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The mid-Cenomanian eustatic low
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ABSTRACT:

Hancock, J.M. 2004, The mid-Cenomanian eustatic low. Acta Geologica Polonica, 54 (4), 611-627. Warszawa.

Through much of the earlier part of the Middle Cenomanian the sea-levels in western Asia, northern Europe and

the Western Interior of the U.S.A. were lower than during the later Early Cenomanian and most of the later Middle

Cenomanian. In north-west Europe the first sign of this Mid-Cenomanian Bustatic Low was just before the end of

the Zone of Cunningtoniceras inerme. There was then an abrupt and strong fall of sea-level at the base of

Milankovitch couplet C 1, early in the Subzone of Tiurrilites costatus. Sea-level continued to be low through couplets

C 1 to C 3 for some 60,000 years: this is the Mid-Cenomanian Regressive Trough. In western Germany it has been

distinguished as the Primus Event. In north Texas and the Western Interior of the U.S.A. the Trough occurred in the

Zone of Conlinoceras tarrantense which can be dated as 95.78 + 0.61 Ma. A later regressive trough occurred at the

start of the Subzone of Turrilites acutus, which is marked by the Mid-Cenomanian Event in Germany.

The overall lower sea-level from late in the zone of C. inerme to early in the subzone of T acutus is the

Mid-Cenomanian Eustatic Low. It lasted some 300,000 years.

Key words: Cenomanian, 1. costatus Subzone, Primus Event, Mid-Cenomanian Event,
Anglo-Paris Basin, Miinster Basin, north Texas, Colorado, South Dakota.

INTRODUCTION

In 1876 the French geologist HEBERT, working in the
Paris basin, noted that his ‘Craie & Inoceramus labia-
tus’ “...est terminée par un banc durci 4 sa surface sur
une épaiasseur variable de 20 4 50 centimétres, percé
de tubulures, dans lesquelles pénétre la craie tendre de
Tassise suivante....”; i.e. above the banc durci there was
a break in sedimentation (HEBERT 1876, p. 26). HEBERT
visualised that this break in sedimentation was associat-
ed with a shallowing of the sea. This seems to have been
the earliest recognition that a horizontal break in
marine sedimentation could represent a fall in
sea-level. The idea was elaborated by Barrois (1877,
pp. 173-175) who distinguished between local hard-
grounds (and associated breaks in deposition) and
those widespread enough to be called ‘oscillations
générales’.

Almost all the early studies of such lows in sea-level
in the Chalk were concentrated on the exceptionally
strong regressive trough(s) around the boundary between
Middle and Upper Turonian: the Chalk Rock of eastern
and southern England; the hardgrounds near the base of
the Pont de Caffiers Member in the Boulonnais
(RoBASZYNSKI & AMEDRO 1986). The earliest mention of
a mid-Cenomanian trough is possibly a throw away
remark by HUME (1894, p. 228). Amarzingly, the regres-
sive significance of the Rouen fossil bed and the hard-
ground beneath at Céte St. Catherine does not seem to
have been recognised until the work of JUIGNET (1971,
1980). His work is outstandingly important since his inter-
pretation of the chalk rhythm from hardground to hard-
ground (JUIGNET 1980, fig. 7a) is the first to show its rela-
tion to a transgressive-regressive cycle. The more recent
work (in ROBASZYNSKI & al. 1999) puts the development
into EXXON nomenclature but does not change
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JUIGNET’s interpretation. And JUIGNET (1980) had
already recognised that the Rouen fossil bed marked a
‘discontinuité majeure’.

I applied JUIGNET’s method more generally to the
British Chalk in the late 1980’s (Hancock 1990): hard-
grounds and condensed nodular beds in the Chalk were
interpreted as regressive troughs, i.e. lows in sea-level;
and mid-way points between hardgrounds were the dates
of transgressive peaks, i.e. highs in sea-level.

This approach is still valid but in some chalks anoth-
er line of evidence can also be used. As recognised by
Hartiv (1966), more fully developed by KAUFFMAN
(1969), and summarised by Hancock & KAUFFMAN
(1979, fig. 3), where true pelagic chalks are interbedded
with clays, the chalk:clay ratio is a measure of relative
water-depth. The same criterion is also recognised by
ROBASZYNSKI & al. (1999, p. 364). In the Cenomanian
Chalk of north-west Europe there is an apparent com-
plication to this signal: there are clay-chalk couplets
which represent Milankovitch cycles (GALE 1989b;
GALE & al. 1999). In practice this is not a problem.
While sea-levels were low, each couplet has a thicker
clay unit and a thin marly chalk unit (HART 1987, fig.
1a). While sea-levels were high, chalk dominates each
couplet; the clay content of the chalk itself is low (HART
1987, fig. 1b): this can be measured by a grey-scale
reflectance on fresh samples (HERBERT & FISCHER
1986; GALE & al. 1999).

SEA-LEVEL CHANGES IN NORTH-WEST EUROPE

There have already been recent discussions of the
Cenomanian sequence-stratigraphy in north-west
Europe, particularly by OweN (1996) and ROBASZYNSKI &
al. (1999). Their descriptions are in the terminology of
EXXON sequence-stratigraphy ‘whose jargon is leg-
endary and off putting’ (Peter Ciift, Woods Hole
Oceanographic Institution, in letter). The EXXON sys-
tem is not the only type of sequence-stratigraphy, as suc-
cinctly explained by HarLLam (1999); see also FURSICH &
al. (1992). Therefore an attempt is made here to describe
the changes during the late Early Cenomanian and early
Middle Cenomanian in simple terms.

The detailed stratigraphy is provided by AMEDRO
(1993), PAUL & al. (1994), GALE (1995) and KaprLAN (in
KaPLAN & al. 1998). The ammonite zonation goes back to
WriGHT, KENNEDY & Hancock (1984) but there have
been important modifications in the above works. The
Milankovitch couplet stratigraphy is from GALE (1995),
each couplet of marly-clay and marly-chalk probably rep-
resenting a precession cycle of 20 to 21 ky. (ROBINSON
1986; BERGER & al. 1989), illustrated by HART (1987, fig.
1a, 1b).

Open sea chalk successions, e.g. Sussex
Zone of Mantelliceras dixoni (Couplets BI to B36)

There is a break in sedimentation at several localities
at the bottom of the Zone of Mantelliceras dixoni: this cor-
responds to a minor sea-level low. At Folkestone this is
the base of Band 4 of KeNNEDY (1969). The carbonate
rich couplets B11 to B18, and particularly B13 - B17
(GALE 1995, fig. 4) correspond to a sea-level high: a peak
which in 1990 I mistakenly placed at the start of the dixoni
Zone.

