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ABSTRACT 

Oschmann,  W., 1990. Environmental cycles in the late Jurassic northwest European epeiric basin: interaction with atmo- 
spheric and hydrospheric circulations. In: T. Aigner and R.H. Dott (Editors), Processes and Patterns in Epeiric Basins. 
Sediment. Geol., 69: 313-332. 

Despite the large size and the heterogeneity of the northwest European late Jurassic (Kimmer idg ian /Lower  Tithonian) 
epeiric basin the sedimentary environment was rather uniform. In general, deposition of mudstones  and the microlaminated 
organic-rich sediments took place under Iow-oxic to anoxic conditions. 

Detailed environmental  analysis clearly points to a seasonal alternation of aerobic with anaerobic conditions in substrate 
and bot tom water, resulting in one year life-cycles in the benthic environment. 

The widespread uniformity of facies and the seasonal alternation in the oxygen budget of the benthic environments  are 
best explained by a summer  to winter change in the atmospheric circulation of the Northern Hemisphere. This change strongly 
influenced the oceanographic situation in the northwestern European epeiric basin. Superposed on this one-year cyclicity, 
three more hierarchical levels of cycles are stratigraphically recorded. They reflect a complex history of orbital-forced, and 
non-orbital-forced climatic changes a n d / o r  eustatic sea-level fluctuations in the late Jurassic. 

Introduction 

Organic-rich mudstones with thin intercalations 
of oil shales and coccolith limestones are 
widespread over vast areas in the late Jurassic 
(Kimmeridgian/Lower Tithonian). The same 
facies occurs along a south-north axis of almost 
3.000 km from the English Channel to the Barents 
Sea (e.g. Cornford, 1986; Gage and Dor6, 1986; 
Dor6 and Gage, 1987; Oschmann, 1988b; Ziegler, 
1988). The basinal parts of the northwestern 
European Archipelago and the North Atlantic 
Shelf Sea between Greenland and Baltica, cover- 
ing about 1 million km 2, apparently were affected 
by low-oxic to anoxic conditions (Fig. 1). Organic 
geochemical analyses exhibit a striking similarity 
in molecular characteristics of North Sea and 
Greenland Kimmeridgian/Tithonian hydrocar- 
bons. They had been generated from very similar 
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organic facies and were deposited under similar 
environmental conditions (Requejo et al., 1989). 

The particular situation of rifting and slow 
crustal extension, combined with the late Jurassic 
transgressive peak, led to the establishment of a 
complex seaway between the Arctic, Central 
Atlantic, and Tethyan Oceans (e.g. Gage and Dor6, 
1986; Dor6 and Gage, 1987; Oschmann, 1988b; 
Ziegler, 1988). 

Recently presented models explain the facies 
distribution and alternation by topographic lows 
and highs (Scotchman, 1989) and/or  by the in- 
fluence of storms and overturn of the water col- 
umn (Wignall, 1989). Both models are important 
for explaining local to regional variations, but 
they do not explain the uniformity of the facies on 
a basin-wide scale. Explanation of the widespread 
oxygen-controlled "mega-environment" requires 
the combination of detailed facies and palaeoeco- 
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Fig. 1. Late Jurassic (Kimmeridgian/Lower Tithonian) palaeogeographic reconstruction of the Arctic, North Atlantic, northern 
Central Atlantic and western Tethyan Ocean (modified after: Dor6 and Gage, 1987; Rowley and Lottes, 1988; Ziegler, 1988). Open 

marine connections are established between the Central Atlantic, western Tethys and the Arctic Sea. 
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logical analysis with global atmospheric and hy- 
drospheric circulation patterns and their seasonal 
alternation. 

Facies distribution and alternation 

Sedimentation of coarse-grained cross-bedded 
sands and silty sands with abundant body and 
trace fossils, took place in the coastal environ- 
ments of the northwestern European Archipelago 
and the North Atlantic Shelf Sea (e.g. Fiirsich, 
1982, 1984a, b; Oschmann, 1985, 1988a, b, 1991). 
In an offshore direction, the lithofacies rapidly 
changes to uniform fine-grained clastics, which are 
partly organic-rich and microlaminated. In these 
basinal parts deposition took place in an environ- 
ment with a stratified water column and under 
very quiet, low-oxic to anoxic bottom conditions. 

Despite the uniformity of facies in the late 
Jurassic epeiric basin, lateral and temporal facies 
variations are notable (Tyson et al., 1979; Wilson, 
1980; Cox and Gallois, 1981; Oschmann, 1985, 
1988a, b, 1990, 1991; Wignall and Myers, 1988; 
Wignall, 1989; Scotchman, 1989). These variations 
result from changes in water depth and basin 
morphology, respectively, that may have ranged 

from 50 to 100 m in southern England to a few 
hundred metres in the graben systems (Ziegler, 
1982, 1988; Oschmann, 1985, 1988b), and to other 

local to regional factors such as sediment supply, 
storms, rift vulcanism or earthquakes. 

