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Fig 1.2A The Nature of Cyclic Changes in Orbital Obliquity (Tilt).

OBLIQUITY: Dominant Period = 41kyr, Minor Periods = 29kyr & 54kyr,
Period on Power spectra = 41kyr.

Obligque View of Orbit:

a) Obliquity = Minimum

-
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Climatic Effect:
Changes degree of seasonality. Nb. if Obliquity = 0° then

there would be no seasons.
(Diagrams are schematic. Based on data from Berger 1980 & 1984.)
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Fig 1.2B  The Nature of Cyclic Changes in Orbital Eccentricity.

ECCENTRICITY: Dominant Periods = 95kyr, 100kyr, 120kyr & 410kyr,
Periods on Power Spectra = 100kyr & 410kyr.

Plan View of Orbit:

a) Eccentricity = Minimum
(e = 0.0005)

e SUN
b) Eccentricity = Maximum i
(e = 0.0607) ( EARTH
Radiation Levels - for 45°N with no precession and constant
obliquity
a) b)
-
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Climatic Effect:
Very small change in total insolation from year to year. Mainly

controls the impact of precession upon climate (Fig 1.2C). Nb.
if eccentricity = 0.0 (ie a circular orbit), then precession
absent. Greater eccentricity leads to more important precession
impact. Cause of asymmetry in the duration of summer compared to

winter.
(Diagrams are schematic. Based on data from Berger 1980 & 1984.)




Fig 1.2C The Nature of Cyclic Changes in Orbital Precession.

PRECESSION: Dominant Periods = 19kyr & 23kyr,
Periods on Power Spectra = 19kyr & 23kyr or 21kyr only.

Oblique View of Orbit:
Nb Summer occurs when the relevant hemisphere faces towards the Sun.
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Fig 2.1B

Limestone nodule in Lang's bed 36 at Lyme Regis. The
nodule passes laterally into light marl. Nearby beds of laminated
shale (brown), dark marl (dark blue/grey)and light marl (light
blue agrey) are compacted round the nodule. bucklandi zone, Lyme
Regis. The hammer is 39cm long.

Fig 2.1C

Limestone nodules in a light marl passing laterally
into a light marl bed. The nodules and continuous limestone bed
can be seen just below Dr. H.C. Jenkyns waist and occur in Lang's
bed 37, bucklandi zone, Lyme Regis.







Fig 2.1D

Illustration of different rock types. Laminated shale
overlies light marl and dark marl. The light marl bed contains a
limestone nodule. The light bed represents Lang's bed 15c,
angulata zone, Lyme Regis. The lens cap is 5cm in diameter.

Fig 2.1E

Illustratlon of different rock types. A limestone bed
overlies dark marlAburrow mottles. Under this a light marl bed
contains a limestone and at the base in a laminated shale bed with
a burrowed top. Lang's beds 18 and 19, angulata zone, Lyme Regis.
The lens cap is 5cm in diameter.






Fig 2.1F

Chondrites burrow-mottles in a light marl and
limestone bed. The mottles pass down from a dark marl bed. Lang's
beds 17 and 18, angulata zone, Lyme Regis. Notice that the light
marl/dark marl contact is!despite burrow-mottling. Lens cap is

5cm in diameter. Sharp

Fig 2.1G

Diplocraterion burrow-mottle in a limestone
underneath a dark marl bed. The spreite are only poorly developed
suggesting that most Arenicolites mottles observed were produced
by the same organism which produced Diplocraterion. Lang's bed 19,

angulata zone, Lyme Regis.







Fig 2.1H

Burrow-mottles in a dark marl and limestone bed.
Notice that Chondrites burrow occur within an Arenicolites or
Thalassinoides burrow-mottle. Lang's bed 19, angglata zone, Lyme
Regis.

Fig 2.11

Field aspect of the basal Lias at Lyme Regis, West
Cliff, Dorset. The section illustrated represents Lang's beds 1-49
- about 13m thick.






Fig 2.1J

Field aspect of the basal Lias at St. Audrie's Cliff,
Watchet, Somerset. The average proportion of limestones was used
by Palmer (1972) to divide the basal Lias into divisions A-F.
Illustrated here are division A, B and the lowermost part of C.
The photograph illustrates Palmer's beds A17-C11 representing
about 32m (Pre-planorbis beds - lowest angulata zone). Cope et al.
1980 suggested that Watchet above the second limestone bed in the
section illustrated.

the base of the Jurassic be defined at

Fig 2.1K

Palmer's beds C56-C82 below Blue Ben, angulata zone
Watchet. Small normal fault displaces the beds at the right of the
photograph, The hammer is 39cm long.






Fig 2. 1L

Trueman's beds 9-33, Pre-planorbis beds - planorbis
zone, Lavernock Point, Glamorgan. Many laminated limestone beds
are enclosed by laminated shale (Appendix Section 2.3). The
section represents 10m of the basal Lias.







Fig 2.1M

Field aspect of the basal Lias at Nash Point,
Glamorgan. The section represents about 27m. Notice the
exceptionally high proportion of limestone and the very nodular
contacts.

Fig 2.1N

Trueman's beds 1-7, bucklandi zone, Nash Point. The
hammer is 39cm long.






Fig 2.10

Clement's et al.
zone, Long Itchington, Warwickshire.

Sm.

's (1975) beds 17k-23g, angulata
The section represents about






Fig 2.2A

The Sutton stone overlying the Carboniferous
Limestone at Southerndown, Glamorgan. The hammer is 39cm long.

Fig 2.2B

Close-up of the Southerndown beds at Southerndown,
Glamorgan. The lens cap (diameter 5cm) is leaning against a bed
containing a relatively high proportion of clay and lithoclasts.
Stylolites can be seen at the top of the section.






Fig 2.2C

The Brockley Down Stone overlying the Carbon iferous
Limestone at Lulsgate, Avon. The Bracley Down Stone is about 14m

thick in Lulsgate Quarry.

Fig 2.2D

Loose blocks of Brockley Down Stone, Lulsgate Quarry,
containing Carboniferous Limestone lithoclasts.






Fig 2.2E

Thin section photomicrograph of limestone. Plane
polarized light. The section is partly stained. The matrix
consists of microspar and clay and contains a small benthonic
foraminifera filled by glauconite, lower right. The large
bioclast on the left represents the wall of an ammonite chamber
composed of neomorphic spar. Sample BL103, bucklandi zone, Lyme
Regis. The width of the photo represents 3mm.

Fig 2.2F

Thin section photomicrograph of limestone. Crossed
polars. the whole section is stained. Neomorphic spar forms
the uncrushed walls of an ammonite chamber. The centre of one
chamber is filled by cavity filling spar - the blue tinged part is
ferroan calcite, the rest is non-ferroan calcite. The matrix of
microspar and clay appears to be pelleted. Sample BL105, fallen
block, Lyme Regis. The field of view is 3mm across.






Fig 2.2G

Thin section photomicrograph of limestone. Crossed
polars. Part of an ammonite set in a clay and microspar matrix.
The black dots are pyrite framboids. Sample BL103, bucklandi zone,
Lyme Regis. Field of view 3mm &across.

Fig 2.2H

Thin section photomicrograph of limestone.
Cathodoluminescence. Zoning in the neomorphic spar appears to
indicate two phases of growth. The bivalve fragment lower right is
unaltered and therefore not luminescent although it is overgrown
by luminescent cement. The matrix microspar is uniformly

luminescent. Quartz silt grains luminesce blue.

Same area as Fig
2-2G0






Fig 2.21

Thin section photomicrograph of Gryphaea. Crossed
polars. The original foliated texture appears to have been

preserved. Sample BLG28, angulata zone, Lyme Regis. Field of view
8.5mm across.

Fig 2.2J

Thin section photomicrograph of Gryphaea.
Cathodoluminescence. The bulk of the shell is unaltered and not
luminescent. (Nb. photo overexposed). Cleavage and twin planes

appear to be filled with luminescent cement. Same area as Fig
2.2I.






Fig 2.2K

Thin section photomicrograph of light marl. Plane
polarized light. A large ostracod can be seen lower right. The
matrix consists of intimately mixed microspar and clay with black

patchs representing pyrite. Sample BW44, angulata zone, Watchet.
The width of the photo represents 1.5mm.

Fig 2.2L

Thin section photomicrograrh of light marl.
Cathodoluminescence. The microspar matrix is more or less

uniformly luminescent with a few silt grade quartz grains (blue).
Same area as Fig 2.2K.






Fig 2.2M

Thin section photomicrograph of dark marl. Plane
polarized light. The mat rix consists of clay and organic laminae
with dispersed microspar 'blebs'. A bleb-rich horizon can be seen
at the top of the photograph. A burrow is filled by light marl,
lower left. Sample BL120, bucklandi zone, Lyme Regis. The width of
the photo represents 3mm.

Fiag 2.2N

Thin section photomicrograph of dark marl.
cathodoluminescence. The clay and organic matrix contains many
small ostracods and some quartz silt grains. The microspar in the

L S L] .
blebs lumlnesceﬂyellow/orange whereas a few isolated microspar
crystals (? microdolomite) are zoned and luminesce red/orange. A
burrow-mottle, top right, is filled with light marl containing

more ostracods. Sample BL120, bucklandi zone, Lyme Regis. Field of
view 1.5mm across.







Fig 2.20

Thin section photomicrograph of laminated shale.
Plane polarized light. The white material is calcite microspar
often forming 'blebs'. Clay laminae are brown and organic laminae

are black. Sample BL117, bucklandi zone, Lyme Regis. Field of view
4.5mm across.

Fig 2.2P

Thin section photomicrograph of laminated shale.
Cathodoluminescence. Small ostracods are normally masked by clay
and organic matter, but they can be picked out under
cathodoluminescence. Notice the lamina of concentrated ostracods
in the middle. Most carbonate appears to be ostracodal. A few
isolated microspar crystals, eg. middle top and middle bottom, are
zoned and euhedral - they may represent microdolomite. Silt grade
quartz grains (blue) are scattered throughout. Sample BL117,
bucklandi zone, Lyme Regis. Field of view 1mm across.







Fig 2.20

Thin section photomicrograph of beef calcite. Crossed
polars. Laminated shale inclusions can be seen at the top. Crystal
size increases away from the inclusion perhaps indicatina growth

from the inclusion upwards and downwards. Sample BL115, bucklandi
zone, Lyme Regis. Field of view 1mm across.

Fig 2.2R

Thin section photomicrograph of beef calcite.
Cathodoluminescence. Some zoning indicates some change in water

chemistry or two or more stages of growth. Staining, however,
shows that the ferroan-non-ferroan calcite contacts are bedding

parallel and cut across the crystal boundaries. Same area as Fig
2.20.






Fig 2.28

Thin section photomicrograph of laminated limestone.
Plane polarized light. Lighter and darker horizons might represent
cemented bleb-rich and bleb-poor horizons (Fig 2.2M). Black areas
represent pyrite. Matrix mainly consists of microspar with
disseminated clay. Spherical structures might be large (60um

diameter) Schizosphaerella Sample LA39, bed 33, planorbis zone,
Lavernock Point. Field of view 1mm across.

Fig 2.2T

Thin section photomicrograph of laminated limestone.
Cathodoluminescence. The non-luminescent pyrite appears to be

concentrated in the lighter (? originally bleb-rich) horizons.

Scattered quartz grains luminesce blue. Same areas as Fig 2.2S.
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Fig 2.4A

SEM photomicrograph of limestone. A matrix of fused
calcite microspar contains an elongate ring which appears to be a
corroded coccolith considering its size and shape. Sample BL103,
Lang's bed 29, bucklandi zone, Lyme Regis. Field of view 1%um
across.

Fig 2.4B

SEM photomicrograph of light marl. Clay and microspar
surround what appears to be a partially overgrown coccolith.

Sample BW71 Palmer's bed C85, angulata zone, Watchet. Field of
view 25um across.






Fig 2.4C

SEM photomicrograph of light marl. The spheres are
Schizosphaerella punctulata - probably representing the calcified
walls of a dinoflagellate (K#lin and Bernoulli 1984). The walls of
this fossil W¢'® originally very porous (Fig 2.4H), but these
examples are %artially cemented. Sample BW71, Palmer's bed C85,
angulata zone, Watchet. Field of view 78um across.

Fig 2.4D

SEM photomicrograph of dark marl. A single valve of
Schizosphaerella. The walls have been internally cemented
producing a smooth outer surface. Sample LI28, Clements et al.'s

bed 20d, angulata zone, Long Itchington. Field of view 38um
across.







Fig 2.4E

SEM photomicrograph of dark marl. A coccolith
aggragate can be seen surrounded by clay and organic matter.
Sample BL120, Lang's bed 32, bucklandi zone, Lyme Regis. Field of

view 124um across.

Fig 2.4F

SEM photomicrograph of dark marl. Close-up of the top

part of the coccolith aggregate in Fig 2.4E. Notice
of sizes and species of coccoliths are present (see
for identifications). Most of the aggregates appear
clay, but microspar crystals appear to be engulfing
coccoliths (eg. middle centre, middle top and lower
BL120 as Fig 2.4E. Field of view 64um across.

that a variety
Hamilton 1980
to be free of
some

left). Sample






Fig 2.4G

SEM photomicrograph of dark marl. Part of a coccolith
aggragate showing microspar overgrowths on coccoliths. Sample
BL120, Lang's bed 32a, bucklandi zone, Lyme Regis. Field of view
45um across.