There are minor oscillations in sea-level through B19
to B33, and then a low through clay dominated couplets
B34 to B39, well seen in Southerham Grey Pit near Lewes
in Sussex (GALE 1995, fig. 7a). The highest Mantelliceras
in England is in B27, but higher M. dixoni probably occurs
at Lengerich in Germany where it is recorded only 5.45 m
below the base of the Zone of Cunningtoniceras inerme
(KapLAN & al. 1998, fig. 17). Thus the low of B34-B39 is
in the highest part of the dixoni Zone and just into the
base of the inerme Zone, the lowest C. inerme being found
in England in couplet B37.

Zone of Cunningtoniceras inerme (Couplets B37 fo B42)

In their monograph on the Ammonoidea of the
Lower Chalk, WRIGHT & KENNEDY (1987, pp. 194-195)
regarded Cunningtoniceras as a derivative of Acanthoceras
and recorded C. inerme (PERVINQUIERE) from the
Turrilites costatus Subzone. GALE (1989) showed that
there are lower C. inerme, above the highest M. dixoni and
below the lowest Acanthoceras rhotomagense and Turrilites
costatus LAMARCK. These intermediate levels are now
assigned to a Zone of C. inerme. In Britain the lowest C.
inerme has been found in couplet B37 and the lowest 4.
rhotomagense (with Inoceramus fenuis MANTELL) occur in
the limestone of couplet B43.

At Rheine-Waldhiigel in the Miinster Basin the
inerme Zone is limited to couplet B42 (2.5 m) and possi-
bly the basal part of B43 (Text-fig. 1), but at Lengerich
there are about 5.6-5.8 m of inerme Zone. For interpreta-
tion of sea-level changes, one needs to use evidence from
both England and Germany.

Couplets B37 to B39 represent the end part of the
sea-level low which started near the end of the dixoni
Zone.

B40 and B41 are relatively more carbonate rich than
B39 below or B42 above, but sea-level will only have
been slightly higher. B42 has an exceptionally prominent
clay unit in the couplet, so much so that KapLAN (in
KapLan & al. 1998) uses this clay as a marker for the
base of his inerme Zone in the middle and northern part
of the Munster Basin. The chalky unit in couplet B42 is
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Fig. 1. Part of the succession in Rheine-Waldhiigel Quarry, on the north-

ern flank of the Miinster Basin, approximately 2 km south of Rheine, 40

km west of Osnabriick, Germany. Based on MEYER (1990), GALE (1995)
and KapLAN in KAPLAN & al. (1998)

also relatively argillaceous. Couplet B42 represents a
brief, sharp, lowering of sea level. This event marks the
start of the broad Mid-Cenomanian Eustatic Low.

There is another possible interpretation of couplet
B41, the couplet in which Chlamys arlesiensis (WoODS) is
widespread. Andy Gale has pointed out to me that at
several localities there is erosion beneath this bed, indi-
cating a fall in sea-level immediately prior to B41. It
could be that KAPLAN’S prominent inerme Zone marl
actually represents couplets B41 and B42 combined
without a carbonate component.

Lowest part of the subzone of Turrilites costatus (Couplets
B43 to B45).

Acanthoceras, particularly 4. rhotomagense (BRON-
GNIART), probably appears simultaneously with Tiurilites
costatus: they may represent an immigration level into
couplet B43 in north-west Europe. Couplets B44 and B45
have only been recorded in the Miinster Basin (GALE
1995, fig. 10). Even couplet B43 is only present at a few
localities in England and France, e.g. Folkestone, Lewes
and le Cran d’Escalles. It is not known for certain if there
are any more missing couplets above B45.

All these three couplets represent a slight re-rise of
sea-level after the low of B42.

The deep regressive trough early in the costatus Subzone: the
Primus Event in Germany

More than a quarter of a century ago it was pointed
out that the sequence of facies is predominantly trans-
gressive in the Upper Cretaceous of northern Europe;
regressive sequences are mostly insignificant (HANCOCK
1975, p. 93). The fall in sea-level early in the costatus
Subzone does not produce a startling effect on the lithic
succession and the scarcity of near-shore regressive sedi-
ments means that its exact dating has to be assessed from
the open sea facies.

Basinal successions: One of the most basinal succes-
sions is seen at Southerham Grey Quarry, near Lewes in
Sussex (GALE in PAUL & al. 1994, fig. 10). The base of
the couplet Cl1 is sharp and underlain by Chondrites indi-
cating that this is an omission surface. Not only are cou-
plets C1 to C3 so argillaceous that they are difficult to
distinguish as distinct couplets, their combined thickness
of 2.28 m is equal to 6% couplets in the higher part of the
T costatus Subzone. At least two couplets were eroded
away during the sharp fall in sea-level before C1 and the
large amount of clay in CI to C3 is a measure of how
deep the trough was. The end of the really deep part of
the trough was relatively abrupt, with deposition of cou-
plets C4 to Cb.
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There is evidence of widespread erosion beneath
Couplet C1. It rests on B45 at Wunstorf and Rheine in
Germany (GALE 1995); on B44 at Lengerich; on B43 at
Folkestone, Lewes and Cran d’Escalles; B42 at
Eastbourne and Culver Cliff (Isle of Wight); B41 at
Ventnor (Isle of Wight). And there may be younger cou-
plets above B45 and below C1 still to be discovered. At
Wunstorf, 25 km west of Hannover, where this is one of
the most basinal successions in the Cenomanian of north
Germany, there are prominent basal scours beneath C 1
{Markus WILMSEN and Birgit NIEBUHR, personal commu-
nication).

If the trough extended through three couplets, this
would indicate a duration of at least 60 k.y., but of course
if the succession below C1 is incomplete, it may have last-
ed longer.

Chalk successions influenced by underlying massifs: On
the northern and eastern flanks of the Minster Basin and
on the northern flank of the Harz Massif in the Lower
Saxony Basin the strong trough is represented by a dis-
tinctive set of beds known as the Primus Event from the
occurrence of the belemnite Actinocamax primus
ARKHANGELSKY. The fullest succession is possibly seen at
localities in Miinsterland, described in detail by MEYER
(1990). On top of couplet B45 there are 4.5 to 6.4 m of
coarser chalk (calcisphere-wackestones) containing possi-
bly as many as seven couplets (MEYER 1990, fig. 25) sug-
gesting a duration of the effect of perhaps 150 k.y. But at
basinal Wunstorf also the Primus Event is developed
(MEYER 1990, fig. 4).