For modelling the benthic environment on the 
base of sedimentological and palaeoecological 
data, two sets of factors must be considered. 
Firstly, the primary factors, e.g. occurrence and 
taphonomy of the benthic fauna, bioturbation, 
amount of organic matter (TOC) and the micro- 
lamination (Fig. 2). The latter indicates not only 
very quiet environmental conditions but also 
points to a short-term alternation in predomi- 
nance of terrigenous sediment supply and pre- 
dominance of plankton productivity (Fig. 3). The 
second set of factors are those that modified or 
blurred the primary ones, such as small-scale 
slumping and re-deposition as graded rip-up casts 
(Fig. 4 ). They were used to claim a strong re- 
gional morphology (Scotchman, 1989) a n d / o r  reg- 
ular storm mixing and overturn in the water col- 
umn (Wignall, 1989), which is thought to provide 
oxygen to the benthic environment. Without any 
doubt, the features indicate that, but are they 
really significant? The preservation potential of 

Fig. 2. Microlaminations are a conspicuous feature in the poikiloaerobic zone and even more in the anaerobic zone. They indicate 
very quiet environmental  conditions and an alternation of terrigenous sediment supply and plankton productivity. (a) Polished 

section with well preserved microlamination (black layers 0.1 ram, white layers 0.5-1 ram, scale bar 2 mm). (b) Thin section of the 

microlamination. Dark laminae consist of clay minerals and organic material, white laminae of sparry calcite (scale bar 0.1 ram). 
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Fig. 3. Close-up of white lamina showing an irregular fabric of rock-forming coccoliths which originated from phytoplankton blooms 
in surface waters: (a) dominantly ellipsagelosherids; (b) and (c) calcispheres (Obh'quipithonella multistriata). Scale bars resp. 10/~m, 

50/~m, and 5/~m). 

the quiet water microlamination is much lower 
than that of the slumps and tempestites. Neverthe- 
less, parts of the sections are very well micro- 
laminated, and beds with partly disturbed micro- 
laminations still indicate long periods of quiet 
depositional conditions. Less distinct micro- 
lamination commonly is caused by deposition of 
pellets, which are larger in size than the thick- 
nesses of single laminae (Fig. 5). But, still the 
environmental conditions had been very quiet. 
The percentage of disturbed beds with graded 

rip-up clasts or tempestites is low (e.g. Oschmann, 
1988b), indicating a long time-span (perhaps in 
the order of hundreds or even thousands of years) 
between successive storm events. Environmentally 
the long periods of quiet conditions are much 
more important than the rare cases of high-energy 
pulses. In addition, stratified water masses are a 
surprisingly stable feature. In present-day environ- 
ments stratification of the water column with 
anoxic bottom conditions re-established them- 
selves only a few days after a hurricane passed 

Fig. 4. Gentle tectonic movements and distal storm events occasionally caused disruption of microlamination. They produced 
small-scale slump structures (a, scale bar 5 mm), and reworked and graded rip-up casts on top of an erosive surface (b, scale bar 2 

ram). 
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Fig. 5. Pellet deposition cause less distinct microlamination. Calcareous pellets consisting of coccoliths and calcispheres are flattened 
by compaction and surrounded by clay and organic material; (a) polished section, scale bar 3 mm; (b) thin section, scale bar 0.4 mm. 

through (e.g. Steimle and Sindermann, 1978). Re- 

working of the anoxic sediment enriches H2S in 

the bot tom water, which then becomes even more 

toxic than before (e.g. Rachor, 1982). Single storm 
events, such as those indicated by the isolated 

distal tempestites, were probably not able to 

oxygenate the benthic environment. 
The primary factors, therefore, are thought to 

be the more reliable environmental indicators and 
are therefore used to reconstruct the position of 

the O2/H2S interface with respect to the deposi- 
tional interface and to arrange the facies along an 
oxygen gradient (Fig. 6 ). Three major categories 
of benthic environments can be distinguished indi- 
cating increasingly deteriorating life conditions 

(for more details see Oschmann, 1988b, 1990, 

1991). 

Aerobic environments 

In the upper part of the substrate and the 
bottom-water  enough oxygen was present to sup- 

port a low to moderately diverse benthic fauna. 
Anoxic conditions, when occurring, were very 

short. The texture of the substrate is bioturbated 

to homogeneous due to the activity of soft-bodied 
and shelly benthic fauna. Although the shelly 

benthos sometimes form skeletal concentrations 
indicative of tfigher-energy pulses, the normal en- 
vironmental conditions were reasonably quiet. This 
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Fig. 6. Schematic facies model for oxygen-deficient settings in the nortwest European epeiric basin. The anaerobic zone generally 
excluded benthic life based on oxygen. The aerobic zone provided enough oxygen to support a low to moderately diverse benthic 
fauna. In the poikiloaerobic zone the amount of oxygen fluctuated, depending on season, from well oxygenated to anaerobic (detailed 

discussion see text). 
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is indicated out by autochthonous nested bivalves 

that sometimes even occur in life position. 

