuate from fresh to
brackish (above). River-fed turbidites are possibly
deposited on the Black Sea shelf during catastrophic
storms; unfortunately, the author is unaware of any
cores or relevant hydrographical data that confirm
this supposition (cf. Ross et al., 1978). The Black Sea
further resembles Lake Bude in being hydrologically
open and dominated by siliciclastic sediments (Ross
etal., 1978).
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