Even in the Primaus Event beds, A. primus is not com-
mon, but there is a distinctive fauna — one of the ‘pulse
faunas’ of JEANS (1973), his Orbirhynchia Band 2 (JEANS
1968). MEYER (1990) mentions thin-shelled bivalves (e.g.
Entolium), brachiopods (Orbirhynchia mantelliana,
Grasirhynchia martini), serpulids, solitary corals and small
gastropods. All authors note the prevalence of Chondrites
beneath omission surfaces The faunal features of the
Primus Event are seen in other areas. Thus at Folkestone
in England the basal 3/4 m is the Cast Bed of Price, famous
for its composite moulds of gastropods. In the Pas de
Calais the Primus Event is seen at le Cran d’Escalles in
Bed 17 of AMEDRO (1993).

A more spectacular development of the equivalent of
the Primus Event is seen over the London-Brabant High
in eastern England, where it is represented by the
Totternhoe Stone. At some places, e.g. Chinnor (25 km
south-east of Oxford), there is less than a metre of
Totternhoe Stone underlain by small scours (SUMBLER &
Woobs 1992). In other areas, including Totternhoe itself
(3 ke west of Dunstable), there are major erosional chan-
nels, tens of metres or more across, giving rise to thick-
nesses of the Stone up to 6 m (SHEPHARD-THORN & al.

1994; HopsON & al. 1996); these sometimes cut down to
the Zone of Mantelliceras mantelli in the lower Lower
Cenomanian. At an intermediate locality, such as
Houghton Regis (north of Dunstable), where the
Totternhoe Stone is 3.8 m thick, the chalk matrix is coars-
er at the base and fines upwards. Near the base there are
pebbles of phosphate and brachiopods floating in the
chalk, rather than as a basal lag. Thomas MEYER has
pointed to me that this is a debris-flow; there was a suc-
cession of these at some localities. The total fauna known
from the Totternhoe Stone, which includes A. primus (see
CHRISTENSEN 1990), is large (see WORSSAM & al. 1969,
58-59; SUMBLER & Woo0DSs 1992; SHEPHARD-THORN & al.
1994). It probably represents a condensation of most of
the Subzone of Tirilites costatus.

Brack (1980, fig. 11) produced a detailed mechanical
analysis of Totternhoe Stone from Burwell, 7 km
north-west of Newmarket. The bulk of the material in
Black’s sample was sized a little below 0.04 mm, i.e. very
fine sand on the Atterberg scale but coarse silt on the
Wentworth scale. Most of this material was shell frag-
ments, inoceramid prisms and benthic foraminifera, but
about 3% is quartz sand. Coccoliths and coccolith debris
make up no more than 10% of the rock and were proba-
bly the matrix of a debris-flow.

The subzone of Turrilites costatus above the Primus Event
and the subzone of Tarrilites acutus

Although there is a rise of sea-level after the Trough
of the Primus Event, with a return to the normal sedi-
mentation of chalk and marl couplets in basinal regions, it
did not return to the highest sea-levels of the peaks in the
Mantelliceras dixoni Zone, e.g. during couplets B13-1317.
All through the Subzone of T costatus the sea-levels were
on the low side. At the start of the Subzone of Tiurilites
acutus there was another trough. During most of the T
acutus Subzone there was a distinctly higher sea-level
again (Text-fig. 2).

This general picture shows well in the Minsterland
sections (Text-fig. 1). KapLan (1998, figs 23-24) for
Rheine-Waldhiigel records ‘kalkmergelstein’ for most of
the costatus Subzone but ‘kalkstein’ for the acutus
Subzone. At the boundary between the two subzones is
the ‘Mid Cenomanian Event’. At Rheine thisis up to 3.7
m thick and contains at least three couplets; towards the
Teutoburger Wald there is an erosion lag with graded
chalk (MEYER 1990). In the Lower Saxony Basin, at
places like Salzgitter, there is a hardground with ‘solu-
tion pebbles’ (ERNST & al 1983). Clearly this ‘Mid
Cenomanian Event’ is a brief (c. 70 k.y.) but sharp fall
in sea-level.

A similar pattern is seen at Eastbourne in Sussex
where the records of KENNEDY (1969) show that the acu-
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tus Subzone, particularly the upper half, is distinctly more
calcareous, and the costatus Subzone more argillaceous.
The equivalent of the Mid Cenomanian Event is found in
KenNEDY’s Band 6 with some 3V, couplets, the limestones
being nodular as appropriate facies during a fall in
sea-level. These beds are KENNEDY’S Orbirhynchia mantel-
liana Band. MEYER (1990} has pointed out that the Mid
Cenomanian Event in Germany corresponds to the
‘mid-Cenomanian non-sequence’ of CARTER & HART
(1977): in the chalk of couplet Cl1 above the
‘Orbirhynchia Band’ — but not in the band itself — there is
an abrupt increase in the ratio of planktic:benthic
foraminifera corresponding to the deepening of the sea
with the acutus Subzone (CARTER & HArT 1977, fig. 12),
which they equated with an increase in water depth at the
base of the Lincoln Limestone in Colorado.

The interpretation of the section at Grand Blanc-Nez,
west of Calais, is not quite so clear. The clay rich couplets
immediately above AMEDRO’s 3rd niveau 4 Orbirhynchia
mantelligna in his Unit 19 possibly correspond to the Mid
Cenomanian Event (AM£DRO 1993, fig. 3). This Event
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Fig. 2. Relative sca-level changes through the late Earth Cenomanian and
carly Middle Cenomanian, based on evidence in text. The succession of

couplets is from GALE (1995)

does not seem to show up in the Calais area from the won-
derfully detailed study of GRAFE (1999).

Summary (Text-fig. 2)

Sea-level reached a high early in the M. dixoni Zone
and then fell back. A broad and shallow but distinct low
occurred during the latest dixoni Zone and through much
of the inerme Zone. Near the end of the inerme Zone
there was a brief sharp trough which marks the start of the
general Mid-Cenomanian eustatic low, a dating recog-
nised some years ago (Hancock 1993). There was a faint
recovery of sea-level at the very beginning of the
Acanthoceras rhotomagense Zone, T. costatus Subzone.
Early in the costatus Subzone there was a rapid and very
large drop in sea-level: this was the mid-Cenomanian
eustatic Trough. Regression during the Trough cut down
into earlier chalk. In most places, even in the basins, the
earliest part of the costatus Subzone is missing. In some
places much of the inerme Zone may be lost. In chalk suc-
cessions over structural highs the trough induced the pro-
duction of winnowed micro-wackestones and mass-flow
deposits: the Primus Event in Germany.