Anaerobic enoironments 

Beside very rare reworked and transported bi- 

valve pavements, no benthic fauna exists. Instead, 

the sediments, oil shales and coccolith limestones, 

generally are microlaminated. The microlamina- 

tion consists of a conspicuous alternation of 0.5-1 
mm thick light calcite layers and 0.1 mm thick 
dark argillaceous layers rich in organic material 

(Fig. 2). The white layers nearly exclusively consist 
of coccoliths and rare calcispheres (Fig. 3), but are 
almost barren of organic matter. Coccoliths con- 

sist largely of poly-saccharides, which are highly 

mobile and easily disintegrated and therefore lost 
during diagenesis (R. Littke, pers. communication, 

1990), Probably parts of the organic matter  was 

then secondarily trapped in the argillaceous layers. 
The varve-like sedimentation pattern is thought to 
reflect regularly recurrent surface-water plankton 

blooms in a stratified water column. The O2/H2S 
interface was above the surface of substrate, and 

excluded all benthic life based on oxygen. 

These two categories are in accordance with the 
classical studies on oxygen-deficient marine en- 

vironments (e.g. Rhoads and Morse, 1971; Byers, 
1977; Savrda et al., 1984; Arthur et al., 1984; 
Thompson et al., 1985; Kammer  et al., 1986). The 
third category, however, differs markably from the 

dysaerobic environment of the classical models, 

which is characterized by low, but stable oxygen 

values (0.1-0.3 ml/1 02). It also differs from the 

exaerobic environment as defined by Savrda and 
Bottjer (1987), which is characterized by the sym- 

biotic association of sulphur-oxidizing bacteria 

with certain bivalves at the anaerobic-dysaerobic  

transition. Bivalves known to contain chemo- 

autotrophic bacteria in part have reduced or lost 

their digestive system (e.g. Solemyidae) and occur 
in deep-sea hydrothermal vent communities, but 

also in other environments where hydrocarbons 

are available such as stagnant basins or mangrove 
swamps (Cary et al., 1988; Seilacher, 1990). This 
chemosymbiosis requires long term stable condi- 

tions with a balanced juxtaposit ion of oxygen and 
HaS. 

Poikiloaerobic environment 

This facies is the key for understanding the 
dynamics in the oxygen-controlled environments 
of the Late Jurassic. On the one hand the 

poikiloaerobic facies (from greek poikilos = 

variable; details see Oschmann, 1990, 1991) is still 

microlaminated, indicating very quiet environ- 
mental conditions. On the other hand, within the 

laminae and parallel to bedding planes, loosely 

packed and patchily distributed bivalve shells oc- 
cur. All bivalves belong to the shallow burrowing 

infauna and despite the quiet environmental con- 

Fig. 7. In the microlaminated poikiloaerobic facies infaunal bivalves occur scattered or in small nests (a). They lack abrasion and are 
commonly articulated (b) but gapping and invariably parallel to bedding plane (a, scale bar 1 cm; b, 0.5 cm). 
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ditions are not preserved in life position. The 

shells commonly are articulated and lack abrasion 

(Fig. 7). 
This feature is explained analogous to observa- 

tions in present-day eutrophic shelf environments 

(Steimle and Sindermann, 1978; Swanson et al., 
1979; Dethlefsen and Westernhagen, 1983; West- 
ernhagen and Dethlefsen, 1983; Taylor et al., 
1985). During late spring and summer lasting phy- 
toplankton blooms occur, which are associated 

with oxygen depletion and mass mortality of be- 

nthic fauna. Due to oxygen consumption the 

O2/H2S interface migrates out of substrate. The 
mobile endobenthic fauna, such as bivalves, tries 

to follow the rising interface. As a consequence 
the dead fauna accumulates on the surface of 

substrate. This way mud-supported, patchily dis- 
tributed bivalve shells are generated, which are 
arranged parallel to bedding planes within micro- 
laminated sediments (Fig. 7). 

Bivalve shell accumulations within the poikilo- 

aerobic facies in part were caused by winnowing 
and reworking (Oschmann, 1985, 1988b; Wignall, 