Fig 2.4H

SEM photomicrograph of laminated shale. A matrix of
clay and organic matter contains a sma 11 coccolith aggregate (top
left), Schizosphaerella puntulata (middle centre and middle
right), and a euhedral microspar crystal. The calcite laths which
make up the wall of Schizosphaerella can be seen in the left hand
specimen, but they are larger and more fused than examples figured
by Kdlin and Bernoulli (1984). Lower right is an area of fibrous
clay - probably authigenic illite. Sample BL117, Lang's bed 32,
bucklandi zone, Lyme Regis. Field of view 75um across.







Fig 2.41

SEM photomicrograph of laminated shale. Three
specimens of Schizosphaerella punctulata can be seen. The 1lft hand
specimen is surrounded by lightly fused microspar crystals,
whereas the right hand specimens are embedded in fused microspar.
Notice that the specimens are not surrounded by fringes of radial
calcite spar (cf. Kdlin & Bernoulli 1984). Specimen BW83, Palmer's
bed C94, angulata zone, Watchet. Field of view 75um across.

Fig 2.4J

SEM photomicrograph of laminated limestone. A
microspar matrix encloses a Schizosphaerella specimen with a
slightly pitted surface the walls appear to have been almost
totally cemented (compare with Fig 2.4H). Sample BW86, Palmer's
bed C94, angulata zone, Watchet. Field of view 75um across-.

e —li——————
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Fig 2.5B

Limestone surface dominated by Gryphaea. Other types

. . bed . .
of body fossils are rare,llmestoneﬁéomlnated by one body fossil
were ascribed to biological processes rather than winnowing. The
specimens associated are unbroken and of much lower density than
would be expected for a winnowed horizon. On the other hand the
density of bioclasts is higher than in most limestones and the
combination of low diversity 'high' density biota implies a
restricted environment (there is some evidence for less than
normal oxygenation for light marl (limestone) deposition (Section

5.2.2)). Palmer's bed C93, angulata zone, Watchet. The hammer is
39cm long.

Fig 2.5C

Limestone containing intraclasts. The intraclasts
represent limestone and laminated shale and some contain worn
bioclasts. The matrix limestone is dominated by dispersed crinoid

fragments. Loose block, Lyme Regis. The lens cap is 5 cm in
diameter.






Fig 2.5D

Isolated dark marl burrow-mottles. In this limestone
bed a continuous dark marl bed can usually be seen overlying the
dark marl burrow-mottles (eg. Fig 2.1G and 2.1H). However, here
the dark marl bed appears to have been removed by erosion,
leaving the mottles, but not the sediment which filtered down into

the originally open burrows. Lang's bed 19, angulata zone, Lyme
Regis.






Fig 2.5E

Cut and polished block of limestone showing encrusted
and bored surface. At the base of the block are intraclasts of
lamniated shale. A dome shaped surface (left) is overlain by
bioclastic packstone grading up into burrow-mottled carbonate
mudstone. Lang's bed 25, conybeari subzone, bucklandi zone, Lyme
Regis. Width of photo represents 25cm.

Fig 2.5F

Close-up of Fig 2.5E. The dome shaped surface is
encrusted by Liostrea. At the centre bottom two sharp contacts
between limestone of different colours appear to intersect. This
suggests that the dome consists of limestone intraclasts. Just
below the encrusted surface, centre right, is a truncated bioclast
within what appears to be a triangular intraclast. Under the
encrusted surface, top left, are a series of U-shaped Trypanites
(? bivalve) borings. Width of photo represents 12cm.






Fig 2.5G

Negative print of acetate peel from encrusted and
bored limestone surface. Close-up of the top centre of Fig 2.5F
(note this print is reverse sense to Fig 2.5F). The Liostrea
specimen has borings of Talpina ramosa (? phoronid) and encrusts a
limestone surface which also has Talpina borings. Very small dots
and thin lines within the left part of the Liostrea may represent
algal or fungal borings (Kennedy pers. comm. 1985). At the right
of the print, about 1mm of 'light' coloured limestone overlies the
bored limestone and underlies the Liostrea specimen. The limestone
with Talpina borings forms a layer about 3mm thick on top of a
flat surface of 'lighter' coloured limestone which is interrupted
by Trypanites borings elsewhere (Fig 2.5F). The Liostrea specimen
is overlain by bioclastic packstone/wackestone with many small

gastropods and benthonic foraminifera. Width of print represents
1.7cm.

Fig 2.5H

Negative print of acetate peel from encrusted and
bored limestone surface. Close-up of the top left of Fig 2.5F. The
bored limestone surface has been bored and encrusted several
times. The top part of the Trypanites borings of Fig 2.5F can be
seen at the lower left. Width of print rerresents 2.5cm.
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Fig_32A LOWER LIAS WHOLE ROCK COMPOSITION ACCORDING TO ROCK TYPE
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Fig 3.5B

Lang's beds 13-20, angulata zone, Seven Rock Point,
Lyme Regis. Compare with Fig 3.4A and Appendix Section 2.1. A
number of Gryphaea can be seen. The hammer is 39cm long.






Fig 3-4C_INTERPRETATION OF S/DOP/Fe/TOC PLOTS
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R I pr nv i
esults Interpretation hnvxronment/ﬁxamplt
a) Pyrite forme only when )
! e .
\1)5‘ Oorganic matter present.,
-~ - . -
.- Pyrite forrasicn or janyc
L TOX -limited.

DOP controlled by H, S Normally oxygenat.

poP{ production (controlled bottom-water.

p—"
L by %organic mitter.
710C
% Fe _—— €< Iron depositior may or
< may not be linked to
%T0C organic matte<r deposition.
b) Pyrite formed diagenetically is N

_ <
%S organic-limited.
—————— rPyrite formed on seafloor is

%T0C limited by the concentration of
bottom-water H,S (syngenetic).

2
DOP,////////’ DOP conFrolled by HpS Anoxic bottom water.
production (controlled
%TOC by %organic matter. eg. Black Sea sediment
% Fe Iron and organic matter
deposition linked.
2T10C
c) Pyrite formed diagenetically
%S and is iron-limited.
9%610C
DOP not controlled by Poorly oxygenated,
ooP supply of H,S as readily anoxic or fluctuating
%TOC converted iron used up. oxygenation of bottom
-water.
%Fe Iron deposition not linked eg Black Ven Marls
to deposition of oraanic
%10C matter.
d) Pyrite formed diagenetically
%Sy///////// and is iron limited.
Poorly oxygenated,
%T10C anoxia or fluctuating
DOP not controlled by oxygenation of bottom
bop supply of st as readily -water.
%T0OC converted iron used up.
%Fe,///////// Iron and organic matter eg Jet Rock
deposition linked.
%T10C
Plot Use of plot for interpretation of pyrite formation.

$S v RTOC Intercept=0 + Normal oxygenation, Int.=+ve -~ low oxygen
levels or anoxia.
Slope dependent on: DOP v $TOC plot if organic-limited,

$Fe v $TOC plot if iron-limited.

DOP v $TOC Slope=0 + Iron limited. Slope=+ve * Organic limited.

DOP=low + Normal oxygenation. DOP=high * low oxygen levels
or anoxia.

8Fe v STOC Slope=0 » Iron deposition independent of organic matter.
Slope +ve » Deposition of organic matter and iron linked.

Based on Ralswell & HBerner 1985.
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Fig34] STABLE [SOTOPES IN A LIMESTONE NODULE FROM LANG'S BED 37,
BUCKLANDI ZONE, SEVEN ROCK POINT, LYME REGIS
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THE EFFECT OF HIATUSES UPON A PERFECTLY REGULAR TIME SERIES
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Fig 4-20

TIME _SERIES GENERATED WITH RANDOM NUMBER
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On random number table column 1 = bed thickness = 0-9cm

column 2 = rock ftype codes=+1if even number
=-1 if odd number



POWER

POWER

LOG,,(POWER)

SPECTRUM OF RANDOM

Fig_4-2E

TIME SERIES

v T
ol N=2048
‘; H Bw
5 CP
UNSMOOTHED
L. c6 4+
C4 4
o | /\ \/\ | AJ\/\/\/
4 00 R \51\4\,%.{/\\1/\_/?\/\4/ Y‘\\_‘/\# L Ve ././& /LA Loy
0.0 oS 1.0 .S 2.0 2.5 5.0 5.5 4, 5.0 A
CYCLES PER METRE
0.12 +
0.0 4 N=2048
| H BW
.. 08 4
SMOOTHED
0.06 +
0.04 4
O'OZ-WW A/\/\\/\
0.6C ,\[/
.0 2.0
CYCLES PER METRE
0 T —t t -+ 4+ +—
7 4 6 A 1c 12 14 16 18 20 22 24
P B
N=2048
> | \ HBW
Ry
N W W\m ‘¢, |
-5 4
.6 -+
-7 4
-6 4
-9 4
-10 4

COMPARE FIG 4.3B (SAME SCALING)

58



TIME SERIES_ GENERATION Fig 4 2F 59
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Fig 4-2H

TESTING THE SIGNIFICANCE OF SPECTRAL PEAKS
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Fig 4-3B BASAL LIAS,LYME REGIS POWER SPECTRA
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Fig & 3C BASAL LIAS WATCHET TIME SERIES
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Fig _43E BASAL LIAS WATCHET TIME SERIES
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Fig 4-3G BASAL LIAS LAVERNOCK POINT TIME SERIES
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Fig 4-3H BASAL LIAS LAVERNOCK POINT POWER SPECTRA
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TIME SERIES

Fig 431 BASAL LIAS, NASH POINT
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Fig 43) BASAL LIAS, NASH POINT POWER SPECTRA
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Fig 4-3K BASAL LIAS, LONG ITCHINGTON TIME SERIES
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Fig4-3L BASAL LIAS, LONG ITCHINGTON POWER SPECTRA
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beds and nodule horizons
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Fig 5.5B

References used for Palaeogeography:

Smith et al. 1981

Hallam 1975
Zeigler 1982
Loughman 1982

Bernoulli and Jenkyns 1974

Hay et al. 1982

Bloos 1982
Troedsson 1951
Batten et al.
Hallam 1975

1986

Palaeocontinental positions.
Emergent areas.

Islands and clastic influx.
N.W. Europe palaeogeography.
S.European and N.African
carbonate platforms.
N.Atlantic rift evaporites
and lakes in the N.America.
German palaeogeography-
Scandinavian clastic influx.
Clastics in East Scotland.
Clastics in West Scotland.
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Fig 6.2A

Field aspect of the Boom Clay Formation, Terhagen,
near Antwerp.

Top: Vandenberghe's beds 14-32 (10.6m)
Bottom: Vandenberghe's beds 32-49 (7.7m)






Fig 62B _BOOM CLAY FORMATION. TIME SERIES
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Fig 6.3A

Field aspect of the Kimmeridge Clay Formation, near
Freshwater Steps, Kimmeridge, Dorset.

Top: The White Stone band near the top is a
coccolith limestone. Underneath calcareous shale and oil shales
are interbedded. The hammer is 39cm long.

Bottom: Close-up of the White Stone band coccolith
limestone with an o0il shale. Notice that both rock types are
laminated. The o0il shale appears to have suffered minor
syn-compactional faulting. The lens cap is 5cm in diameter.
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Fig 6.4B

Field aspect of the Toarician section (Ammontico
Lombardo), Breggia Gorge.

Top: Bernoulli's beds 1-5.
Bottom: Part of Bernoulli's bed 1. The hammer is

39cm long.
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Fig 6.4E

Field aspect of the Upper Pliensbachian section
(Upper Morbio Formation), Breggia Gorge.

Top: The section represents about 8m, younging

to the left.
Bottom: The beds young to the right. The hammer is

39cm long.
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Fig 6 4G BREGGIA GORGE U PLIENSBACHIAN SECTION POWER SPECTRA
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Fig 6.4H

Field aspect of the Middle Pliensbachian section
(Lower Morbio Formation), Breggia Gorge.

Top: Wiedenmaryer's beds 974-966. On the far
side of the stream, top right, is the section illustrated in Fig

6.4E. The hammer is 39cm long.
Bottom: Wiedenmayer's bed 944. In the middle

nodular terminations to a limestone bed probably indicate that the
limestones are secondary. The lens cap is 5cm in dJdiameter.






Fig 641 BREGGIA GORGE Middle PLIENSBACHIAN SECTION TIME
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Fig 6.5A

Field aspect of the Belemnite Marls, Stonebarrow,
Charmouth, Dorset.

Top: The whole of the Belemnite Marls is about
26m thick. The section clearly illustrates the characteristic
interbedding. Beds Lang et al.'s beds 110a-118 used for the time
series, occur in the middle and upper part where the measurements
of bed thicknesses proved to be most reliable..

Bottom: Calcareous clay overlying argillaceous
calcilutite with a burrow-mottled contact.
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Fig 6.6A

Field aspect of the 'Siliceous Shales’, Robin Hood's

Bay.

Top: Sellwood's beds 3-7, alternating shale,
shaley sandstone and sandstone.

Bottom: Large Storm scour, Sellwood's bed 3. The

hammer is 39cm long.
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Fig 6:6B "SILICEQUS SHALES TIME SERIES
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Fig 6.7A

Field aspect of the Upper Birkhill Shales, Dob's
Linn. Three relatively thick black mudstone beds can be seen
interbedded with grey mudstone in the left of the photograph. The

hammer is 39cm long.






Fig 6 7B Upper GSIRKHILL SHALES TIME SERIES
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APPENDIX FOR CHAPTER 2

STRATIGRAPHIC LOGS FOR THE BASAL LIAS SECTIONS.
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2.1 Stratigraphic log for the basal Lias at Lyme Regis.
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2.2 Stratigraphic log for the basal Lias

at Watchet.
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2.3 Stratigraphic log for the basal Lias at Lavernock Point.
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2.4 Stratigraphic log for the basal Lias at Nash Point.
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2.5 Stratigraphic log for the basal Lias at Long Itchington. 149
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APPENDIX FOR CHAPTER 3

GEOCHEMICAL METHODODOLOGY.