Comparison with the succession in the Western
Interior seaway in the United States suggests that
nowhere onshore in north-west Europe is the sedimenta-
ry record complete across the Trough: the deepest part of
the Trough is unrepresented. This would make it easier to
understand that whilst C1 to C3 (and particularly C1) rep-
resents a fow in sea-level, the sediments in C1 to C3 are
transgressive. See discussion of the Thatcher Limestone
in section 3 below. If this sounds an unlikely speculation,
one should remember that it is now reckoned that there
are no sediments representing 1 - 2m.y. across the Albian-
Cenomanian boundary in north-west Europe (GALE & al.
1996).

Sea-level only partly recovered during the later costa-
tus Subzone, only to be hit by another sharp drop in
sea-level at the end of the costafus Subzone. Sea-level
started to fall before the end of the cosfatus Subzone, but
the second rather deep trough of the Middle
Cenomanian, lies very early in the acutis Subzone. It was
only during the deposition of the main part of the T acu-
tus Subzone that sea-levels recovered to the heights that
they had reached during the dixoni Zone peak.

Even the mid-Cenomanian eustatic Trough early in
the costatus Subzone is not that obvious in most chalk suc-
cessions. In their survey of ‘cvent stratigraphy’ of north-
west Germany, ERNST & al. (1983) did not even recognise
a Primus Event with its concomitant strong fall in
sea-level. To get some measure of how severe the early
costatus drop really was, one has to go to the margins of
chalk basins, but it is not practicable to discuss all margins
of all basins.
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Chalk successions towards the margins of basins

Because there was little erosion on the remaining land
areas during the Cenomanian (discussed in HANCOCK
1975), any drop in sea-level shows up as a hardground or
the development of nodular chalk in the Chalk succession,
even perhaps no more than 50 km from the shoreline.

South-west England

In spite of later work, all the essential detail is avail-
able in KENNEDY (1970). There were small earth move-
ments in this region during the Cenomanian (e.g. SMITH
1957, 1961; DruMMOND 1970), but these only produce
local variations. It is a region of extreme condensation,
the whole of the Cenomanian being only a metre or two
thick on much of the coast (SmiTH 1965).

The dixoni Zone peak is represented by Bed A of
JUKES-BROWNE and HiLL on the Dorset-Devon coast; a
shelly limestone containing a little quartz-sand which
often rests directly on Upper Greensand facies (highest
Albian or basal Cenomanian) (SMrTH 1961).

Inland, the dixoni Zone peak is represented in the
higher grizzle facies (nodular calcareous sandstone) in the
upper part of the Wilmington Sands.

No evidence has been produced of an inerme Zone
in this region and only at a few localities has any costa-
tus Subzone sediment been formed and survived, e.g. in
the pebbles of phosphatised calcareous sandstone with-
in the highest grizzle facies at the top of the Wilmington
Sands.

The Mid-Cenomanian Regressive Trough, indeed, the
whole mid-Cenomanian eustatic low, is seen on the
prominent hardground (named on the coast as the King’s
Hole Hardground by JArRvIS & WOODROOF 1984) which is
overlain by various sorts of limestones with a phospha-
tised acutus Subzone at the base, e.g. Snowdon Hill,
Chard; Maiden Newton, north-west of Dorchester. At a
few places, e.g. Small Point on the west side of the beach
at Beer, west of Seaton, glauconitic sandy limestone (Bed
B) which is probably acufus Subzone, rests directly on
Upper Greensand.

Normandy

The extremes of marginal developments seen near the
Devon-Dorset border have not been preserved in
Normandy, but there are also several differences from
central Dorset. In particular the Cenomanian on the Pays
de Caux coast in northern Normandy contains glauconite
and chert which are almost absent in mid-Dorset. Like
south-west England, there were minor earth movements
but not sufficient to interfere with the pattern of sea-level
controls.

This is the region of the Rouen Fossil Bed, known to
geologists for some two centuries, but this is not the best
place to start the description because it is so condensed.
The detailed sections by JUIGNET in JUIGNET & KENNEDY
(1976) show that the successions at places like the Falaise
du Cap Fagnet (their fig. 7) and the Carricre de la Vallée
at La Perriere (their fig. 13) contain two Rouen hard-
grounds: the lower one, ‘Rouen No. 1 Hardground’, lies
near the base of the Subzone of T costatus; the higher
one, ‘Rouen No. 2 Hardground’, appears to be within, or
close to the base of the Subzone of T’ acutus. These two
correspond to the Primus Event and the Mid-
Cenomanian Event of Sussex and the Miinsterland.

At la Cote Sainte-Catherine in Rouen (JUIGNET &
KENNEDY 1976) these two hardgrounds have coalesced.
Rouen lies over a structural high, the Ride de Rouen
(JuiGnET 1980). The phosphatised fossils on this joint
hardground are mainly costatus Subzone material but
include acutus Subzone forms. There does not seem to be
evidence of the inerme Zone which was either never
deposited or removed by erosion during the
mid-Cenomanian eustatic low, deposition as no more
than phosphatised fossils starting in the later part of the
costatus Subzone and continued into the acufus Subzone.
Only during the later part of the acufus Subzone was
sea-level high enough again for ordinary sedimentation of
glauconitic chalk to return. '

Rouen No. 1 Hardground is still developed at the base
of the glauconitic chalk of the Craie de Théligny in Maine,
16 km south of Nogent-le-Rotrou, some 130 km south of
Rouen. There is some indication that older elements
occur in the phophatised ammonites as one goes south-
wards because Cunningtoniceras inerme is recorded from
the base of the equivalent of the Craie de Théligny at la
Perriére, 29 km west-north-west of Nogent-le-Rotrou
(KeNNEDY & JUIGNET 1993). Cunningtoniceras has been
figured from Nogent-le-Rotrou itself (KENNEDY &
Hancock 1970, pl. 93, fig. 2)

Marginal facies with clastics

In spite of a non-seasonal climate and low relief on
the land, there were some regions in north-west Europe
where clastic sediments formed at the margins of the
basins. In central Europe in northern Bohemia and
south-cast Germany the regime was different and there
are thick clastic successions (HANCOCK 1975).