1989). However, they differ remarkably in their 
grain-supported fabric, preferred convex-up orien- 

tation of valves and by the co-occurrence of small 

erosive sedimentary interfaces and disturbed mi- 
crolaminations (Fig. 4b). The lack of infaunal 

bivalves in life position within laminated strata of 
poikiloaerobic facies suggests that the fauna regu- 
larly died from lack of oxygen. On the other hand, 

continuous presence of benthic fauna in the strata 
demonstrates that life at the sea-floor was not 

excluded for longer periods (years, tens of years or 

longer). Short-term changes in the amount  of 
oxygen and H2S must be assumed. The migration 

of the O2/H2S interface between positions below, 
at, or above the sediment /water  interface must 
have occurred in periods shorter than the life-span 

of small infaunal bivalves, which lasts at the most 

a few years. Most probably, the migration of the 

O : / H 2 S  interface was an annually recurring fea- 
ture, caused by phytoplankton blooms during 

summer lasting some weeks to a maximum of 

three months. 
Survival of the benthos in this harsh environ- 

ment requires a special reproduction strategy 

(Oschmann, 1990, 1991). The bivalves have to 
reach their reproductive age within eight to ten 

months, to send their planktotrophic larvae to the 
oxygenated plankton-rich surface waters at the 
onset of a phytoplankton bloom. There larval 
development takes place, and lasts from some 

weeks to 50 days (Sastry, 1979) and enables the 
larvae to persist unaffected by any lethal bot tom- 

water conditions. Bivalve prodissoconchs, which 

occur sometimes abundantly on bedding planes 
(Fig. 8), show that larval swarms tried to settle, 

but apparently failed owing to extended periods of 

anoxia. This survival strategy is also corroborated 
by the fact that all bivalves in the poikiloaerobic 
facies have a planktotrophic larval development. 

L 

Fig. 8. Bivalve prodissoconchs and small dissoconchs occur sometimes abundant ly  on bedding planes. They indicate that survival of 

larvae settling on the sea-floor sometimes failed due to extended periods of anoxia (a, scale bar 2 ram; b, 100 #m). 
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Bivalves with lecithotrophic larvae (such as nucu- 
lids) generally are missing. Such larvae develop on 
the sea-floor, and, like the adults, are not able to 
endure anoxic periods of some weeks to months 
duration. In conclusion, the benthic life in the 
poikiloaerobic facies obviously was bound to a 
one year cycle. 

Late Jurassic climate and the seasonal reversal in 
the atmosphere's circulation pattern 

Seasonality is probably the most prominent 
short-term factor controlling the geo- and bio- 
sphere (e.g. Valentine, 1983). Nonetheless, this 
factor commonly is neglected in geological studies. 
Partly, this may be due to the very low preserva- 
tion potential of short-term cycles, which easily 
become blurred or overprinted by events (e.g. 
storms) or longer-term processes. Moreover, geol- 
ogists and palaeontologists generally assume opti- 
mum resolution in the geological record on the 
order of some ten thousand to hundred thousand 
years in the Pre-Quaternary by using Milanko- 
vitch cyclicity and biozonation (e.g. Schwarzacher, 
1989; Bassett, 1990)• Fortunately, in certain set- 
tings the particular interplay of sedimentological 
and palaeoecological parameters permit resolution 
far beyond the "normal"  optimum resolution. The 
present data for example clearly indicate seasonal- 
ily in the litte Jurassic environments of the north- 
western European epeiric basin. 

From olJr present-day experience we know that 
seasonality is expressed by distinct climatic 

changes, which, since tilt of the earth axis seems to 
be a permanent feature (e.g. Parrish, 1982; Parrish 
and Barron, 1986; Parrish and Spicer, 1988a, b), 
was also the case during late Jurassic time. Sea- 
sonal alternations in the solar insolation create 
variations in the global atmospheric circulation. 

The atmospheric circulation results from a 
complex interaction of physical and geographical 
factors (e.g. Parrish and Barron, 1986; Barry and 
Chorley, 1987). In a homogeneous world (with the 
same equator-to-pole temperature gradient as to- 
day) the hypothetical surface circulations would 
form a zonal pattern. According to seasons, the 
zonal circulation pattern would shift poleward on 
the summer hemisphere (Fig. 9), without strong 
asymmetry between summer and winter hemi- 
spheres. The land-sea thermal contrast and the 
Coriolis force cause modification or even disrup- 
tion of the zonal pattern and establishment of 
quasi-permanent and mobile eddies (Fig. 10). Dur- 
ing summer heating low-pressure cells form in 
low- to mid-latitude continents. In contrast, low- 
and mid-latitude continents are ruled by high- 
pressure cells during winter. Very prominent dur- 
ing summer, but perennially present are the 
quasi-permanent subtropical high-pressure cells 
over the oceans. Depending on the particular 
palaeogeographic configuration a more or less 
large-scale seasonal reversal of the wind regime 
takes place. The circulation pattern then varies 
between zonal and meridional, commonly also 
called "monsoonal" (Fig. 10). 

Many other factors, which are very complex 
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Fig. 9. Idealized present-day global surface atmospheric circulation: annual mean; July; January, ITC = Inter-Tropical Convergence; 

PF = Polar Front; H = high pressure; L = low pressure. 
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Fig. 10. Surface atmospheric circulation of northern summer  

given for a hypothetic continent (for explanation see text; 

modified after Barron, 1985b). 

and difficult to calculate, influence the atmo- 
spheric circulations. Balance requirements must be 
fulfilled for the mass transport in the atmosphere 
and for the exchange of the angular momentum 
between surface and atmosphere. Besides the 
land/sea distribution the topography of land, 
especially the configuration and altitude of moun- 
tain chains, influences frictional torques. Ad- 
ditionally, the jet streams, which flow in the upper 
troposphere between 8 and 12 km altitude, also 
play an important role in the atmospheric energy 
transfer and mass balance. So far their origin is 
largely unknown and their distribution in part 
very irregular. 