3.1 Bulk Sample Preparation.

All bulk samples were reduced to powder in the same way. 10-15 grams

of rock were collected into polythene bags with a hammer and chisel from

horizons 2cm thick at Lyme Regis and 3cm thick at Watchet. The specimens

were crushed into pieces less than 3mm maximum length using a 61b hammer

and a metal plate. Marl and shale samples were ground for 10 minutes in

a planetary ball-mill with agate pots (15g capacity). Limestone and

laminated limestone samples were ground the same way, but for 15-20

minutes. Caking only occurred if the samples had not dried. The powders

were stored in glass pots.

3.2 Gryphaea Specimen Preparation.

Specimen powders were only collected from left (lower) valves. Rock

matrix was removed from the outer surface
tooth-brush and a steel pin. Powders were
vibro-tool which has a vibrating tungsten
point 1.5cm behind the umbo and along the

drilling (position A on Fig 3.4H). In the

of the fossil using a dry
generated with a Burgess
carbide point. In most cases a
median line was selected for

case of specimens BLG12, 13,

17, 57 and 27 the umbos had been lost prior to or during collection so

the normal position for drilling could not be used. Areas approximately

3 by Smm on the outside of the shell were

drilled, yielding 15-40mg of

powder. The powder was stored in glass bottles.

Because Gryphaea grew its shell by adding successive growth layers

to the inside of previous layers, the sampling mixed powder from

several layers. Because of this and to allow Gryphaea specimens to be

collected with the greatest possible stratigraphic resolution, no effort

was made to select specimens of the same size/age.



3.3 Determination of %CaCO,, $TOC and %FeS,.

The Strohlein Coulomat 702 was used to determine total carbon or
total sulphur in the rock powders. Unglazed porcellain 'boats' were
pre-heated to 1000°C for 15-20 minutes and stored in a desiccator to
remove organic matter and water.

To analyse for carbonate-carbon, 70mg of powder were weighed into
each boat and heated at 450°C for 15 hours to remove organic matter from
the sample without decomposing the carbonate. Analysis of each boat
used the carbon setting on the Coulomat with the furnace at 1200°C. The
carbonate was decomposed in a stream of pure oxygen yielding carbon
dioxide and sulphur dioxide (from the pyrite) which was passed into a
desiccating tube and then into a mixture containing urea designed to
remove the sulphur dioxide. The carbon dioxide was dissolved by bubbling
and stirring the gas into a solution with an accurately measured pH.
Electrodes automatically passed an electric current through the solution
to restore the pH value. The amount of electricity used was measured and
provided the pH did not change too much the 'count number', reflecting
the amount of electricity involved, was directly proportional to the
amount of carbon dioxide dissolved. The pH was monitored and if it
changed too rapidly then the stirrer was automatically turned off until
the pH could be reset electrochemically. Once the rate of change of pH
was below a certain limit, the count was stopped automatically and the
next sample was inserted; the whole procedure took about 5 minutes. The
count number was multiplied by 0.2 and divided by the weight in
milligrams to yield the weight percent carbonate carbon. This was
he percent calcium carbonate assuming that virtually no

converted to t

dolomite was present (Sections 2.2, 2.3 and 2.6). The %TOC was
in

determined exactly the same way but without the step to remove organic

157
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matter. The second value obtained equals carbonate carbon plus organic
carbon so the %TOC was calculated by subtracting the two
determinations.

The determination of the amount of pyrite was carried out by
measuring the amount of sulphur in the rocks. About 50mg of powder was
used and a little powdered tin added to act as a flux. The Coulomat was
put on the sulphur setting and the furnace heated to 1350°C. This time
the sulphur dioxide produced was not removed from the gas and the pH of
the solution was chosen such that the sulphur dioxide dissolved but the
carbon dioxide did not. This procedure took around 10 minutes per
sample. The conversion factor used with the count number was 0.01 and
the %sulphur determined and converted into pyrite using the formula
FeS,. (This formula was confirmed using XRD in Section 2.3.) It is
assumed that no elemental sulphur was present in these powders. The
sulphur values obtained might reflect a proportion of gypsum (detected
by XRD Section 2.3). However, as there is no evidence for hypersalinity
in the normal marine environment of the basal Lias, any gypsum can be

assumed to represent the surface weathering product of pyrite.

3.4 Determination of %Fe/R and DOP/R.

As discussed in Section 3.4.2a these parameters are defined as:
$Fe/R = %Fe/in pyrite + %Fe/soluble in HCl, and DOP/R = %Fe/pyrite +
$Fe/R. The sulphur measurement was used to calculate %Fe/pyrite. The hot
HCl method of Berner (1970) extracts iron in the sediment that is able
to react with hydrogen sulphide (Section 3.4.2a).

Approximately 100mg of sample powder was weighed into a conical
flask and then 20ml of concentrated (11.5M) HCl1l added. The flask was

placed on a pre-heated hot plate, brought up to boiling and allowed to



boil for 1 minute. The flask was removed and allowed to cool a little
and the solution was gravity filtered into a volumetric flask (Whatman
42 filter paper, ¢=2.7um). The flask was washed-out into the funnel
using deionized water. Then the filter paper was washed several times.
The volume of solution was made up using deionized water.

A Perkin-Elmer 306 acetylene-air atomic absorbtion
spectro-photometer was used to determine the iron concentration of the
solutions by comparison with standards. If the concentration of iron lay
outside the linear part of the calibration curve the solutions were
diluted accordingly. The weight of sample, the dilution factor, and the
iron concentration measured were converted into values of %Fe/HCl.

in

To check that pyrite is not dissolved, boiling concentrated HCl as
assumed by Berner (1970), 97.1mg of powder from sample BL9 was mixed
with 2.7mg of pure pyrite. The value of Fe/HCl for this sample was
previously measured as 0.67%. Thus allowing for the proportion of
sample, 0.65%Fe would be measured for the mixture if no pyrite had
dissolved. After repeating the procedure above, 0.74%Fe was measured so
0.09%Fe must have come from dissolution of the added pyrite. The amount
of iron present in the added pyrite is 1.26mg (using atomic weights) so
7.1% of the iron in the added pyrite was dissolved. Therefore the
measured values of %Fe/HCl were overestimated by about 7%. However, as
most iron in the value for Fe/R comes from pyrite this error can be
discounted. For instance sample BL328 has the greatest proportion of
Fe/R represented by Fe/HCl of all the samples analysed. The values in
this case were measured as: Fe/HCl=0.14%, Fe/pyrite=0.37% and
Fe/R=0.51%. If Fe/HCl was overestimated by 7%, the correct values should

be: Fe/HC1=0.13% and Fe/R=0.50%. So the overestimation of Fe/R due to
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the inaccuracies associated with the Fe/HCl measurement, is about 2%

(negligible compared to net experimental error).

3.5 Determination of &80 and &13c.

Analyses were conducted at the BGS Gray's Inn Road Laboratory in
. 1
London. Dark marl and laminated shale powders were paced in a stream of
. e ¥
oxygen in a plasm furnace for 15 hours to remove organic matter. 25

L

specimen powders including all rock types were treated as though

was present and
substantial pyrite would cause HyS production during extraction. The

extracted gases were passed over heated lead formate to remove H,S
before any further purification took place. However, no reaction with
the lead formate occurred so this part of the procedure was abandoned.
No subsequent preparations yielded H,S according to the mass spectra.
Extraction of CO, from the carbonate followed the procedure of
McCrea (1950). Outgassed phosphoric acid was reacted for 15 hours with
the sample after equilibriation at 25.2°C in a water-bath. The liberated
gas was passed through an acetone cold-trap (-90°C to remove water and
phosphoric acid) into a liquid nitrogen cold-trap (-196°C). Keeping the
nitrogen cold-trap filled, the gas collection vessel was evacuated to
remove nitrogen gas, leaving the carbon dioxide frozen down in the
trap. Analysis of the carbon dioxide was carried out with a Micromass
Three
903 mass spectrometer. Two or aliquots of the laboratory standard
(MCS-8) were extracted and measured along with each sample series. The
data were corrected for instrumental and isobaric effects using the
methods of Craig (1957) and Deines (1970). The results were expressed in

the del notation as permil deviation from the PDB standard:

l

‘ * 1000 permil, Rc = 13c/l2c,

§13c = |Rc sample -1
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|
Rc PDB I

B l

6180 = |ro sample -1{ * 1000 permil, Ro = 18¢/160,

Ro PDB

3.6 Reproducibility.

The determination of %C(in carbonate) and %C(total) -(used to
determine $CaCO3 and %TOC)-, and %S -(used to determine %FeS, and
tFe/pyrite)- involved repeated determinations for every sample. Values
of %Fe/HCl (giving %Fe/R and DOP/R), 6180, and 613c were repeated for
10% of the samples analysed. For repeated samples the quoted and plotted
values are averages. The pairs of results can only be used to assess the
maximum 'error' in reproducibility likely for a particular type of
determination. For instance, if the largest difference in values for all
the pairs of sulphur determinations was 0.4% sulphur, then the maximum
'error' would be quoted here as *0.2%. This method is crude but it gives
some idea of the reproducibility involved.

Many geochemical parameters used here are calculated from a
combination of others (eg DOP/R = Fe/py + Fe/R). The 'errors' for
different types of determination have to be combined in these cases. The

following general formulae have been used for this purpose:

Given three types of analytical determination: a, b and c,

the maximum 'errors' associated are denoted: Ea, Eb & Ec.

If: c =k * a (k = constant), then Ec = k * Ea,

If: c=atb, then Ec = /((Ea)2 + (Eb)z)
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If: c=a, then Ec = /((Ea%Mean of a)?+(EbtMean of b)2)

o8

On this basis the following values are meant to indicate the maximum

errors associated with each type of analytical determination:

CaCO3 _______ <t1 058% Fe/RCf ______ <i'0- 11%
TOCCf-—==~~= <+0.25% DOP/R—=—-=—=— <+0.055
FeS,cf------ <+0.23% §180--cau—- <+0.14 permil

'Clay'cf--—--—- <t1.7% §13camcaaao <+0.05 permil



APPENDIX FOR CHAPTER 4

COMPUTER PROGRAM FOR ILLUSTRATING TIME SERIES AND

GENERATING WALSH POWER SPECTRA.
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4.1 Listing of Program WPSPEC.

WPSPEC.FOR LRavaM  P. WEEDON

PRGLRAM TO ILLUSTRATE Tlwme SERIES AND/OR GENERATS
WALSH POWER SPE(TrRA

WRITTEN [N FIRTRAW TO AUN OM a VAX/VMS (VERSION V& .3) (CMPUTEFR

TIME SERIES:
(TIME SERIES ARE OBTAINEC 8Y DIGITISING MEASUKED STRATIGRAPHIC
SECTIUNS. FIRST A FILE CALLEC “TSER.DAT- IS CREATED WITH FORMAT
(F5.0,1X0F5.2). THIS COMTAINS 2ED THICKNESS IN THE FIRST COLUMN
AND ROCK TYPE CONE (eg. LIMESTONE=+1, SHALE=-1) IN THE SECOND.

RUNNING WPSPEC:

INCE MPSPEC.FGR 15 STARTED THZ DATA FROM TSER.DAT ARE READ INTQD
ARRAY “X"., WPSPEC.FOR IS UIMENSIONED TO ACCEPT UP TC 2000 LINES
IN TSER.DAT ANMD UP TO 17000 DaTa POINTS. FOR EXAMPLE IF TSER.DAT
HaD 2 LINES: ° 13. -1.0 M A 6. 1.0 ° THEN 395 POINTS
WOULD B8E GENERATED. AFTER & VARIETY OQF REMINDERS, THE NUMBER QOF
POINTS, “N°, IS PRINTED ON THE SCREEN. THE PROGRAM CAN BE LEFT AT
THIS POINT 1F THE NUMBSER COF POINTS IS WRONG AND THE DATA FILE
NEEDS EDITINGS.

THE PROGRAM CONTINUES WITH THE GPTION TG ILLUSTRATE THE DATA/TIME
SERIES (SEE °"GENERATING HARD COPIES OF GRAPHS ). NEXT THERE IS an
OPTION TO GEZNERATE PDWER SPECTRA GR LEAVE THE PROGRAM. IF PGWER
SPECTRA ARE TO BE GENERATED, THE TIME SERIES MUST HAVE THE NUMBER
QF POINTS (N) EQUAL TO AN INTEGER POWER OF 2 (iv. 2444841640 u...
«ee163834¢ - LIMITED 3Y THE DIMENSIGN STETEMENT).

ILLUSTRATING TIME SERIES:
THE PROGRAM GENERATES A GRAPHICAL OUTPUT FILE USING GHOSTEO
LIBFILE SUBROUTINES. THE FILE IS CALLEQ °OEFAULT.GRD:1  (SEE
BELOW FOR HARDCJIPIES OF GRAPHS).

GENERALTING WALSH PDWER SPECTRA:

FIRPST THE NUMBER OF SAMPLES PER METRE IS REQUESTED CN THE
SCRceN. THE FORMAT IS F5.0, SC IF THE SAMPLE INTERVAL IS lcam
FOR INSTANCE, THEN TYPE IN ° 100.°.