In some marginal areas the Middle Cenomanian is
absent and there is no record of the eustatic low being dis-
cussed here. On the south-western border of the Miinster
basin the upper Upper Cenomanian Zone of
Metoicoceras geslinianum rests directly on the Lower
Cenomanian (Zone of Mantelliceras saxbii ~ WIEDMANN
& SCHNEIDER 1979).

e e AR R et e e )

A
5
3

Y T Y

N T

P

1
:
4
3
E



THE MID-CENOMANIAN EUSTATIC LOW 617

Le Mans area, Maine

This basin-marginal region, of mostly arenaceous sedi-
ments, is more difficult to interpret than might be expect-
ed. There are now few exposures in the hillside (‘La Butte
du Mans’) on which much of older Le Mans is built.
Piecing together data from a borehole put down north of
the Gazonfier suburb, recorded in outline by JUIGNET
(1973), and a section seen in the 19th century in the foun-
dations of the tram station on the south side of the hill,
recorded by GUILTIER (1886, fig. 35), the succession is:

Sables et Grés du Mans 16.8m
with argile grise (0.8 m) at base (eustatic trough)

Sables et Gres de 1a Trugalle 24.0 m

with coarse glauconitic sandstone (this sandstone
represents containing Anorthopygus orbicu-
laris a hardground immediately (Grateloup) and
numerous other beneath the mid-Cenoma-
nian fossils, surmounted by sandy clay eustatic
trough) at top (1.4m).

Elsewhere in the Sarthe the Anorthopygus sandstone is
equated with hardgrounds: the Dollon Hardground and
the Théligny Hardground. The ammonite fauna known
from the Sables et Grés du Mans shows that its basal part
belongs to the Subzone of T costatus (JUIGNET 1974, 1977,
KeNNEDY & JUIGNET 1983, 1993). Hence the sea-level
interpretation given above. The argile grise at the base
can be interpreted as the transgressive sediment following
the mid-Cenomanian eustatic low.

Thus the eustatic Trough is not conspicuous in this
near-shore succession. It is not until one gets about 30 km
east and north-east of Le Mans where the Craie de
Théligny, representing the deeper water of the higher part
of the costatus Zone, starts to be developed, that one sees
a sharp vertical change of facies.

Only the summit of the underlying Sables et Gres de
la Trugalle has ever been seen at Le Mans itself.
Although there have been exposures at Yvié-I'Evéque
and at La Trugalle near Le Mans, neither showed criti-
cal parts of the succession. One has to go 10 km
north-east of the centre of Le Mans to Savigné-
T’Evéque where there are two small cycles of sea-level
change in the upper part of the Formation. The lower
cycle, some 3% m thick, is a clearer development
(JUIGNET 1968, fig. 7; 1974, fig. 111A). It starts with
deeper water fine grained glauconitic sands. On top of
this are cross-bedded coarse sands: a small development
of sandsteinbank facies deposited in water shallow
enough to be tidally controlled (Hancock 1975). On
top of the sandsteinbank lithology is a carbonate-
cemented hardground (‘Longueville no. 1°).

These shallow water cross-bedded sands and hard-
ground on top possibly correspond to couplet B42 in basi-
nal successions at the top of the inerme Zone. If this is
true, the top part of the Sables et Gres de la Trugalle will
fall into the Subzone of T costatus. Only a few ammonites
are known from this formation and most of them clearly
belong to the Zone of M. dixoni (e.g. Mantelliceras dixoni
SpatH, formerly recorded as Metacalycoceras orbignyi
COLLIGNON). Older records are sometimes suspect
because of uncertainties over the boundary between the
Gres de la Trugalle and the Greés du Mans. There are still
modern records of Turrilites costatus itself from the upper
part of the Grés de Lamnay (which are believed to be
equivalent to the Grés de la Trugalle) by KENNEDY &
JUIGNET (1983). According to WRIGHT. & KENNEDY
(1996, p. 358): “Turrlites costatus is common in the lower
half of the Acanthoceras rhotomagense Zone, where it
serves as a subzonal index. Records from the Lower
Cenomanian are based on fragments of other taxa’.

The recovery of sea-level through the costatus, and
more particularly the acutus Subzone, are seen in the
Sables et Grés du Mans. The higher sea-level after the
mid-Cenomanian low, at the base the formation, is
shown by the development of greensand facies, particu-
larly near the summit of the Sables et Gres du Mans.
Rouen No. 2 Hardground may once have been exposed
in the lower part of the Carriéres de Butte du Mans
(GUILLIER 1886, fig. 36) but has not been detected in
recent years.

County Antrim, Northern Ireland

The Trough is probably represented by one of the lev-
els with phosphatic nodules in the top part of the
Glauconite Sands of the Hibernian Sandstones Group.
Actinocamax ? primus is known from several specimens
from four localities in Co. Antrim (Hancock 1961;
CHRISTENSEN 1990).

The lesson of Antrim is that the mid-Cenomanian
eustatic Trough was not great enough to always show up
in a marginal succession. The whole of the Cenomanian in
Antrim is only 2-13 m thick.

Central Europe

On the flanks of the Bohemian Massif in the Czech
Republic and in Saxony (Germany) marine Middle
Cretaceous is absent, cven in the Dresden Trough, and
is represented by the non-marine Niederschéna
Formation (Saxony) and the Peruc Formation (TROGER
1996). Since there is marine upper Lower Cenomanian
(Meissen Formation), this non-marine Middle
Cenomanian is probably mainly the result of a regional
tectonic uplift.
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Eastern Europe to central Asia

Only a few localities can be mentioned here, but in all
of these the affects of non-deposition and submarine ero-
sion during the mid-Cenomanian was severe.

In the Central Polish Uplands there was a tectonic
interference, with the result that the Cenomanian is usu-
ally condensed (MARCINOWSKI & RADWAKSKI 1989). Thus
at Annopol, 63 km south-west of Lublin and on the
north-east flank of the Holy Cross massif, there is only 2.7
m of Cenomanian: the Lower and Middle Cenomanian
faunas are so mixed by re-working that it is probably
impossible to know how much is missing. In the Polish
Jura Chain at places like Sucha and Glanéw, around 35
km north-north-west of Krakéw, condensed upper rho-
tomagense Zone rests directly on the Mantelliceras mantel-
i Zone (at Sucha), or even on the Oxfordian (at Glanéw)
(MARCINOWSKI 1974).

Even relatively expanded chalky successions in this
vast region, such as that at Selbukhra in the Crimean
Highland, around 30 km south of Simferopol, show a
large break (MARCINOWSKI 1980; NAIDIN & ALEKSEEV
1981; GALE & al. 1999). Submarine erosion went down to
the top of the dixoni Zone and sedimentation did not
re-start until near the end of the costatus Subzone.

In the Mangyshlak Hills in western Kazakhstan there
was not quite so much erosion during the eustatic low, but
sedimentation did not resume until the high Middle
Cenomanian Zone of Acanthoceras jukesbrownei (NAIDIN
& al. 1984; MARCINOWSKI & al. 1996; GALE & al. 1999,
figs 4 and 6).

In all these three areas the amount of the succession
missing in the lower Middle Cenomanian is too great to
elicit the sort of detail which is possible in north-west
Europe.