Detailed mathematical palaeoclimatic models 
are only available for Permian/Triassic, and for 
mid-Cretaceous and younger ages (e.g. Barron, 
1985b, c; Saltzman, 1985; Glancy et al., 1986; 
Barron et al., 1989; Crowly et al., 1989; Kutzbach 
and Gallimore, 1989), and even those suffer limi- 
tations by unknown or uncertain parameters 
within the atmospheric circulation system and by 
the simplifications necessary to treat this complex 
system mathematically. 

For the Phanerozoic conceptual models with a 
reasonably reliable approach to atmospheric circu- 
lation have been proposed by Parrish (1982) and 
Parrish and Curtis (1982). Based on the same 
principles, Scotese and Summerhayes (1986) pro- 
duced preliminary computer-aided palaeoclimatic 

maps for the Mesozoic and Cenozoic, which corre- 
spond to those of Parrish and Curtis (1982). Both 
assume that the basic structure of the present-day 
circulation pattern (Fig. 9) was the same in the 
past. The crucial point, however, is that the pre- 
sent-day polar high-pressure cells are a result of 
glaciation. The high polar albedo (>/0.7) causes 
perennial temperature inversion and a negative 
lapse rate with very low surface temperatures and 
increasing values with height, respectively (Barry 
and Chorley, 1987). This results in descending 
circulation and a polar high-pressure cell. But 
even in the present-day Arctic area the anticyclone 
is by no means a permanent feature (Barry and 
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Fig. 11. (a) The variation of solar radiation (cal cm -2 day -1) 
with latitude and season at top of the atmosphere. From 

mid-May to end of July the max imum energy is supplied to the 

North Pole (after Fritz, 1951, in Valentine, 1983). (b) Trans- 

mission is reduced by absorption and reflection in the atmo- 

sphere, but  in June and July the North Pole and the Equator 

still receive approximately the same amount  of solar radiation 

(cal cm -2  d a y - l ;  after Barry and Chorley, 1987): 1 = top of 

atmosphere;  2 = surface. 
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Chorley, 1987; Hasse, 1988). Strong and perma- 

nent high-pressure cells at the polar areas prob- 

ably need large-scale glaciation on both poles (as 

was the case for example in the Pleistocene). Dur- 
ing warm periods, like during most of the Meso- 
zoic (e.g. Frakes, 1979; Hallam, 1984, 1985; Bar- 

ron, 1985a; Parrish and Spicer, 1988a, b), and 
particularly the late Jurassic, much warmer polar 

areas are assumed. 
At the top of the atmosphere the seasonally 

accentuated solar radiation supplies maximum en- 
ergy to the summer hemisphere polar area during 

mid-May to end of July (Fig. 11). Transmission of 

the atmosphere in polar areas is remarkably re- 
duced by reflection and absorption of clouds. 

Nonetheless, the present-day summer pole and the 
Equator still receive approximately the same 

amount  of radiation on the earth surface in June 
and July (Fig. l lb ) ,  but at the pole most of it is 
reflected due to the high snow and ice albedo. In 

snow- and ice-free polar areas the albedo of the 
earth surface changes drastically from >/0.7 (ice 

and snow) to 0.3 (badlands) or even down to 

0.1-0.2 (fi)rest and polar water bodies; e.g. North  

and Crowley, 1985; Barry and Chorley, 1987; 
Ramanathan  et al., 1989). 

Besides the effect of surface albedo, the effect 

of cloud cover must be considered when discuss- 
ing the radiation budget. Unfortunately the clou- 
diness in general is a largely unknown parameter  
for ancient times such as for the late Jurassic. 
Estimates are based on global humid and arid 
zones and are very crude. Non-glacial high lati- 

tudes belong to the humid cool to warm temperate 
zones with a high precipi ta t ion/evaporat ion rate 

(e.g. Barry and Chorely, 1987; Barron et al., 1989); 
from there at least a temporal cloudiness can be 

inferred. Cloud cover, if it is thick and complete 
enough, can significantly bar the penetration of 
radiation. However, it can also operate in reverse, 
since it retains much of the heat that would other- 
wise be lost from the earth by outgoing radiation. 