NEXT A SERIES CF GPTIONS ARE GIVEN. EACH GPTION ALLCWS THE
GENCSRATION 0° & DIFFERENT OUTPUT FILE. THERE ARE 2 TYPES OF
FILE: A DATA FILE WITH A LISTY OF “POWER”® AND CCRRESPONDING
“CYCLES PER METRE® VALUES (eq. “PSPEC.DAT ). 2R & GRAPHICAL
OUTPYT FILE GENERATED USING GHOS3TE0 LIBFILE SUBRCUTIMES
(eq. GEFAULT.GRD:1):

CONTYENTS CUTPUT FILCS
DaTA FILE SRAPHMICS FILE
JNSMIGCTHED POWER PSPEC.DAT DEF2ULT.GROD:1
v. FREQ.
SMOJTHED POWER sPeC.DaAaT DEFAULT.GRDIL
v. FREQ.
LOG10(SMODTHED LOGP.DAT DEFAULT.GRD:1

POWER) v. FRCQ.

EACH TIME A SPECTRUM IS TO 3E PLOTTED, THE axXe$ LIMITS aRe
REQUESTED ON THE SCREEN. THE PRCGORAM SHOULO NJIW FINISH WITH
“FORTRAN STOP” ON THE SCREEN.

STATISTICAL TESTS FQOR PJWER S2cCT24a:

ALL THE PCWER VALUES HALZVE BREEN NORMAILISED FCLLCWING
NOWRQOCZI (1967, SEE REFERENCES AT END DF PROGRELZM). THUS
FISHER®S TEST FCR WHITE NOISE I8 EASILY APFLIED YSING
NOWROOZ1°3S TABLES (Nb. HIS VALUE "=~ THE HNo. OF SPECTREL
ESTIMATES WHICH N/2 ¢ 1). THE LOGLIC PCWER SPcCTRA CaN BE usSef
TO APPLY THE TEST FOR RED NOISE FCLLOWIING SCWARZACHER 1975
(pp210~212)(Nb. DEGREES OF FREEDTH FOR SMOOTHED PCWER=6« SET

BEAUCHAMP 1975 pl00).

GEMERATING HARDCAOPIES QF GRAPHS:
GRAPHICAL OUTPUT FILES OF “GRIDFILES™ CE&N BE DUMPED AS
HARDCOPIES USING & “CAaLCOMP 10127 GRAPHICS TERMINELL. FIRSY

LOG-1IM, MAKE SURE THE CALCOMP FLOTTER IS ON-LINE, TYPE
‘C1012° AND THEN “OEFAULT.GRD:1° ANO THE SPECTRL OR TIME
SERIES SHCULD HSE FLOYTED. NOTE THAT pMANY CRAPHS Capm BE WHAD

By DEFAULT.uLRCIL.

PRUCGRAM WPSPEC

DIMENSTION AC2003,8¢2000),XC170Q2), Y (1 1000),PC17200)
CIMENWSION W(17090),C0(17200).0C1TCOC),EC27000)
DIMENSION FC1T7000),7AMICK(5000),6C17000)
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YN O

SERI

10

15

20

25

28

30

«0

45

55
70

15
80

85

WRITE(Z,35)
FORMAT( "
WRITZ(2,5)
WwRITe(%x,23)
WRITE(®,10)
FOMaT(”
"QIYE(::"VI;)
FORMATC(C “
wRITE(%,29)
FORMAT(”
WRITE(x,23)
FORUAT( "
WRITE(%,5)
WRITE(%,5)
ARITZ(%,25)
FORMAT( "
WRITZ(%,28)
€JeMAT(
wITE(R, 30)
FORMAT( "
WRITE(%,640)
EORMAT(
ARITE(x,%5)
FORMLTC(C®
w"RITE(=%,50)
FORMAT(”
WRITE(%,3)
WRITE(=,45)

TIKE
IN aRrRay

210

STRIC

A
F N

P
2
Rt

i
143

e e st s
ATTELITTR

St e e S o a . ot P
FRErLvE )

SINERATE

‘X n

ES OF NOTZS LISTED ON SCRZEN

PROGRAM TO

ILLUSTRATE

SPZCTRA

I)EXPIRIMINTING WITH

POINT

LmLRnRu

TIuz

A R T R Dt
B R R LR SRR S U

vAKE

SERIZS OR

1)RZAD COMMINT LINZS IN wWOSPEC.FQR

N=2%%K,

CENWERATE WALSH POWER SPE(CTR:

0')

SERFCSCTY SQUARE WAVES

5

RIMEIMAZIR THAT LOGI0CD)

IS I4P3SSIaL*®

5 04ATA FRGM TSER.D2T aAND STOPE
" TH TN

aS STRING

1)

?

(K=INTEGER). )

R

OF

OPENCUNIT=1,FILS="TS2.04T° FORM="FORMATTSD",STATUYS="CLD")
KEAD(1,65,END=T2)CaCI),8(I),I=!
EDRMAT(5.0,1X,F05.2)

NROWS=1~1
J=0
3J 806

11y NROWS

23 75 L=1,ACD)

JzJel
x(J)=E(1)
CONTINUE
CONTINUE

N=J
WRITE(F,85)N

FORMAT(1X,1IHNUMBER

WRITE(®,5)

0F POINTS

v 2203C)

y 15)

OPTION TO LEAVE PROGRAM GIVIN SO THaT

TO CORRECT LENGTH IF

30

95

WRITZ(%4+97)
FORMAT(C”®

RZaD(x495)LMN

FORMAT(IL)

WRITE(%,5)

IFCLMN,EQ.1)60 TO

13009

HECESSARY.

JPTION TO ILLUSTRATE TIME SERIES. .

100

110

PLOT TIME SERIZS USING GHOST3D LIBFILE SUBKTUTINES

200

oP7T

209

WRITE(%,100)
FORMAT(C®

ILLUSTRATE

READ(%,95)L0PT

WRITE(%,5)

IFCLOPT.EQ.0060

00 119 L=1,N
THICK(L) =L
CONTINUZ

AN=N
CaLtL
caLtL
captL
caglL
CaLt GREND
CANTINUE

paPcR(1

ICN TO GENER
wRITZ(2,

222)
FORMAT( 8N

T0 200

)

aTE PO~tK

ERLTE RUJEN

SPECT RS

s+t CTRA

WANT TQ FSCa®g FROM THF

b

TSER.DAT Can B¢

PRZGRAM HERE ?2 YES=1,

Y

t

b

PSPACE(O.1067.0.8933.0.436.0.569)
HAP(D.D.AN,-Z.O.Z.O)
PTJOINCTHICK Xyl oNel)

OR LiEAvE

TIME SSRIZS 2 YES=1,

PROGT LM

’

D=0

D)

N

Y
v

)

EVITED

Ho=0

)
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OOy

DY Y O

OOy

Oy OV Oy

YOy

(30 PRt

READ(=,35)LDT

WRITTE(%45)

TFCLOT.EQ.0)06G0 76 10930

Afd=N
K=((LOGLICANDYZLOGINC2.49))+0.5)
WRITE(%,5)

SCREEN KEQUEST 17 ENTER No. TF SEMFLES

WRITE(n 209)
205 FORMAT(" HIW MINY SAWFLES PEF METRE
REmMDC, 213)FS
213  FLRMAT(FS.0)
JRITECR,5)
WEITF{:2,5)

WALSH TRANSECRM SRCM KANASEWICH  (19°1)

CO 307 1-1,%
NN=2u2(1-1)
IF(I=-1)220,220,260
20 DC 240 J=1,N,?
FF=X(J)
XCJ)=X(J)exCosl)
X(CJel)=FF~-XxCJ+1)
246N CONTINUE
IF(N=-2)320,320,250
250 GO0 T0 390
250 L=2%NN
J=0
00 280 Ma=1,N,L
MJ=NN+MA-]
00 280 HH:HAOHJIZ
J=J+1
WCJI)EX(MWI+ X (NN+MW)
J=Jd+1
W(J))=X(HMa)=X{NN+HMW)
JsJ+1
WCJ)=X(MW+1)-X(HNN+HMd+]1)
J=Ju+1
WCJ)SX(Madl)eX(Ni4MWel)
280 CONTINUE
DO 290 JJ=14N
230 X(JJ)=HW(JI)
300 CIONTINUE

NORMALIZE TRANSFORM KELATIVE T3 “C. OF

3120 D0 330 JK=1,N
330 x(JK)I=XCJIXI/N

CALCULATE POWSR SPECTRAL ESTIMATZS FOLL

PCLY=XC1)%=%2

J=1

MN=(N/2)+1

GO0 375 I=2,8N-2,2

J=J+1

P(J):(x(x)a:z)o(x(x~1):¢2)
375 CONTINUE

PCI+1)=C(X(N)IEX2)

CALCULATE NORMALIZED SPECTRAL c¢STIMATES FOLLOWING NJWRQOLZI (1967)

T9S5=0.0

DO 600 I=2,MN

TPSS=TPSS+(PCI)*2)
409 CONTINUE

G(1)=PC1)

pa 453 T=2,MN

CCI)=(PCI)zx2)/TPSS
450 CONTINUZ

CALCULATE CYCLES P%n METRI FOR PCNER VR

Y(1)=0.0
AN=N
J0 SN0 J=2,4N
AJ)=J
Y(J)=(100.0)/((JN/(C.oltFS))/(AJ-l.
SO0 CONTINUF
WRITZ(4,505)
305 e uaT(® DU YQU MALT A perel.Dat vl
RELD(E, 1%5)LMS
WRTTE(2,9)
(E(LMSLEL.0)GY TO 56C

~EITE vaLoty T Pt Flui oY

F*R MNETRE

> (FORPAT=F5.0;

SLvPLES

OWING 2£8UCHAMP (1975)

LUES

an

LE 2 YES=Y,

NO=0 ")

)
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Yy O

Y Ty Y

Gy Ty Oy

(3]

AN )

[ I

-~

550
560
570

sC

5715

580

585

oL

607

Su

703

719

GPENCUNLIT=2 F I T “onb -0 LaT " FO M "FURMATTED T (ST 2T 0SS ="'

WRITEC2451IINLT2SS

FOSMAITOIN, 15U SMGUTRED N TS S R RN yC1o.4)
31 7c(24525)

FORMAT(2Xy15HNLCRMALTZED POWER,21,16ACY(LES PR HET L)
WRTTZ(24350)(5CU),YCU),J=1,040)
EIRAATCARLZELG e, I1X,FS,6)

WRITE(=,570)

FORMAT(® PLIOT LINN3MIDTHED P ve FREQJ ? YES=1, ANC=07)
RTAN(A,I5)L M

IFCLMM,EQ.0)GC YC 600

m
m

N ORESUEST SC0F AaxzS LIMAITS

WRAITE(Z,575)

FIRMAT(C’ TYP?E IN AXES LIMITS REQUIRED: )
WRITZ(%,530)

FIRMAT(® ENTER MaXx. FREQJ. VvALU:Z (FORMAT=F6.2): °)
RZAD(%,4535)AFMHaX

FORMAT(F6.2)

WRITE(ZX,530)

FORIMAT(® ENTER Max, POWERX VALUF (FOR4AT=FS.3)0 °)
REAI(E,595)aPMHax

FORMAT(®5.3)

WIITZ(%,5)

WRITE(R,5)

T SPECTRUM USING GH3STH) LIRFILE SUBROUTINES

CaLtL PaAPzZC1)

CALL PSPACE(J.12,0.58,0.10,0.40)
CALL MAP(D.0,3FMAXyd.0,4PMAX)
caLL AXES

CALL PTJIINCY, Gs29MN,1)

Catl SREND

CIONTINUZ

JOTH SPECTRUM WSING A& 3 PIINT HANHING WINDCOw (B8FAULCH2MP 1978)

NN = MN-1

(1) - PC1)

C(2)=(0.5%P(2))+(0.5%P(3))

Do 700 J=3,NN
C(J)=(C-ZS#P(J°1))0(0.5$°(J))¢(0.25$?(J‘1))
CONTINUE

CCMN)=(0.332(MN=-1))¢(C.5%P(MN))

T255%=0.0

23 710 I=2,MN

T255=TPS5 + (T(I)X*x2)

CONTINUE

(1) = C(1D

D) 720 I=2,MHu

FCID)=(CCI)I==2)/T2SS

COiTINUE

WRITE(X,722)

EARMATC® DO YOU wANT A4 SPEC.CaY FILT 2 YiS=1, ul=07)
RZAD(%,4I53)ILNT

HRITEC*,5)

IFCLMT.EQ.0)G0 TO 780

“RITE VALUES TO Dife FILE SPIC.0:7

T2°¢
152
IR

TR:
235

QoEn{uUNIT=2,FILE ’SPEC.DJT'.CORN='FC2w;77£D'.STATu5='nax')

WRITE(24725dN,TPSS

FO?MAY(IX.I}HSHCQTHED Nz, T4y 1XyTH TPSS=,E10.4)
WIITE(2,759)

FDRHAT(QKo5HPJHER.11X'16H(YCLES PEE MITXe)
H91T5(2|775)(:(K)vV(K)'K=1.“N)
Fj;‘f‘;‘(}x;&la-“v10‘!F8-‘)

wR1T2(%,800)

FOIMAT(® 2LAoT SMIOTSES © v, FRco 2 YIS
READ(H,95)L™H3

IF(LMO.EQ.0)00 T0 30¢C

"
-
-
=
@]
[
(@]
.
Ad

SCREZEN REQUEST FOIR AXES LIMITS

s

WRIITE(=4575)
WRITE(=,580)
RZAD(%,583)RF 43X
Wi ITE(2,590)
2549(2,535)8PM A
WL TE(ELS)
~RTTECEL5)

sTeG PLUT
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OOy

YO O

Cr Ay My

OO OO0

PAPER(Y)
252aCf(J.10,7.58,0.