US.A.: COLORADO, SOUTH DAKOTA, TEXAS
The Rocky Mountain Seaway (Text-fig. 3)

During most of the Late Cretaceous there was a sea-
way-connection, up to 1,400 km wide, between Arctic
Canada and Mexico. As world sea-level rose and fell the
boundaries of this linear “Western Interior” basin widened
and narrowed. Of course, these transgressions and regres-
sions were also affected by earth-movements, such as the
Sevier Orogeny and carly part of the Laramide Orogeny.
Overall the combination of tectonics and eustatic changes
are reflected in a pattern of facies which has been studied
for many years: see particularly WEIMER 1960, 1984, 1986;
KAUFFMAN 1969; KAUFFMAN & al. 1969; MCGOOKEY & al.
1972; DYMAN & al, 1994). For the interaction with tecto-
nics, see MEREWETHER & COBBAN (1986).

The western side abutted the proto-Rockies which
provided large quantities of detritus into the
seaway-basin. On this side the position of the shoreline is
often relatively easy to fix. The lower lying land on the
eastern side suffered little erosion and the eastern limits
of the seaway are often uncertain.

A map of the time under discussion is provided by
CoBBaN & al. (1994, fig. 4). Pueblo in Colorado was
around the middle of the seaway, about 250 km east of the
western shoreline. Maverick Junction in South Dakota
was also around the middle of the seaway, about 300 km
west of the eastern shoreline. The Fort Worth — Dallas
area was more part of the Gulf of Mexico Basin rather
than the Western Interior Seaway.

Colorado

The relevant succession in Colorado is well described
by CoBBAN & Scotr (1972). In the middle of the
Graneros Shale (a grey, fissile, silty clay) is developed a
prominent thin limestone, the Thatcher Limestone
Member (Text-fig. 4). Only centimetres beneath the lime-
stone there is a persistent bentonite (CoBBAN & SCOTT
1972, fig. 6). There has been erosion beneath this ben-
tonite, although the length of the break is unknown. The
shale sediment only resumed for a few cm before there
was more submarine erosion. On this erosion surface the
Limestone itself was deposited. In the sections around 200
- 500 m east and north-east of the dam of the Pueblo
Reservoir in southern Colorado the Limestone forms a
prominent feature in the hillside. It varies between 0.2 and
0.4 m thick (occasionally going down to 0.15 m) because
the base is strongly erosive; there is a sharp top but no
great break other than a burrowed surface beneath the
higher Graneros Shale.

At Pueblo the Thatcher Limestone is largely massive
but in more weathered sections at Old Hatchet Ranch, on
Greenhorn Creek, south of Pueblo, the Limestone is
divided into at least six beds, some of which are them-
selves laminated calcarenites; some contain mud-flake
pebbles.

When Graneros Shale sedimentation re-started it is
not only micaceous and silty but contains cm long lenticles
of fine sand. Perfect preservation of laminations confirms
the complete absence of benthos, i.e. the smothering of
carbonate forming organisms was rapid, and sea-level rise
was probably rapid.

The interpretation of the succession through the
Thatcher Limestone needs some careful argument. The
Limestone itself reflects a water-depth shallow enough to
allow carbonate building organisms to flourish. Maximum
useful light penetration is almost 100 m but for the
Thatcher Limestone something in the range of tens of
metres is more likely. The occurrence of Ostrea beloiti
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LoGaN indicates water probably no more than 15 m deep
(KaUFFMAN & al. 1977). The Graneros Shales, both below
and above, is probably deeper: hence the scarcity or
absence of benthos, even burrowers.

Another way of Iooking at this succession is in terms
of the standard lithologies of KAUFFMAN (1969), related
to regressions and transgressions in the Western Interior
(HaNcock & KAUFFMAN 1979). The Graneros Shale is
targely his lithology 6: dark clay-shale, finely laminated,
possibly more than 60 m water-depth. The Thatcher
Limestone is his lithology 4a: shallow water, rusty brown
calcarenites; water-depth no more than 15 m. The high-
er the lithology number, the deeper the water. So in
going from Graneros Shale beneath the Limestone into
the Limestone itself one is not merely going into shal-

115° 113°  111° 109°  107°  105°

lower water, but a jump in shallowing: lithology 5 (which
is a shale with numerous septarian and carbonate con-
cretions) is not represented.

The degree of the erosion beneath the Thatcher
Limestone is unknown but it must have been substantial
since south of Pueblo it has gone down below the ben-
tonite. The Limestone, although a shallower facies than
the enclosing Graneros Shale, is a transgressive deposit on
the erosion-surface at its base (KaurFman & PRAIT
1985).The Thatcher Limestone transgression is described
by CoBBAN & al. (1994) who showed that the transgres-
sion extended along the Rocky Mountain seaway into
Canada. The pre-Thatcher Limestore erosion is so
marked that it must represent a very rapid drop in
sea-level.
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Fig. 3. Position of localities in the U.S.A. mentioned in the text (derived from COBBAN & al. 1994, fig. 4)
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Pueblo Dam, Colorado

-+ — - Shale
. —\  dark-grey, silty;
s very fissile

1 metre

&—~sharp top
red-brown limestone
largely massive
Thatcher Limestone
‘¢—sharp erosive base

bentonite 95.78+/- 0,61Ma

1 fo
|

Graneros Shale

Shale
grey, very silty

Thatcher Limestone has yielded
Inoceramus eulessanus
Borissiakoceras compressum
Cunningtoniceras cunningtoni
Conlinoceras gilberti - common

Fig. 4. Part of the section around 500 m east of the dam in Pueblo State

Recreational Park, south-east Colorado. The date of the bentonite is

from OBRADOVICH (1994). Ammonite records are from COBBAN &
ScotT (1972)

The ammonites known from the Thatcher Limestone
include: Conlinoceras tarrantense (Adkins) - the most
common ammonite by far (see COBBAN & ScotT 1972, fig.
7); formerly recorded as Calycoceras (Conlinoceras) gilber-
ti CoBBAN & ScotT; used as a zonal index.
Paraconlinoceras leonense (ADKINS), Cunningtoniceras cun-
ningtoni (SHARPE), Borissiakoceras compressum COBBAN;
Turrilites scheuchzerianus Bosc, Tumilites actus Passy. In
addition there is the stratigraphically valuable inoceramid,
Inoceramus eulessanus STEPHENSON, C. cunningtoni is now
known to be mainly a species of the Zone of C. inerme
(GALE & al. 2002). T acutus characterises its own subzone,
and is known to extend above the Thatcher Limestone into
the highger Graneros Shale. Thus, in terms of the north-
west European succession, the Thatcher Limestone repre-
sents a sea-level low from couplet B42 (possibly even as
low as B37) up to couplet C10 (see Text-figs 2, 7).