Additionally, by absorbing certain proportions of 
energy, clouds may act as temporary thermal re- 
servoirs. In present-day high-latitude areas, the 
reflected proportion of energy by clouds is smaller 
than that reflected by snow- and ice-covered 
surfaces (Barry and Chorley, 1987), although there 

commonly exists a thick cloud cover, especially 
over polar oceans (Hasse, 1988; Ramanathan  et 

al., 1989). In general, the role of clouds is a major 

point of uncertainty, which is also controversially 

debated in ongoing discussions on the greenhouse 
effect (e.g. Mitchell et al., 1989; Ramanathan  et 

al., 1989; Raschke, 1989; Slingo, 1989). 
Assuming a reduction of the polar surface al- 

bedo from >/0.7 to 0.3 and an atmospheric trans- 
mission coefficient or a time-averaged cloud cover 

similar to today's situation, the energy input to 

polar areas is at least doubled. Warm Arctic 

summers in the late Jurassic are corroborated by 
the large continental areas surrounding the small 

Arctic Sea. Crustal separation in the Canada Basin 
initially started in the Lower Cretaceous (Rowley 
and Lottes, 1988, fig. 17; Ziegler, 1988). The non- 

oceanic Arctic Sea was therefore even smaller than 
previously thought. Its extent was approximately 
not more than 3 -4  million km 2, more or less equal 

to present-day Barents Sea, Kara Sea, East 
Siberian Sea and Chukchi Sea, and probably not 

large enough to create its own marine-influenced 

atmospheric circulation cell. (Compare the pres- 

ent-day situation of the Mediterranean Sea, Black 

Sea and Caspian Sea area, which cover almost 4 

million km 2, but still are strongly influenced by 
surrounding continents; cf. Parrish et al., 1984.) 

The similar albedo values of polar water bodies 
(0.15-0.2; Ramanathan et al., 1989) and land 
surfaces (0.3 badlands, 0.1-0.2 forest; Barry and 
Chorley, 1987) additionally weaken the land-sea  
thermal contrast to some extent. Thus, the Arctic 

land-sea  configuration provided the potential for 

a weak polar low, which was probably not perma- 

nent but prevailing during May to August (Fig. 

12). The same is true of the continental South Pole 
area, which was already situated in Antarctica 

(Barron et al., 1981; Wilson et al., 1989). The lack 
of any radiation in winter at the polar areas (Fig. 

11) resulted in high-pressure cells analogous to 
today's situation (Fig. 12), even during globally 

warm periods (e.g. Sloan and Barron, 1990). A 
snow cover for some weeks during winter could 
well have existed in high-latitude land areas but 
presumably no land- or sea-ice. At the most, local 
mountain glaciers might have occurred. In general, 
the late Jurassic atmospheric circulations very 
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likely were ruled by a much stronger summer-to- 

winter asymmetry than today (Figs. 9, 12). 

Atmosphere-hydrosphere interaction in the late 
Jurassic northwestern European basin and the 
North Atlantic Shelf Sea 

The global circulation pattern deduced from 

the late Jurassic palaeogeography results in the air 

pressure maps given in Figs. 13 and 14. The main 

features are the L-pressure cells over the large 

continental areas of North America and Asia, 

whereas the subtropical H-pressure belt reaches 

from the Central Atlantic to the eastern Tethys. 

They result in a "monsoonal-type" atmospheric 

circulation. An additional summer low at the 

North Pole intensified that circulation. 

The northward-flowing winds drove a water- 

current and counter-current system in the North 

Atlantic Shelf Sea and the Arctic Ocean. The 

current systems of warm low-latitude surface water 

(20-30°C) and relatively cold high-latitude bot- 

tom water (10-20°C) caused a stable water strati- 

fication (6t = 10 °) and anoxic bottom conditions 
which caused the facies development during Kim- 

meridgian and Tithonian in the North Atlantic 

Shelf (Fig. 13). The temperature values are sup- 
ported by isotopic data of Irwin et al. (1977) and 

Salinas (1984), which are based on coccoliths for 

surface water and on early diagenetic nodules 

respectively bivalve molluscs for the bottom water. 

In winter the global air pressure situation 

changed. H-pressure cells over the mid-latitude 

continents, the typical L-pressures over the oc- 

eanic areas at 60 ° latitude and a cold high over 

the Arctic Sea disrupted the monsoonal circula- 

tion and the stratified water masses (Fig. 14). 

During that time re-colonization of the benthic 

environment took place. 

A seasonal reversal of the dominant wind reg- 

ime and the induced water-current system fits well 

with the accentuated seasonality of the late Jurassic 

environments reflected by the microlamination and 

ecology of the benthic bivalves (see above). 

Structural development of the northwest European 
epeiric basin and the Greenland Norwegian rift 
system 

An important prerequisite to establish a wind- 

induced water-current/counter-current system in 

the North Atlantic Shelf Sea was a free and deep 

enough marine connection. The minimum depth 
for counteracting currents (e.g. upwelling systems) 

is generally accepted to be 50 m (e.g. Parrish et al., 
1984). 