caLt
caLt
caLL
CatL axes

cagt DTJOIN(YlF’ZlM\4|l)
caLt SREND
CONTINUE
WRITE(%,910)
FORMAT(® DOC YJU
RZAD(%,95)LM~7
WAITE(S,5)
WRITE(%,925)
FORMAT( " PLOT LIOGIOCP)Y v
RIAD(H,95)LNP
IFCL4F,EQ.1)GO TG 950
IFCLMPLEQ.0)30 Y0 1909

300

910

579°

~ANT A LOGP.DAT FILS 2?2

10,0.0)

MAP(0.0,2FMiXx,0.C,BPMAX)

YeS=1, NC=07)

€Re0 2

SCRESN REJUSST FIR aAX:SS LIMITS
WIITE(=,575)
WwRITE(=,530)
RZAD(%,585)CFMax
WRITE(2,340)
969  FORMAT(C® SNTER MIN., POWZR VALUE (FORMAT=FS.1): )
READ(F,34S5)CPMIN
945 FORMLET(FS.1)
WRITE(%x,535)
WRITE(=,5)
CALCULATE LOS10(SMCOTHED POWCKR)
359 0(C1)=LOGLICF(1))
0N 960 1=249N
DCINX=LOGLIOCF(TI))
150 CONTINUE
[F(LMF.Z22.0)G2 T2 99¢C
WRITS VALUES TO Davo FILE L0GP.D22T
BPEN(UNIT=2.FILE:'LOGP.OAT'.FORH='FCRMA*TED'.STATUS='HEH')
WRITE(CZ24+955)N
365 FIAXMAT(9X,13ASM2ITRED NzT4)
ARITE(2,970)
=732 FORMAT (1 X 321 HLOGIY POWER$8x,15HCYCLES PER METE)
WRITZ(243T5)CI(R Y {XK) K=1,yHN)
“75 FOMAT(3X,F8.5,:2%4-8.%)
IFCLAP,L TG00 77 1250
9-0 CINTINUE
GHOST30 PLOT
CALL PAPEZR(1)
CALL DSPACE(‘).IO,J-S&)'\)-10|0.‘\))
CALL “AP(0.0,CF1AX,CPMIN,0.0)
CALL ANNOTP(1,0)
CALL AXES
CALL OTJOINCY,C 2 9MN,1)
CALL GREND
1200 CONTINUE
RZFERENCES
JELYCHAMP 1975 "WALSH FUNCTIONS € THEIR APPLICATIOMS®, ND.3 1IN
CYSCHEIOQUSS OF PHYSICS®, aC&0°MIC PRESS 2PhK7-11¢
CANS3EWICH 1931 “TimMe SZCUENCE ANALYSIS In GEOPHMYSICSS
4IGHILL PRINTING
NOWRDD2 19457 cTibLE FOK FISHIR®S TEST CUF SIGNIFICENCE IN mz2aMIONIC
ANALYSIS Ty SZUPHYS. J. R, AST, 30C. 12 PP?517-52¢C
SCHWARZALHER 1975 c¢zTIVMEMTATIGON MQ20cL5> AND QJUANTITLTIVE
STRATIGRAPMY®
NEVELOPMENTS I8 SE0IvonTOLOGY 19, ELSEVICK
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5.1 Weedon 1985 (Terra Cognita 5 pt10).

PALAEOCLIMATIC INFORMATION FROM ANCIENT
PELAGIC AND HEMIPELAGIC CYCLIC SEDIMENTS

G P WEEDON

Depanment ol Earth Sciences Oxtord University, Parks Road. Oxlord
OX1 3PR UK

Fourier power spectra applied to Pleistocene
records of climatic chanae have revealed cycles that
match the duration of changes {n Earth's orbital
parameters {precession, obliquity and eccentricity).
Thus Hilankovitch' theory of climatic change was
supported. Sirilarly, power spectra for geochemical
data and  bedding-plane spacing in Jurassic and
Cretaceous nelanic rocks have been used to suggest
orbitally-forced climatic changes.

Nalsh power spectra have been applied, for the
first tire, to cyclic sedimentary rocks. The rocks
studied (Blue Lias Formation) are believed to
represent henipelagic ceposition on the early Jurassic
continental shelf of S.W. Pritain. Three sedirent
types reflect cycles in botton-water anoxia corhined
with changes in thre clay-to-carbonate rud ratio. The
spectra reveal four cycles with estirated durations of
the modern orbital-nrecession {19 4n¢ 23Ryr) and
obliaquity (31 and 41Kyr) chances. Tre cyclicity is,
provisionally, related to orhitallv-forced cranaes in
the voluwme of ruroff from adjacent land-rasses. The
curations allow estimation of mean serirentation rate
at different localities. Met sedinentation rate can be
calculated assuming that one ammonite zone represents
1Myr. The retio of these two figures suggests that 702
of the sediment that could have accurulated was
actuallw eroded or was never deposited, leaving
hiatuses within the series.

The data used are simply neesurements of the
thickness of beds of different secdirent-types;
thercfore Walsh power spectra can te generated very
casily. The effects of bioturbation, hiatuses ard
dianencsis arc readily allowed for during generation
anc¢ interprctation of the spectra. This application
provides a quicl and relatively simple method for the
extraction of palaeoclimatological, stratiqraphic and,
perhaps, diagenetic information from ancient pelagic
anc henipelagic rocks.



5.2 Weedon 1986 (Earth Planet. Sci. Lett.

Larth and Planciary Science Feers, 76 (19N Ra) 221 WS

Flvevier Sarence Pubhishiers BV Amsterdae

Proanted v The Nethedbands

Hemupelagic shell sedimentation and chmatic cycles: the basal Jurassic

( Blue Lias) of South Britain
G.P Weedon
Department of Farth Sciences University of Oxford, Parks Road, Oxford OX1 3PR (Lngland)
Received Mayv 23 1985, revised version recerved August 22, 1985

The sedimentology, cychiaty and hiatuses of the Blue Lias. Formauon (hasal Jurassic) were investigated at five
localities 1n South Britain. Most carbonate mud, which is the dominant carbonate component. has been neomorphosed
to microspar. However, carbonate mud was spparently supphed by coccoliths in zooplankion faccal pellets, suggesting
hemipelagic sedimentation. Clay is assumed o have been supplied by nivers. The three sediment types involved refl=ct
cyclic changes in bottom-water oxygenation levels combined with changes in the clay-tocarbonate mud rauo.

Walsh power spectra have been applicd for the first ume to measured sections in order to investigate the control of
cyclicity. This application is analogous to palacoclimatological studies of Pleistocene oxygen-isotope (ice-volume)
records. The spectra show that 1 or 2 sedimentary cycles, of constant thickness. occur in four out of five sections, each
of which represents several million years The maximum possible duration of these cycles 1s too short for their
generation by sea-level changes. Their regularity, stability and order of duration (tens of thousands of yecars) arc
consistent with the hypothesis of sedimentary cyclicity controlled by climatic change, itself forced by orbital changes in
insolation (Milankovitch theory). The duration of both cycles recognised is less than 93,000 years (93 ka) and may
record changes in orbital precession (21 ka) and obliquity (41 ka). Assuming that one ammonite zone represents 1 Ma,
comparison of the longest-possible with the implied durations of the cycles, suggests that the sections are at best
20-40% complete. Loss of sediment may have occurred duning winter storms or hurncanes. A model relating the

sedimentary cycles to changes in the volume of runoff is proposed.

1. Introduction; orbital cycles and sedimentation

Since the classic paper by Hays et al [1].
Milankovitch theory has become a well established
part of palaeoclimatic investigations (e.g. [2}).
According to the theory changes in orbital param-
eters cause near-regular oscillations in the amount
of radiation received at a given latitude and given
time of year, and hence lead to climatic cycles ([3],
and see Berger's paper in [4]). Cyclic variations in
oxygen-isotope values and percentage carbonate
within deep-sea cores have been ascribed to orbit-
ally forced climatic changes as far back as the
Miocene [5). For times when no ice was present on
the globe, for instance in the Triassic-Cretaceous,
it has been speculated that certain cyclic marine
and lacustrine rocks owe their cyclicity to a chimatic
control ([6.7], papers by de Boer, Olsen and
Anderson in [4] and by Schwarzacher and Fischer
in {8]). Barron et al. [9] showed, using a combina-
tion of geochemistry, sedimentology and General
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Circulation Model results, how cycles in the
Greenhorn Formation of the North American
Cretaceous probably recorded climauc cycles. An
alternative approach towards demonstrating
climatic control of sedimentation is the application
of power spectral analysis [10]. Power spectra for
Pleistocene data have been used to identify the
role of orbital forcing because of its regularity and
the characteristic duration of the orbital cycles {1}].
The principal cycles involved are 100 ka (eccentric-
ity), 41 ka (obliquity) and about 21 ka (precession)
in duration (4].

In 1964 Schwarzacher [10] demonstrated regu-
lar cyclicity in limestone bed thickness for the
Irish Carboniferous using power spectra. Carss
and Neidell {11] suggested for Scottish cyclothems
using a “‘marine” or ‘‘non-manne’ classification
that sedimentation was controlled glacio-eustati-
cally or by local climatic cycles, in agreement with
Schwarzacher’s work.

The first application of power spectra to sedi-



ments formed on an ace-free globe was probabiy
made by Dunn using weochemucal data for the
Kimmendgian in South England {12} This was
continued for the Cretaceous in Ttaly (sce de Boer
in |4] and Schwarzacher and Fischer in (9], All
these studies indicated climatic control of cyclicity
using Fourier power spectra. Walsh power spectra
provide a fast method for the analysis of cvelic
sections by using a coding system analopons to
that of Carss and Newdell [11, fig 4] In this paper
Walsh power spectra have been apphied to Het-
tangian and Sinemunan rocks in South Britamn
(Fig. 1), using data measured along four coastal
sections and within one active quarry. This apph-
cation was made in order to investigate the possi-
bility that their cyclicity was controlied climati-
cally. The data used (which can be obtained from
the author upon request) include a list of rock-type
codes and thicknesses with the position of the
spectral data (Fig. 1), bed numbers and ammonite
zones. The zonal system used follows that of Dean
et al. [13] and Cope et al. [14]. The zones and bed
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numbers were related to the measured data using
(14] and  the local stratgraphic  descriptions
(1> 19)

Several rock types are interbedded on a cenu-
metre-decimetre scale in tabular beds. They record
cyclic changes in calcium carbonate, organic
carbon contents and intensity of bioturbation. A
long-standing controversy over the role of diagene-
sis complicates the picture of simple environmen-
tal changes as the sole cause of the cychicity {20].
Diagenctic exaggeration of primary cycheity is
commonplace and does not prevent or invalidate
spectral analysis {8,21). However, a primary cyclic-
ity must be demonstrated, otherwise application of
power spectra for palaeoclimatic work is meaning-
less. For example, analysis of bedding-spacing
would only reveal diagenetic processes if the bed-
ding itself was solely diagenetic in origin. The
recent work of House [7] uses a combination of
logic and mathematical modelling. Unfortunately
a subjective element enters this modelling and
little effort was made to distinguish between di-
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by c¢rushed ammonmte moulds and  restricted
benthos [24] SEM reveals the same coccolith ap-
gregates found in the dark marls which are. how-
ever, constderably rarer. CLo shows  hat  the
carbonate is predominantly present as discrete
ostracods embedded within the clay and organics
They occur in all orientations, as united and dis-
united specimens, and in numbers approximating
the dark marls. Calcium carbonate: 12-48% avg.
34%, organic carbon: 2.3-10.8%, avg. 5.7%

Lamunatéd limestones. This rock type 1s the rarest;
occurring mainly within the planorbis zone; how-
ever, at Watchet it can be found sporadically at
least into the bucklandi zone. It forms very dark
blue /grey compact beds and nodules with a fetid
odour when broken. The rock is dominated by
microspar and disseminated clay with lamination
formed by light microspar with vague pelloids,
pyrite and sand-silt grade bioclastic fragments.
Few complete bioclasts have been observed except
for benthonic foraminifera. No definite ostracods
can be identified from initial CL work. Calcium
carbonate: 69-88%, avg. 82%, organic carbon:
0.7-3.0%, avg. 1.4%.

Burrow-mottling. Mottling occurs between light and
dark marls, and this is preserved where limestones
have formed. However, bed contacts usually re-
main sharp so burrowing must have been re-
stricted. Dark marl fills burrows inside light marl
beds and vice versa (Fig. 2). Mottling is dominated
by Chondrites, but it also includes Rhizocorallium,
Diplocraterion, Arenicolites and Thalassinoides. The
dominance of Chondrites may indicate very low
oxygen levels within the sediment during the tran-
sition between light and dark marls: thus explain-
ing the restricted burrowing [30]. Very rarely, bur-
row-fills of light or dark marls are found at the
tops of dark, laminated shale beds. However, where
dark, laminated shale overlies one of the other
rock types, no mottling occurs at the contact.