The Thatcher Limestone is obviously condensed. Its
0.2 to 0.4 m is represented by about 8 m in the chalk-
marl facies at Escalles near Calais (AMEDRO 1993); and
by about 28 m of marly clays and marly limestones at
Vergons in the Vocontian trough in Provence (GALE
1995).

South Dakota (Text-fig. 5)

The critical section at Maverick Junction in South
Dakota has not previously been described in detail. I am

indebted to Bill Cobban of the U.S. Geological Survey for
introducing me to the region and giving me details of the
fossils he has found. Although this area is a similar dis-
tance from a shoreline as Pueblo, there was less detritus
available.

The main part of the Belle Fourche Snare is of black
laminated shales, possibly even less aerated than the
Graneros Shale of Colorado.

It is possible that the thin beritonite corresponds to
the bentonite beneath the Thatcher Limestone. It was not
possible to detect if there was sub-bentonite erosion.

The Junction Bed (Text-fig. 5) has yielded Conlino-
ceras tarrantense, Borissiakoceras compressum and Inoce-
ramus eulessanus, and clearly correlates with the Thatcher
Limestone but is a very different lithology. It is even pos-
sible that the 10 cm limestone on top of the Junction Bed
is the actual equivalent.

The Junction Bed lithology is not easily interpreted
and although only 1/, m thick, may involve several sedi-
mentological environments. The quartz sand indicates
shallower water than the rest of the Belle Fourche
Shale. The clay pebbles show that there was contempo-
raneous re-working. The rapid changes in lithology sug-
gests condensation. This Junction Bed is the South
Dakota represetative of the Mid- Cenomanian Eustatic
Low, but the evidence is not tight enough to fix the
lower and upper limits in time.

Maverick Junction, South Dakota

Calcareous Sandston
roughly but thinly bedged

1 metre

slightly sandy, cavernous rough
limestone, limonite cemente

Poorly bedded clay, containing
angular granules and small
pebbles of grey clay and streaks

of white quartZ sand; much gypsum

15 to 1om sand

|
0.25m !O'""' 2m —— P

Junction
Bed

thin bentonite

Shale; black, laminated,
jarositic.
isolated fish scales

1/2
|
Belle Fourche Shale

<— i5m+
|

|
l

2cm bed rich in fish-teeth
and scales 3.35m below
junction bed

Junction Bed has yielded Acanthoceras,
Inoceramus eulessanus,
Borissiakoceras compressum
Conlinoceras tarrantense

Fig. 5. Part of section in hillside beside route 79, opposite the Dakota Rose
Restaurant, 7 km south-east of Hot Springs, Fall River County, south-west

South Dakota. Ammonites from records of Dr. WA, COBBAN
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Texas (Text-fig. 6)

Although there was often a marine connection across
New Mexico and western Texas between Mexico and the
western interior seaway, the Cretaceous of Texas lies in
the Gulf of Mexico Basin. This is emphasised because the
pattern of sea-level changes in Texas is often not that of
the broad eustatic pattern, whether one uses the standard
of HancocK & KAUFFMAN (1979), HAQ & al. (1989), or
Hancock (1990) for the British Isles. This discrepancy
was already recognised by YOUNG (1986) in his study of
sea-level changes over the San Marcos Platform in central
Texas. It has recently been found to be true for the main
rise in sea-level from Turonian into Coniacian in the
Dallas area (HANCOCK & WALASZCZYK 2004). In the Gulf
of Mexico Basin there were broad movements of the crust
of the type which used to be called ‘epeirogenic’.

On the other hand, fine details of eustatic movements
can often be picked out, specially if they were strong
enough. These complications mean that one needs to con-
sider a greater part of the succession than has been done
for Colorado and South Dakota.

Part of the Lower Cenomanian Zone of Mantelliceras
mantelli extends as marine sediment from north Texas
(main part of the Grayson Matl) to the far south-west as
Buda Limestone, a distance of some 800 km. The top part
of the Grayson Mail (above the Modlin Limestone) in the
Fort Worth — Dallas area belongs to the local Zone of
Budaiceras hyatti. This Zone probably ranges from the
upper part of the M. saxbii Subzone into the M. dixoni
Zone in European terms (HANCOCK & al. 1994). Hence
the overlying Woodbine Formation probably belongs to
the Zone of M. dixoni since the Woodbine Formation
itself is overlain by the Zone of C. tarrantense.

The Woodbine Formation contains some marine fossils
(mainly gastropods and bivalves such as mytilids) at several
levels, but no ammonites or inoceramids. Most of the
Formation in the Fort Worth — Dallas district is a ‘coastal
barrier facies’ and ‘channel-mouth bar facies’ (OLIVER
1971). There is a detailed and complicated litho-
stratigraphy, best described by DobDGE (1969; fig. 2 of
Donae is reproduced by KENNEDY & CoBBaN 1990, fig. 2).

DoDGE recorded a break between his Arlington
Limestone Member (at the top of the Woodbine
Formation) and the overlying Tarrant Formation at the
base of the Eagle Ford Shales Group (Text-fig. 6). At
Fort Worth — Dallas Airport the top of the Arlington
Limestone is an undulating surface studded with oys-
ters. Nearer Dallas the base of the Tarrant Formation is
said to be on a marked unconformity with a basal phos-
phatic conglomerate (BROWN & PIERCE 1962).

The bottom metre of the Tarrant Formation repre-
sents the sudden return to full marine conditions and
yields: Conlinoceras tarrantense (common), Metengono-

ceras dumbli (CRAGIN) (common), Paraconlinoceras bar-
cusi (JONES). Cunningtoniceras ineme, Forbesiceras conlini
STEPHENSON, Turrilites dearingi STEPHENSON (rare). The C.
inerme gives a correlation with the inerme Zone of Europe;
the C. tarrantense correlates with the Thatcher Limestone,
at least in part. T dearingi is similar to T acutus and is often
regarded as a synonym: if so the basal part of the Tarrant
Formation embraces the same stratigraphic range as the
Thatcher Limestone: inerme to basal acutus Zone.