During the middle and late Jurassic the Central 
Atlantic developed into a small ocean basin and 
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caused re-activation of North Atlantic rift systems 
in the Newfoundland Rockall area, North Sea and 

English Channel area, and in the Greenland 
Norwegian area (Ziegler, 1982, 1988). Crustal ex- 

tension, continued subsidence and probably in- 
tensified spreading in the Central Atlantic caused 
the major eustatic sea-level rise. 

During the Callovian and Oxfordian, the trans- 
gression spread over the landmass which existed in 
the North Sea area as a connecting land-bridge 
between Laurentia-Greenland and Baltica (Fig. 
15 ). At its peak, the late Jurassic transgression 
inundated most of the land area in the European 

LAND ---'--'-"-- RIFT ~ OCEAN BASIN 

Fig. 15. Late middle Jurassic (Bathonian/Callovian)  palaeo- 

geographic reconstruction of the Arctic, North Atlantic, north- 

ern Central Atlantic and western Tethyan Ocean (modified 

after Ziegler, 1982, 1988; Gage and Dora, 1986; Dor~ and 

Gage, 1987). During the Callovian and Oxfordian, the trans- 

gression started to spread over the landmass,  which existed in 

the North Sea area as a connecting land-bridge between 

Laurent ia-Greenland and Baltica. The open marine connec- 

tions to the Arctic Sea were not established before the Kimme - 

ridgian. 

LAND ~ RIFT ~ OCEAN BASIN 

Fig. 16, Early Cretaceous (Berriasian) palaeogeographic recon- 

struction of the Arctic Sea, North Atlantic, northern Central 

Atlantic and western Tethyan Ocean (modified after Ziegler, 

1982, 1988; Gage and Dora, 1986; Dote and Gage, 1987). 

Most  parts of the northwest European Archipelago again were 

above sea-level. The water exchange between the Arctic Sea in 

the north and the Central Atlantic and Tethys Ocean in the 

south was strongly restricted or interrupted. 

Archipelago and established the marine connec- 
tions between the Arctic Sea, the Central Atlantic 
and the Tethys Ocean (Fig. 1; Ziegler, 1982, 1988; 
Gage and Dor& 1986; Dor6 and Gage, 1987; 
Hallam, 1988). 

In the topmost Jurassic (late Tithonian) the sea 
level dropped again and was at a relative mini- 
mum in the lowest Cretaceous (Berriasian; Fig. 
16). Again most parts of the northwest European 
Archipelago were above sea level. Water exchange 
between the Arctic Sea in the north and the Central 
Atlantic and Tethys Ocean in the south was 
strongly restricted or even interrupted. Obviously 
the particular situation of the open marine con- 
nections in the Kimmeridgian and Lower 
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Tithonian formed the framework for the sedimen- 
tary processes and the wind-induced water ex- 
change which took place in the northwest 
European epeiric basin. 

Cycle hierarchy in the late Jurassic 

The organic-rich late Jurassic sediments of 
Dorset, Southern England (i.e. the Kimmeridge 
Clay, which stratigraphically include the Kim- 
meridgian and Lower Tithonian, e.g. Cox and 
Gallois, 1981), probably exhibit the best surface 
exposures of the inner parts of the late Jurassic 
northwest European epeiric basin. These sections 
provide an excellent example of cyclic sedimenta- 
tion (Fig. 17). 

The smallest-scale cycle (A, Fig. 17A) is repre- 
sented by the microlamination. This is a seasonal 
cycle, caused by the earth's axial tilt. Individual 
cycles last one year and represent seasonal alter- 

nations in climate and in atmospheric and hydro- 
spheric circulation patterns (see above). The alter- 
nation of very fine (0.1 mm) dark coloured, clay- 
rich winter laminae, and fine (0.1-1 ram) and light 
coloured coccolith-rich summer laminae indicate a 
distinct change from an oxygenated benthic en- 
vironment in winter to anaerobic conditions in 
summer. Preservation of the microlamination 
commonly is excellent (Fig. 2), but disturbance 
and reworking (e.g. by storms) occur (Fig. 4). 

The next order of cycles (B, Fig. 17B) is well 
documented by the facies alternations, which take 
place within centimetres to metres. An ideal cycle 
is more or less symmetrical and starts with bio- 
turbate to burrow-mottled sediments, whereby the 
burrow density decreases upward. Towards the 
central part of the cycle the microlamination (type 
A cycles) becomes more and more prominent, 
indicating maximum oxygen depletion. In the up- 
per part increased burrow density points to a 

CYCLE HIERARCHY IN THE LATE JURASSIC OF NW-EUROPE 
® ® 

+02 "02 lithology texture +02 "02 

i i 
DYNAMICS: DYNAMICS: 

1 y. '~ 103-104 y. 

ORBITAL C Y C L E  NON-ORBITAL CYCLE 

< 

L E G E N D :  

mudstone ~ organic-rich mudstone 

microlamination ~ ,~  bioturbation 

© ® 
lithology texture +02 -02 +02 -02 

' ,  

i ' 

,~------~ 

i 

DYNAMICS: DYNAMICS: 

1-5"105 y. ~ 106-107 y. 