Hiatuses. Hiatuses are not apparent from bio-
stratigraphy. At each locality, all the ammonite
zones identified are present without gaps (using
the local biostratigraphic descriptions and follow-
ing (13-19]). Certain field observations, howgcr,
may indicate ubiquitous minor disconformities.
For instance, horizons of burrows with dark marl
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fills can be found entirely enclosed within hght
marl beds with no sign of the dark marl bed which
supplied the fill-matenal. At Lyme Regis. loose
blocks of hmestone occasionally show hmestone
intraclasts. One polished and peeled block from
Lang's bed 25 of the basal conybeari Subzone,
reveals 'a muluply bored and encrusted
dome-shaped surface (3 cm high by > 13 ¢cm long)
underlain by intraclasts [15). The bored and en-
crusted surface lies within limestone (onginally
light marl) and grades laterally into normal bio-
clastic mudstone. It is overlain by bioclastic pack-
stone grading up into carbonate mudstone. The
surface probably indicates erosion and at least a
temporarily exposed hard substrate. Other features
perhaps indicating hiatuses include anomalously
thin beds (1-3 cm). All the sediment types are
represented in these beds. They are traceable for
up to hundreds of metres with sharp, gently un-
dulating upper contacts; occasionally they are cut
out laterally for approximately 20 m. Thin hon-
zons of concentrated bioclasts may indicate win-
nowing or some form of sediment injection. The
lack of obvious biostratigraphic gaps and of irreg-
ular contacts makes recognition of hiatuses very
difficult. The observations described above have
been made frequently even at the most expanded
section studied (Watchet). Hiatuses may represent
a significant loss of deposited sediment, therefore,
they must be considered during analysis of mea-
sured sections.

3. Sedimentology and diagenesis

The size and composition of the coccolith ag-
gregates and their presence within laminated sed:-
ments is believed to indicate an origin as zoo-
plankton faecal pellets [31,32). The microspar
“blebs” are thought to represent neomorphosed
aggregates when their common size, shape and
occurrence are considered. The description of the
coccoliths can be found in [28]. Loughman’s SEM
work was restricted to the limestones, but the lack
of undoubted coccolith rings led to the belief that
most of the microspar originated from green algae
[29]). It is proposed here that most of the carbonate
mud of the light marls and limestones is in fact
coccolith matenal now largely neomorphosed to
microspar.

The cause of the neomorphism may have been
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water-films absorbed onto clay nunerals [33.34)
The ubiguitous cliay may be expected to have
caused neomorphism of all the coccoliths. How-
ever, individual organic membranes and organtc
pelhicles around faecal pellets may have protected
the individual rnings and aggregates observed (Fig.
3) [32,35]). In this model the organic matter con-
tents are suggested as the controlling factor, ex-
plaining why so few coccoliths are observed within
the light marls and limestones.

To have dominated local carbonate mud pro-
duction, benthonic green algae would have re-
quired very shallow water for their high productiv-
ity [36]. Yet there is a lack of shallow-water criteria
until the laterally equivalent coastal Sutton Stone
and Southerndown Beds are encountered in South
Wales [24,29,37]. For instance there is no evidence
for exposure, micritic envelopes to bioclasts, ooids
or stromatolites. Conversely pelagic elements are
both common and diverse. They include am-
monites, belemnites, large nekton such as the
Ichthyosaurs, as well as coccolithophores,
acritarchs and dinoflagellates [27]. Further it 1s
considered very unlikely by the author that water
still enough for low bottom-water oxygenation and
the preservation of laminae could have been very
shallow. Carbonate mud arriving in suspension
was clearly only a minor source because such a
low proportion of the microspar is present as
disseminated, isolated crystals within the dark,
laminated shale and dark marls. A certain amount
of mud may have been generated by the activities
of infauna when present, but it is contended here
that most carbonate mud was supplied as coccolith
aggregates.

The criteria for a primary cyclicity, which
involved light and dark marl and dark, laminated
shale, are essentially those of Hallam [20]. The
burrow-mottling between light and dark marl is
believed to be diagnostic of their primary distinc-
tion, particularly since both light marl burrow-fills
within dark marl and vice versa are observed (Fig.
2), ([20], and Arthur et al. 1n (4]). Additionally
dark marl preserves clay, organic and bleb-formed
laminae and discrete blebs that would not have
survived thorough bioturbation. Conversely the
homogeneous light marls with intimately mixed
clay and microspar probably do indicate
ubiquitous burrowing. The rate Chqndrites bur-
rows penetrating the tops of dark, laminated shales
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alsondicate a primary disuncuon of this sediment
type from the others. Further, the lack of coccolith
aggregates and blebs and the dominance of ostra-
cod-rich carbonate, 1s thought here to represent a
primary difference of this rock type and the dark
marls. Nevertheless, it 1s possible that, quite apart
from the hmestone formation, there was some
compositional exaggeration of these three rock
types during diagenesis [20].

Early diagenesis led to carbonate cementation
of pore spaces in the light marls and laminated
shales thus producing limestones and laminated
limestones and generating 5 rock types from 3
sediment types. The limestone nodules only formed
within hight marls (Fig. 2), and laminated lime-
stone only within dark, laminated shales. This, and
the way that the limestone beds are bedding paral-
lel and only follow one stratigraphic horizon
strongly suggests to the author that localization of
cementation was controlled by primary composi-
tons (cf. {21]).

Hallam showed that limestone bed thickness is
constant, on average, regardless of the thickness of
particular ammonite zones, i.e. it is independent of
sedimentation rates. Additionally the number of
limestones is reduced within thinner parts of a
given zone [20]. These features do not have to be
regarded as indicative of some rhythmic unmixing
process independent of primary compositions. For
instance, both observations can be explained if the
main supply of carbonate for cementation was
provided by dewatering fluids (cf. [29]). If the
growth of a limestone was always terminated when
porosity was reduced to a certain level, then higher
sedimentation rates would have terminated growth
earlier. But higher rates of compaction would have
supplied carbonate from dewatering fluids faster,
perhaps allowing faster cementation. If the two
aspects of cementation, changing the time for
growth and changing the rate of growth, cancelled
each other then the average thickness of a lime-
stone, once formed, would be constant and ap-
parently independent of sedimentation rates. Ad-
ditionally, the volume and average composition of
the sediment supplying carbonate in dewatering
fluids may have limited the number of limestones
formed in a particular section. These ideas are
merely intended to indicate that independent
rhythmic unmixing need not apply. [t is suggested
here that cementation did occur duning early di-



agenesis, but that it merely emphasised and was
controlled by primary compositional variation.

Fhus the three sediment tpes (pre-diagencetic)
are constdered to represent 3 disunct depositional
environments. The deposition of light marl in-
volved a rapid supply of carbonate mud, as 200-
plankton fuccal pellets, relative to the supply of
clay. Bottom waters were well oxygenated, which
allowed thorough bioturbation. Dark marl deposi-
ton saw a reduction n the rate of supply of
carbonate mud compared to clay, concurrently
with the preservation of lamination and substan-
tal organic matter. Clearly this records the devel-
opment of anoxia within the sediment and perhaps
a slight reduction in bottom-water oxygenation.
During dark, laminated shale deposition a very
low rate of supply of carbonate mud compared to
clay, permitted ostracods to become the dominant
carbonate component. Organic matter was pre-
served in large quantities with the lamination. The
ostracods are associated with a dwarfed fauna,
which indicates low bottom-water oxygenation.
However, the numbers of ostracods suggest that
the bottom water frequently contained at least low
concentrations of oxygen, even if it was usually
anoxic.

Environmentally the dark marls record inter-
mediate conditions to the other two sediment types.
“Hemipelagic shelf sedimentation™ seems to be a
reasonable classification for the rocks analysed
considering the proportions of sediment composed
of pelagic bioclasts and clay. Hiatus formation
may have occurred during winter storms or hurri-
canes {29,38,39]. Since the cyclicity has been shown
to be dominantly primary, the power spectra can
be applied to test a hypothetical palaeoclimatic
control.

4. Walsh power spectra: methodology

The details of the mathematics used can be
found elsewhere (40,41]. Problems and procedure
for the Fourier power spectral analysis of sedimen-
tary rocks are discussed in {42]). A qualitative
description of the generation of power spectra may
help show that the method is straightforward and
that geological application and interpretation is
the most important aspect. There are four main
steps in production of power spectra; gcnerat'ion
of a time series (Fig. 4), the transform operation,
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Fig. 4. Generation of time series from the measured sections.

power spectrum generation, and interpretation.
The generation of power spectra requires data
sets called “time series” which look like wave-
trains. They are obtained by sampling at a con-
stant interval along the length of measured sec-
tions (Fig. 4). To generate a time series for the
present application requires numerical codes to
distinguish the different sediment types. The
numerical codes are somewhat arbitrary, but it is
believed from the sedimentology that the light
marl represents an environment most different
from the dark, laminated shale. The dark marl is
considered intermediate in the environmental ex-
tremes represented. The limestones represent an
environment identical, or almost so, to the light
marls. But because of their early diagenetic cemen-
tation they have not undergone the same degree of
compaction as the hght marls. In order to allow
for this diagenetic distortion of the original thick-
ness relationships, the limestones have been given
a similar but different code to the light marls.
Analogous reasoning applies to the coding of the
laminated limestones and dark, laminated shales.
Thus the codes used at all the localities were:
limestone = + 1.5, light marl = + 1.0, dark marl =
0.0 and dark, laminated shales = - 1.0, laminated
limestone = —1.5. Experimentation with spectra
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tor Long lichington, using the alternative values of
+ 1.0, +0.5,00, -05 ~10and ot +1.0 +10
0.0, 10, -1.0 respecuvely, showed no sipnifi
cant difference to the results obtained with the
original codes. For example, in Fig. 7 spectra for
Long ltchington using codes + 1.0, +1.0, 0.0,
- 1.0, —1.0 have been plotted next to spectra
generated using the code values preferred for the
rest of the analyses (Fig. 4). The code values serve
to generate a step-like wave-train of sediment code
vs. cumulative bed thickness (Fig. 4). The power
spectra are used to analyse the time series for
dominant sedimentary cycles of different thick-
nesses.

Section measuring requires a rounding-up unit
that is used consistently. In this case all beds were
measured to the nearest centimetre. The sampling
must accurately record the thinnest bed measured
(1 cm), so that spurious low-frequency cycles are
not generated by “ahasing”. Therefore, in this case
the sampling interval was 1 cm. In the present
application a time series can be constructed by
recording sediment codes every 1 cm along the
measured section.

The time series are step-like or discontinuous
rather than made of smooth curves; thus they are
best decomposed into component square waves,
Walsh functions, rather than sine and cosine waves;
hence the Walsh rather than Founer transform
was used for the analysis [40]. One advantage of
the Walsh transform is that computation is faster
because only addition and subtraction is required
[41]. Additionally, as the data used are discontinu-
ous, they can be generated very quickly from
measured sections (Fig. 4). Fourier spectra are best
applied to continuous data such as geochemical
values which, of course, require much more work
for generation.

During the transform operation, a time series 1s
regarded as a complicated wave-train that can be
generated by the summation of many regular waves
of different frequencies. Power spectra are plots of
squared amplitude values, from the transform, for
each different frequency component. Greater
“power” can be regarded as indicating a more
important role for a particular frequenc.y compo-
nent if it is used to recreate the time series.

The transform algorithm is taken from
Kanasewich (41]. The estimates were generated
from the transform and smoothed using a 3-point
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Hannimg window following Beauchamp [40). Power
values are normahzed for an application of Fisher's
test for white noise (43). Power is plotted linearly
against frequency which is expressed in “cycles per
metre”. This constitutes the first application of
Walsh power spectra to sedimentary rocks known
to the author. Examples of Walsh power spectra
for geomagnetic reversals and oxygen-isotope rec-
ords can be found in papers by Negi and Tiwari
(44,45)

The position of the time series used is shown in
Fig. 1. The peaks not passing the 95% confidence
level for the high-resolution spectra (figs. 5-7) are
considered to be indistinguishable from white noise
[43]. To test the stability of the remaining peaks
the time series used for the high-resolution spectra
were divided into two subsections and low-resolu-
tion spectra were generated (45]. Additional spec-
tra have been generated where possible using time
series of the same length as the subsections (Fig,.
1). Thus for each locality a series of low-resolution
spectra can, to a limited extent, be used to trace
the development of peaks identified on the high-
resolution spectra.

5. Walsh power spectra: results and interpretation

As can be seen from Figs. 5-7, there are peaks
which pass the 95% confidence level on all the
high-resolution spectra. Additionally the low-reso-
lution spectra indicate reasonably stationary data.
In each case one or two peaks pass the 95%
confidence level and seem to be stable from the
subsection spectra; although their power varies.
Such peaks are interpreted as indicating a regular
cyclicity in sedimentation and have been labelled
with their respective cycle lengths in centimetres.
They seem to be stable for between about 200 ka
at Nash Point (most of a subzone), to about 4 Ma
at Lyme Regis (4 zones). The regularity and sta-
bility of these cycles strongly suggests that sedi-
mentation was controlled climatically {10). A
climatic explanation does not exclude the vertical
change in power for particular cycles seen in Figs.
5-7, because Pleistocene sea-surface temperature
data display similar changes for individual cycles
[2]. However, before a climatic explanation can be
accepted, some constraint on the duration of these
regular sedimentary cycles is required.

The detection of stable peaks via the use of
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centimetres, in the time series used for eac

subsections, indicates that sedimentation rates were would be absent. Perfectly constant sedimentation
near-constant at a given locality. If this were not rates are not implied, however, because each peak
the case, then a cycle of a particular length at the on a spectrum is associated with a bandwidth
base of the section would have changed size so implying a range of possible cycle lengths. Never-
much by the top of the section that stable peaks theless, an estimation of sedimentation rates is a

meaningful exercise.
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Fig. 1 shows that the relative, as well as the
absolute, thickness of ammonite zones changes
between localities, suggesting @ variation in the
proportion of sediment mussing at hiatuses For
constant sedimentation rate the thickest ammonite
zone must be the most complete and should pro-
vide tts best estimate. Thus sedimentation rates
have been calculated for each location using the
thickest zone and the assumption that one zonc
represents about 1 Ma (74 zones in 69 Ma accord-
ing to Harland et al. [46], cf. [7]). These rates have
been used to estimate the duration of different
regular cycles as indicated in parentheses in Figs.
5-7. The durations are maximum limits as even
the thickest zone is likely to be incomplete.