Fort Worth - Dallas Airport

Tarrant Formation

orange - brown clay

with bedding of

marly limestone lenticles.
Carbonate concretions

yield Conlinoceras
tarrantense {(commony,
Cunningtoniceras inerme,
Metengonoceras dumbli, etc

Eagle Ford Shales

&~ surface studded with oysters

Arlington Limestone

shelly limestones
alternating with grey matls

(No clear boundary
between Arlington
and Lewisville Units)

Lewisville Unit

light grev clays

Woodbine Formation

Fig. 6. Section beside stream spillway, south-east of control gates at airport
entrance on south side of Fort Worth-Dallas airport. Section measured in
1973. Ammonite records from Hancock & al. (1994). Those readers
familiar with the geology of north Texas may note a potential anomaly in
this section. Following STEPHENSON (1952) the highest unit of the
Woodbine Formation is the Templeton Member which is high Middle
Cenomanian and low Upper Cenomanian (HANCOCK & al. (1994), ie.
much younger than the Tarrant Formation of the Eagle Ford Group. The
Templeton Member is 00nly known some distance to the north of Dallas
— Fort Worth, mainly in Grayson County. Either the Woodbine Formation
- Eagle Ford Group boundary is extraordinarily diachronous, or the
Templeton Member is really a partial synonym of the Britton Formation
of the Eagle Ford Group. The problem does not affect the subject of this
paper. For more discussion of this problem see NorTON (1965, p. 55)
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That the basal metre of the Tarrant Formation does
not range above the low part of the T acutus Subzone is
shown by the fact that the higher Texas Zone of
Acanthoceras bellense is itself still within the acutus
Subzone (HaNCOCK & al. 1994, section 21).

Thus the Fort Worth succession is similar to that at
Pueblo in that both have a C. inerme Zone transgression
resting on an erosion surface. But the Thatcher
Limestone in Colorado rests on a deeper water facies; the
base of the Tarrant Formation rests on a distinctly shal-
lower water facies in the Woodbine Formation. In fact,
the whole of the Woodbine and Tarrant Formations indi-
cate relatively low sea-levels in north Texas at this time. As
one goes southwards from Fort Worth towards the San
Marcos Platform, both formations disappear. By 60 km
south-south-west of Waco the Zone of Acanthoceras bel-
lense (equivalent to part of the T’ acutus Subzone) repre-
sented by the Bluebonnet Member in the Lake Waco
Formation, rests directly on one of the Graysonites zones
in the Grayson Marl (probably the equivalent of the lower
part of the Mantelliceras mantelli Zone). Put another way,
the whole of the upper part of the mantelli Zone, the
dixoni Zone, the inerme Zone and the costatus Subzone of
Europe are all missing (see WILLIAMSON in BARNES 1970;
ADKINS & Lozo 1951; KeEnNNEDY & CoBBAN 1990;

Hancock & al. 1994). This is the ‘mid-Cenomanian
unconformity’ of SALVADOR (1991, 418-422).

Other regions

A major eustatic fall and subsequent rise in sea-level
will not be limited to a belt from central Asia through
northern Europe to the U.S.A. There is scope for investi-
gation in other regions.

GaLE (1995) has recorded appropriate lithological
changes in the Vocontian Basin.

In Tunisia, ROBASZYNSKI & al. (1993) have examined
in detail the Cenomanian succession in the area east of
Kalaat es Senam, around 200 km south-west of Tunis.
They record a ‘lowstand wedge’ of 115 m (in a section
around 620 m) which starts at the base of the C. inerme
Zone and extends through the T costatus Subzone and
possibly just extends into the base of the T acutus
Subzone. This is approximately in agreement with north
European evidence.

Further south in Tunisia at Djebel Mrhila, north-east
of Sbeitla, Jim KenneDY and I have found two regressive
nodular limestones in a dominantly clay succession in the
Middle Cenomanian.There is some ammonite evidence
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that these may correspond to the eustatic lows of both the
Primus Bvent and mid-Cenomanian Event.

Andy GaLE and Jim KeENNEDY have now examined
the ammonite succession in the Cauvery Basin of Tamil
Nadu in southern India (GALE & al. 2002). This shows a
marked eustatic low at precisely the same level as the
Primus Event in Europe, i.e. the same regressive trough;
local zone in India is Cunningtoniceras cunningtoni (=
Ammonites meridionale (STOLICZKA)). There is a higher
eustatic low in the middle of the local range of Tiwrilites
acutus which might be the equivalent of the Mid-Ceno-
manian Event.

Much more exploration is possible.

CONCLUSIONS

1. The Mid-Cenomanian Eustatic Low and its Trough
were real and strong enough to affect successions from
the Western Interior of the USA to western Kazakhstan
in central Asia. The effects are detectable in sediments
deposited in depths ranging from a coastal barrier facies
in north Texas and tidally controlled sands on the
south-west flank of the Paris Basin, to pelagic facies
accumulated in water perhaps 100 m deep in Sussex in
southern England and in the Pas de Calais in northern
France.

2. The deep water succession provides the most reliable
evidence of the exact relative timing of the sea-level
changes and of the Trough itself. The maximum drop in
sea-level was sudden, early in, but not at the start of, the
Subzone of Tirrilites costatus in Europe and the Zone of
Conlinoceras tarrantense in the USA. The time was 95.78
+ 0.61 Ma from the dating of the associated bentonite in
Colorado (OBRADOVICH 1994).

3. The vertical scale on Text-fig. 2 is approximate and
unquantified; it is approximately the same as I have used
in the past, e.g. Hancock 1990, fig. 11, which already
showed the Mid-Cenomanian Low.

To estimate these changes in metres is not easy. The
duration of the extreme low — the Trough — was no more
than about 60,000 years, too brief to allow a widespread
regressive facies to be formed and preserved. Most com-
monly the Trough is simply represented by an erosion sur-
face. In Antrim there was only a pause without even a
change of facies across the Trough. This may suggest that
the Trough was no more than a fall of 10-30 m.

On the other hand the rise in sea-level late in the
costatus Subzone across a now eroded surface, was suffi-
cient in the north-east Sarthe for the lithology to change
from sands, cross-bedded in places, deposited in depths
possibly less than 5 m, to glauconitic chalk which probably

involved a water depth too great for high light penetra-
tion, i.e. more than 30 m. This implies that the increase in
water depth during the costatus Subzone was at least 25 m
and could have been 50 m.

4. The evidence in Colorado is important in demonstrat-
ing the changes in sedimentology across a regressive
trough in sea-level, principles which were worked out by
Erle KAurrMAN more than 30 years ago (KAUFFMAN
1969). The Thatcher Limestone is simultaneously trans-
gressive but a shallower water facies than the underlying
Graneros Shale. When this pattern is transferred to
north-west Europe we find that couplets C1 to C3 repre-
sent transgressive sediments although their high clay:car-
bonate ratio shows that the sea-level was lower than the
highest sediments beneath the trough, the sediments
which are topped by a surface which is both a surface of
erosion and a transgressive surface.
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