The maximum duration of all the regular cycles
1s shown to be about 200 ka. For an ice-free globe
the maximum rate of sealevel change 1s about 1
cm/ka [6,47]. Therefore the largest range 1in
sealevel during one sedimentary cycle would be 1
m. It 1s therefore considered very unlikely here
that sealevel could have controlled the regular
cychcity although it may have affected sedimenta-
tion on a longer timescale {29,48,49]. It is proposed
here that the regulanty, persistence (milhions of
years), and order of duration (tens of thousands of
years) of the cycles labelled in Figs. 5-7 can best
be explained by climatic control of cyclicity. How-
ever, this cannot, as yet, be argued for Nash Point.

At Nash Point the cycle detected is given a
maximum duration of 4 ka (Fig. 6). This section
spans just one subzone of the three within the
bucklandi zone. Being so short in duration, even if
the sedimentation rate estimated is wrong by a
factor of 2 or 3, it seems unlikely that the cycle
detected represents one of the main orbital cycles.
The low-resolution spectra show that this cycle is
not stable for more than two thirds of the subzone.
The Nash Point section is exceptional petrographi-
cally when compared to the other sections, but was
included for completeness. There is an absence of
dark, laminated shale and laminated limestone
and abundant sand and silt grade bioclastic frag-
ments and the estimated sedimentation rate is by
far the largest calculated of all the localities studied.
The exceptional sedimentology may reflect the
proximity to the palaeo-shoreline (24,29,37]. Thc
spectra for this section also indicate a substantial
trend, or “‘zero” cycles per metre component, com-
pared to the other locations. It remains possible
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that climate controtled sedimentation there. but
the spectra may not demonstrate it because they
represent too short a time span. Alternatively the
trend may indicate a rapidly changing sedimenta-
tion rate or the local sedimentary processes may
have masked the regular cycles.

The cycles identified at the other four locations
do fit the climatic interpretation; the orbital com-
ponents and durations may be identifiable. At
Watchet and Lyme Regis 2 cycles have been de-
tected (Figs. 5 and 6). The wavelength ratio of
cach pair of cycles is about 1.6, viz. 819 cm /512
cm and 85 cm /51 cm. This suggests that if climati-
cally controlled, both pairs of cycles represent the
same two orbital cycles. At Long Itchington (Fig.
7) as well as the main cycle of 205 c¢cm, a cycle at
128 cm (indicated in parentheses) may also be
present. This pair also have a wavelength ratio of
1.6. Unfortunately the cycle of 341 cm at Laver-
nock Point lies within the part of the spectrum
with low wavelength resolution (Fig. 7). Thus it
cannot be decided whether or not a cycle of (1.6 x
341) cm or of (341/1.6) cm 1s present. Neverthe-
less, 1t 1s postulated here that 2 cycles are involved
at each locality and that the common wavelength
ratio suggests that the same two orbital cycles were
involved.

The most likely orbital cycles are 100 ka, 41 ka
and 21 ka in duration following previous studies
(see various authors in [4]). Yet cycles at 31 and 54
ka may be important components of Pleistocene
data and other cycles are possible ({2,3] and Berger
in {4]). The maximum duration for cycles at Lyme
Regis 1s 93 ka. This suggests that the 41 and 21
(obliquity and precession) cycles are strongest
candidates. The value of the common wavelength
ratio suggests the same pair of the three main
Pleistocene orbital cycles. Alternatively the 31 ka
(obliquity) and 21 ka cycles would best explain the
wavelength ratio. Of course the Jurassic obliquity
and precession cycles may have had significantly
different durations (but see [7]). The data used are
considered here to be a *““5-bit” representation of
the variation of some climatic indicator, such as
run-off. It 1s not certain that such a poor proxy-
climatic record would correctly record wavelength
ratios.

Therefore the best that can be inferred at pre-
sent is: (a) two climatic cycles seem to have been
involved; (b) their duration was probably less than



93 ka; (c) they probably represent one precession
and one obliquity cvcle; (d) they may have been
41 ka and 21 ka in duration Notice that the
sedimentation rates at Watchet exceeded those at
Lyme Regis by between 4 and 10 tumes with no
effect on the interpretation. Finally, 1f the cycle
durations were 41 and 31 ka then the maximum
and 1mplied durations can be compared. This indi-
cates that at best the sections are 20--40% com-
plete for a one million year interval (see {7]), which
appears to be realistic for shelf sedimentation.
Such a large proportion of missing section is
surprising considering the results of the spectral
analysis. However, rather than being very closely
spaced throughout the sections, the hiatuses may
in fact be present in clusters or at isolated hori-
zons. In such a circumstance the hiatuses would
separate packets of complete section and this could
account for both the large loss of section and the
detection of regular cyclicity.

6. Summary and conclusions

The basal Jurassic sedimentary rocks studied in
South Britain accumulated in a hemupelagic shelf
regime, with a palaeolatitude of about 35°N [50].
Carbonate mud was mainly supplied by coccoliths
contained in zooplankton faecal pellets. Clay 1is
believed to have been supplied by nvers. Cycles in
bottom-water oxygenation, which affected organic
carbon contents and the amount of bioturbation,
were associated with changes in the clay-to-
carbonate mud ratio. Walsh power spectra suggest
that these cycles were climatically controlled and
provide a rapid method for the palaeoclimatic
analysis of measured sections. Two orbital cycles
are implied, probably related to precession and
obliquity, of perhaps 21 and 41 ka (or perhaps 21
and 31 ka).

The mechanism that related climatic and sedi-
mentary cycles is unclear at present. The model
used by Rossignol-Strick et al. [51] to explain the
formation of Pleistocene sapropels in the Mediter-
ranean may, however, provide an appropriate ana-
logue following Barron et al. [9]. As an extension
to this model, Rossignol-Strick [52] suggested that
orbital-obliquity cycles indirectly influenced
sapropel formation via a mechanism that did not
involve ice. Through this analogy, orbitally forced

181
ERR

changes in precipitation are related o the sedi-
mentary cyclicity During low runoff, clay supply
may have been so slow that coccolithophore-de-
rived carbonate dominated the sediment. Normal
oxygenation allowed bioturbation and led to low
organic carbon contents in the sediment. During
high runoff, clay supply along with ostracod pro-
ductivity may have increased relative to the supply
of coccolithic carbonate. The surface productivity
of coccolith- and of non-coccolith-producing algae
may have increased with additional nutrients from
the runoff water which indirectly accounts for
higher numbers of ostracods. Bottom-water anoxia
may have been caused by higher productivity com-
bined with additional terrigenous organic matter
and perhaps by density stratification related to a
low-salinity surface wedge. The anoxia led to the
deposition of laminated and organic carbon-rich
sediment. This presumes that greater clay supply
exceeded an increased coccolith supply. Compari-
son of the longest-possible and implied durations
for the regular cycles, suggests that the sections are
20-40% complete at best. Sediment was perhaps
removed duning winter storms or hurricanes, leav-
ing hiatuses in the sections. It i1s concluded that
climatic processes dominated sedimentation at cer-
tain localities 1n the basal Jurassic of southern
Britain.
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5.3 Weedon

1987 and Hallam 1987 (Geology

15 pp92-94).

Comment and Reply on *Origin of minor limestone-shale cycles: Climatically induced

or diagenetic?"

COMMENT

G. P. Weedon, Deparonen: of Earth Sciences, Universuy of Oxford,
Parks Road, Oxford OX 1 3IPR. England

Hallam's (1986a) paper prompts the following remarks, which
mainly coocern the basal pant of the Lower Lias Formauon of Briwin
(which incudes the Blue Lias Member [Doaovan and Kcilaway, 1984]).

1. 1t bas already beco shown that it s meaningless 10 apply power-
spectral analysss 1o imestooc-shale sequences of a purely duagenctic origin
(Weedoa, 1986). However, & wide vanety of textunal, fausal, and field
evidence supports the view that three sediment types were deposited oa the
scafloor of Britain w the earbiest Jurassic (Hallam, 1964; Weedoa, 1986)
Early diageoesis cobanced the pnmary cycliaty by cementation of the
mast CaCOj-nch parts of the light marls and laminated shales, producing
bomogeneous and laminated limestones (Hallam, 1964). Burrow-mottied
cootacts between Limestooe and dark mar are present at every locabty,
albait rarely at some, 50 it s reasonable W0 assume that all limestones
represeat diagenenc exaggeraton of carboaate-nich levels. More evidence
for diagenctic cabancement of pnmary vanations includes the observation
that, if enclosed enurely by hight mart, imestone beds a0d nodules always
occupy the same borizoo (Weedoa, 1986). Evidence against independent
rhythmic unmuxing includes the correlation between percent CaCOy and
percent TOC (carbonate-free) for the marts and shales (Le Riche, 1959).

2. The basal Lias imesiooes are argillaceous, which perbaps explains
the poor preservation of cocootiths in this rock type (as sbown for chalk by
Harun, 1975). Ahernauvely, ncomorphic aggradaboo of the cocooliths
may bave beca assocated with the formaton of the early diagenetic
aodular limestones (Jenkyns, 1974, p 257, 265). Cocoolith preservauon in
the Kimmendge Clay and Kiwwerige Chalk may reflect the absence of

this process or the influence of orgamc Ailms (Burki et al, 1982) o prevent
ing aggradation, as propased for the organic-nch parts of the basal Lia
(Weodon, 1986).

The abundance of coccoliths in the marts and shales of the basal Lia:
suggests that cocooliths were the main precursor of the mucrospar. Greer
algae seem an unlikely source of most carbonate mud, given the propor-
uoo of pelagic fossils and the lack of shallow-water critenia (oosds, micriu
cavelopes, stromatolites, budseyes, and mudcracks) Bacteria may bave
encounsged aalate preapitation by supplying carbosate joas for cementa:
tioa lf the pH was geoenally bowered dunng cementation, then the oahy
borizons 10 be cemented would have boen those that were buffered; ie.
bonzoas with high primary carbooale cooteots.

3. If a few limestones were purely diagenetic in ongin, they would
randomize regular Limestooe-shale alicrnatons related 1o oratal cydes
(Sander’s Rule, i Schwarzacher, 1975). Therefore, the peaks oo the spec-
tra for the Lower Lias (Weedoa, 1986), which denote regulanty, canoot
result from few purely secoodary hmestooes. The Limestooes sod Light
marts, 83 a pair, represent an environment very different from that of the
black laminated shales. This pair could represent the same (codes = +1 and
+1) or shightly different (*1 and +1.5) ecoviroameats. Either pair of codes
y'ekds the same spectral result, reflecting the way the Waksh transform i
principally coocerned with “rero-crossings™ (Weedoa, 1986, Fig. 7). Hal-
lam (1986s) acknowledged that “the aliernatios of more cakarecous byo-
turbated and less calcareous organic-nch laminated™ borizoas s consisteot
with Miankoviich-forang. It s precisely this alieroatioo that was analyzed
spectnally (Weedoa, 1986).

4. Hallam's (1986) statements cooceruing hiatuses are musleading.
Evidence for many small gaps has been presented for maoy Liassic sec
toas, induding those at Avoa (¢ g., Doocovan and Kellaway, 1984; Keat,
1936; Weedon, 1986). Hallam’s (1986e) Figure 2B could be interpreted

o evidence for more histuses io the lefi-hand column. My carlier sugges-
toa, that large brostraugraphic gaps are sbsent when every ammoaite zooe
s present, is probably erroneous, because the ammonite brostratigrapby
was established inside the region in question (D. T. Dooovan, 1986,
pa'somlcommun.).hr'cpp'mi;b(yabcdewaedtﬁafunbawod

o0 these rocks.

$. Hallam's (1986a) Figure 3, based oo earlier work (Hallam, 1964),
can be updated using receat liverature; the simple lineas relatoaship be-
tween oumber of limestones and thickness of zoo¢ is oot supported. For
cumpk,uwucbcttbtremﬂlimcuoocborim(bcds’noduk
layr.rs)mlhckplanorbi.vwne.whjchislS.73mlh§d..mdLch.
conybmrisubwneisll”mlhickmdconuimlllimawocbodmm
(Nm.l972)1&ﬁmmwntw:mmidaxdallo!boudam’bed

by Hallam (1964, 1986a).

The gencral rule that thicker developments of particular z0oes coo-
win more limestooes is easily explained Expanded parts of partcular
200¢es had more beds svailable for cementation. Perhaps, more important,
where there were higher sedimentation rates, each thicker light marl bed,
for exampie, would have possemed more potential borizous for cementa-
noa. Power-spoctral analysis is oot invalidated by these consideraoas (soe

discussion of codes above).

1 sccept Hallam's (1964) view that the hmestooes are produced by
dugeocuc enhancement of primary cydiaty. Hallam's recent (1986a) ar-
gumcnuhm‘coolbtulurto(lbclimalooa.whichhcooovindndy
mowcdwbtmmmmmmlthcnvmmickmo{mm
lupestones 0 limestooeshale soquences remains constant regardiess of
sedimentation rate is imporunt in thrs respect and seems o reflect some
unerplained aspect of early disgencuc cementation in genenl. [t v incor-
rect. bowever, o ignore tbe primary coatrol oo the formatoo of the
Lmestones. The receot spoctral analysis allowed for the influence of dia-
genesss, and 1t 18 reaffirmed that the primary cychaty (laminated shale/
burrowed marl) was produced by Milankovitch-forcing (Weedoa, 1986).
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_5_. 3 Continued.

REPLY

A. Halam, Departmen: of Geological Sciences. Universuy of
Burmingham, Burmungham B15 2TT, England

Altbough my arucle (Hallam, 1986a) dealt with more than the Blue
Liag, designated a formauoo rather than s member by the Geological
Society of Londoe Sustigraphic Committee (Cope et al., 1980), in this
discussion it s right 10 coocentrate oo this formabon because the correct
wierprewtion of its depositonal and duagenctc history has an important
beaning oa that of masy other imestooe-shale sequences.

1. There 18 o dispule that burrow-mottled Limestooe-marl cootacts
and alternations of hoturbated and organic-laminstled sediment are evi-
deoce of pnmary eoviroamental differences, but these pbenomena are by
00 means ubiquitous; many imestooe-shale altcrnations reveal no differ-
ence, after allowing for compactoa, other than CaCOy cootent

2. The ongin of the calate mucrospar in the limestooas is cortainly 8
problem, but | remain uncoovinced of an ongin from coccoliths, whose
calcite might be expected 10 be comparstively resisant o dissolutioan. Are
coccoliths really as abundant 1o the marls and shales as Weedoa claims?
One would like 10 have some knowledge of the volume rano of coccoliths
10 indeterminate mucrospar before foroung & fim cooclusion oo thus im-
portant point. Where, moreover, is the evidence of progressve dinotegra-
toa of coccoliths o mucrospar? The explanstions put forward by Weedon
{or cooccolith abundance in the Krsmwaiygs Chalk and Kimmendge Clay
are different, respectively invokung lack of clay or presence of organsc

Dooovan, D.T., and Kellaway, G A, 1984, Geotogy of the Brswl Duwinct, the
Lower Jurasnc rocks: Loodoa, Her Mayesty's Suooaary Ofbee, 69 p

Hdhm.A,l%O,AmdamurymdhunduwyollhtBlu:LmolDunﬂmd
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—lMOr\ondmnawkqdaOmnanymmaM
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—— 19865, Role of cimate 18 affecung Late Jurassc and Farty Crewscoous sedr
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ode, Nors Atlantc palas wes nography CGrensk gl Soorty of Loadoe Speaaal
Publxate 21, p 277-281

Hallam, A, Hanuxk, IM . laBiague J 1 [owne W oand Qhannell, JET
1903, Jwasax W0 Paoogene Part | Jursmi and ( roae s groa Aromokogy
and Juramax w Pulcogeoe magocusnsugraphy, Socling NJ. ad, The
Lbroocdoyy of the gevkogral reaed (e gund Sxaety of London Memou

10.p 11k (40

hwariaches, WS |

Weasoa, G P

films, and bave 10 me the unpersuasive ur of ad boc hypotbeses. Cocoo-
Uths (or ex-cocoolith microspar) apart, the propornoe of pelagic fossils in
the Blue Lias ts minimal, the formanon u charscterized by s nch and
diverse beothos stongly inducative of depomition tn the shallow nenuc
lonc,protntﬂyno(hyfroml‘nd

3. There may be substantially more than 8 few purely dugencuc
limestones 1t 1 very bard o disciminate originally primary from secood-
uyhmtoncinmmycua.lhnwuomo(tbcpdndpdpoinuofmy
arcle. We know 100 Lttle about dugenesis w0 be sure whether of bt
regular orbita)cycle alternations would be randomized. If one must de-
pend upoa the obvious pnmary alternations of limestooe-marl pairy and
organic-rich laminated shales, then most of the umestooc-shale alicrna-
boas of the Blue Lias must be excluded from spectral analysis, especially ia
the thicker secons such as Glamorgan.

4. That mioor bistuses are present, within the limit of resolutios of
ammonite chroas, s a fact | would not wish to0 deny, but it doesa’t belp
Weedoo's argument if there is 0o independent physical evidence for such
histuses. To make my point most clearly, let us consider an extreme case.
The conpbeari Subzooe of Glamorgan cootains 61 limestooe beds, and
the same unit io peighbonng Avoa a mere 3; yet the physical appearance
of the limestoae-shale alternatioans is virtually identical. No doubr there are
mmyhnmsaintbcmoreooodcmcdwqum.bu(phyﬁa]cvidmocfor
them is lacking; whatever subtle indicators were originally present bave
becn destroyed by diagenetic overpriol. Clearly, the Avoa sequence is
most unsuitabie for spectral or any otber kind of analysis that aims at
fetecting s complete series of eoviroamental signals. But the same problem
wrises with respect 10 the thicker and more fully studied correlative se-
quence in Dorset, and it cannot be excluded even for Glamorgan, bocause
there are, Do doubt, even thicker sequences elsewhere with more
limestooes.

5.ldooadnmnﬁmpkﬁnwrdndomhipbc(wacnnumbcrol
Lmestooes and zooal thickness, Independent of facies Thus, there is a
widespread change 1o the Blue Lias of soutbern England and south Wales
across the Planorbis-Liancus Zooe boundary from more calcareous to
more argillaccous [acies, » fact that | have interpreted as signifying s
regional ses-decpening event (Hallam, 1960). The number of limestones
per pven stratigraphic thickness is coasisteatly less in the Liasicus Zone
thas in the Planorbis Zooe. As for Weedoo's statement that “expanded
parts of parucular z00es had more beds available for cementation,” [ fadl to
soe bow this lets him off the book.

In 00 sense do | wish to discournge quanulative research oo stratal
sequences that may reveal evidence of orbital cycles, but | think that
alternations of bioturbated and laminated beds, signifying varistions in
degree of bottom-water oxygeoation, are much more promising than
limestone-shale alternatioans (Hallam, 1986b; Herbert and Fischer, 1986).
There is » further difficulty that must pot be underplayed, cven whea the
complications of dusgenesis can be discounted. In estimating cycle dura-
ton, Weedon makes the assumptioa that an ammoaite 200¢ fepresents |
m.y. This assumption, also made by others, including myself, is based oa
substantial extrapolation from pathetically few reliable rndiometric dates,
and the recognition that the sumber of ammoaite 100¢s in the porthwest
European Jurassic roughly correspoods to the number of millios yean
assigned 10 the Jurassic (Hallam, 1984; Hallam et al,, 1985). The poteotial
error is coasidersble, and the Blue Lias 200cs could signify a range o
duration from as Lirde as 0.5 m.y. 10 as much as 2 m.y. Therefore, estimates
of durstion will have & coosiderable bearing oa which, if any, of the
recognized orbital cycles are beld respoasible.
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APPENDIX FOR CHAPTER 6

TIME SERIES FOR VARIOUS FORMATIONS.




6.1 Time series for the Boom Clay Formation, around Antwerp.
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6.2 Time series for the Kimmeridge Clay Formation, Kimmeridge.
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6.3 Time series for the Toarcian section at Breggia Gorge.
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6.4 Time series for the Upper Pliensbachian section at Breggia Gorge.

SAMe = lmm e OFS
INTERVAL Liris o7 6 = O
ToTae  TEAWANESS 1 4 ime SnaLgS = 1<
MEA 50 = '
TimE &y ZoNES
THCRNESS CodE SERIES N, TN ESS cous S;:‘Jli :C-D 2o s
11¢. 1.00 s T 50. 1.200 | l;r; |
38, -1.07 Tk By 15.  =1.00 | Tlere
€C. .07 ETER 185.  1.02 o
Ze -1.0N 12 : 10. -1 u” S !
105. 1,50 T S S B R 1.0° |
240 =1.¢n0 o j 1. -1.07 jose |
70. 1.00 i} | 55, 1.00 |
14.  =1.00 Hod ; 2. =1.07 B
65. 1.00 ¥ — = ‘ 30, 1.20 |
1. -1.0n0 % hos F 1. -1.00 o3>
119. 1.07 T 5%. 1.0"N
12, -1.00 et ; 1. -1.0°0 T
219, 1.00 | 111. 1.00 1032
35.  =1.0° ot | | 10. -1.00
112, 1.0 A | 180. 1.0°
S« =1.00 lios ‘ Ao =1.0°0 e
165, 1.00 ; 75. 1.00 .
g. -1.00 | 3.0 -1.00 |t
1072 ~
193, 1.00 \os i 257, 1.0° e
S.  =1.C0 | 25, =1.00 071
“9. 1.07 o3 | L7. 1.00 —
20, -1.50 | 15. -1.00 tors
117, 1..0 1ol | 231, 1.00
10. =1.35° | 15. =1.0" to
119. 1.07 Mol i 72. 1.0°
24, =1.C0 3 14, =-1.01
£4. 1.090 Hoe 1 6L, 1.0°C (076
3. =1.00 | 22. =1.00
185. 1.00 1049 4 S6. 1.0°
7. =1.Cn § 10, -=1.00
58. 1.G0 2 226, 1.00
20, -1.00 o5 g 22, =1.09 e
54, 1.00 1CS. 1.00
. =-1.00 28. =1.0°7
224. 1.00 /7. 1.01 oTh
2. =1.00 1097 2N, -1.00
S2. 1.00 41, 1.00
1. -1.00 roc 5. =-1.0G0
222, 1.00 i LN, 1.00
8. -1.5N v fo4s | 10. -1.0"
132, 1.00 | & | 45. 1.0°0
14, -1.0n o4 o, -=1.(0
112, 1.00 § | 67, 1.0"
15. -1.00 1013 [ 12. -1.00 lo73
20. 1.G00 z 78. 1.0°
1. -1.00 g 18. =-1.0"
165.  1.00 et ¢ 57. 1.02
1¢. -1.092 10. -1.0°7
116. 1.00 o1t + 35, .00
15. =1.0°7 T 15, -1.c”
23N, 1.00 {ogo ‘ 55, 1oL
16, -1.07 T | 370 mh.L” |
37. 1.7 AT # 55. 1.
. 1L Lr Lone | . 10, =-1.0°7 , '

SUB ZaN €

ALY REuUM




194

Te G NEAS o TimeE s
SC' 1 ) C: rewes 'j‘: Teril
13. -1 ) v a . TULLAIESS o Trhe e,
RSN | =
13. _].5.,: 1oT1 ! 4, _]" ~ 10 37
25. 1.0 L 3S77. ].UA losi ]
5. -1..0 _, | ST ‘].;n ro3s ’
L5, ].,ﬂ,,-;. . ; £1, 1' - ok |
“S. - 'O; | 1Cl -].Sﬁ 'O_'S‘ i
35. 1. 0n v Y 127, s 032
12. -1.0" b ! '3 3. —1'72 S lo3i |
206, b — 42 Y% (030
1.0¢ : Mo 1.00 ¢ »
10. -1.Dh ’ | " .52, -1.2n 1029 !
<0, v (043 : 2 A, 1 f'_ 1023 l
- . Q .U
20, ‘]_Bn ; E: L5. =1.5n lo27
35. 1 ,\ ) | J‘ 98. 1 6’“ {0 26 f
. =1 E: 1063 | e?. "1.5: foz¢ |
595. 1.CN | ,' 268. 1 Eq 1o 24
35, =1,90 | 120, -1.0°7 to23 Y
285, 1 Of‘ 1067 L ; 139. 1 Q’% 1022 9
18. -1.¢27 | 1“' -1.070 -
[;9 1.0°0 o | ?l 1.30 lo2i 0
38, -1.00 065 ‘ 20 =100 3
SO. 1.0° lot4 | 41, 1.57 ! a
[, « U o » i SC o U ! 2
1"30 —].J{'T ! %) ‘ L". —‘]-L‘-\ 1020 ; §
;g' 1.0 o | fee o 1-97 |
. -1.07 : . . -1.0" 1014
160. : 94 (o ¢l | ! 62. 1 i,\ fo18
27. -1 :3“ lov8-10k0 ; 3. -1. :,\ tot7
53. 1 On tosd 212. 1.0° 1016
18. -1 OE) 105 N 35. _1-Ot; a5
73; 1',‘0 1057 s 87. 1.00 101 4
60, -1.50 tosé 29, -1.00 1013
580 1 On (o35 é_ 67. 1.00 102
AS. -1-OC 1054 E lg. -1.00 ton
315. 1.0"7 _— fos3 - S e 1.0" ioto
36. -1 W 1os2 g 53, -1.00 10cA
.OO 142 [ KT-7.
175. 1.090 {05! - 1.C2
74. _1 ~ A - -—!;;—- 2/. _1-Oﬁ {007
70, 1‘80 1050 L2, 1.0:\ {006
28 -1-0; 1049 12. -1 C’:' toos
* o U L' ‘/’ ’A‘
105, 1.40 Lot ~§' 1.07 AL too
36, =1.00 | 047 € -1.on F
S o UL Lout I8, 1.0 {0073
Ll Ja 1.0'\ o . U
17. -1.0°7 S o -1.07 {002
g -V | ous 284 :
5. 1.3°¢C ' ! 18. 1.00 ———
$3. -1.017 - ‘ e -1.0° (oo
71. ].Of" g ) | 90. 1-Jq
2 - - -— -~ tooo y__
39.  -1.0° o4 3 162 eon 5
38. 1-‘Jn —_— ”'f:. 1‘Un -‘i’
105 - ,: < . -1 a¥a! ‘1“1 Yo
* 1'U'. . Jow 1.9f\ « UL ;
7C. 1 S A . . 1.0" — f
< 7. _1'u.,_, . ot ! ! At
A, 1. T
34, “1.." o | ;
1033




195
6.5 Time series for the Middle Pliensbachian section at Breggia Gorge.
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6.7 Time series for the 'Siliceous Shales', Robin Hood's Bay.
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6.8 Time series for the Upper Birkhill Shales, Dob's Linn.
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