PROBABLE ORBITAL part of the 

CYCLE Jurassic supercycle 

(VAIL et al. 1984) 

l oil shale ~ coccolithic limestone 

Fig. 17. Hierarchical levels of cycles in the late Jurassic of NW-Europe (for explanation see text; Kimmeridgian ammonite zones: 
autissiodorensis; elegans; scitulus; wheatleyensis; hudlestoni; pectinatus; pallasioides; rotunda). 
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gradual return to oxygenated conditions. The co- 
occurrence of microlamination and infaunal bi- 
valves found parallel to bedding planes in the 
poikiloaerobic facies (Figs. 6, 7) is limited to the 
organic-rich mudstones and bituminous shales, re- 
spectively. 

Commonly these cycles are completely pre- 
served, but in many cases parts of the cycles have 
been reworked. Distal storm events and /o r  gentle 
tectonic movements disrupted the microlamina- 
tion and produced small-scale slump structures 
and graded re-sedimentation (Fig. 4; for details 
see Oschmann, 1985, 1988b; Wignall, 1989). Due 
to this storm modification, some of the cycles have 
been altered to hemi-cycles. 

The duration of these cycles can be estimated 
with the help of the microlamination. An averaged 
afinual sedimentation rate of 0.1 m m / y r  can be 
determined by measuring a large number of 
laminae. The average sedimentation rate is also 
valid for the burrow-mottled and bioturbate parts 
of the cycles unless there was storm reworking and 
lateral sediment transport. The duration of com- 
plete cycles varies remarkably and lasts between 
5 X 10 3 and 15 X 10 3 years. This estimate is 
thought to be relatively precise. An orbital origin 
is unlikely, as no periodicity of that magnitude is 
known so far. Moreover, the cyclicity is too irregu- 
lar. Similarly, tectonic activities do not explain the 
symmetry in the cyclic pattern. Climatic oscilla- 
tions lasting some thousands to ten thousands of 
years appear to offer the best interpretation. Those 
variations cause changes of the meteorological 
pattern. Quasi-permanent high- and low-pressure 
areas will be weakened, intensified, or laterally 
displaced for some distance. In analogy, the result- 
ing wind and water current pattern will also be 
altered. The effect of this on the current/counter- 
current system in the North Atlantic Shelf Sea 
(Fig. 13) is easy to imagine. Formation of highly 
organic sediments take place under the conditions 
described there. Air-pressure alternations or dis- 
placement, for example of the quasi-permanent 
high-pressure cell, away from the northern margin 
of the western Tethys, would also have weakened 
or even prevented the North Atlantic current and 
counter-current system, m return to normal oxygen 
levels would have been the consequence. 

The next larger cycles (C, Fig. 17C) consist 
predominantly of organic carbon-rich strata, to 30 
m thickness (oil shales and coccolithic limestones). 
They alternate with strata of approximately the 
same thickness, which are nearly free of organic 
carbon and consist dominantly of mudstones. The 
organic carbon-rich parts consist of a composed 
set of type B cycles. Their thickness increases 
towards the middle part of the cycle, indicating 
maximum oxygen deficiency. Again the micro- 
lamination and the averaged annual sedimentation 
rate (see type B cycles) provides a tool to estimate 
the periodicity, which apparently lasted between 
1 x 105 years for the smallest and 5 X 105 years 
for the largest cycle. 

This cyclicity is probably due to small-scale 
transgressions and regressions, and resembles the 
third-order and smaller cycles of Vail et al. (1984) 
and Haq et al. (1987). Short-term sea-level changes 
strongly influenced the current/counter-current 
system in the North Atlantic Shelf Sea. At times 
of high sea-level stands the situation was as de- 
scribed above (Fig. 13). When the sea-level stand 
was low, the currents could not pass each other 
and bottom and surface water became mixed. This 
prevented temperature stratification and stagnant 
bottom conditions. 

The origin of the trans- and regressive cycles is 
not completely known. Their duration resembles 
that of cycles caused by the eccentricity of the 
earth's orbit, which has a primary period of 1.06 
x 105 and a secondary one of 4.13 x 105 years 
(e.g. House, 1985, 1986; Imbrie, 1985). However, 
the evaluation of time is not accurate enough and 
must be considered as an order of magnitude only. 
In addition, the smaller cycles caused by the earth's 
orbital geometry, obliquity (4.1 x 104 yr.) and 
precession (2.3 x 10  4 yr. and 1.9 x 10  4 yr.), which 
correspond with the eccentricity, cannot be recog- 
nized in the type B cycles (see above). 

Although there is some evidence of an orbital- 
forced origin, also a non-orbital control, such as 
variations in subsidence rate and spreading activ- 
ity, climatic variations, or a combination of several 
factors must be taken into account as possible 
causes for eustatic sea-level changes. 

The cycle with the longest period (D, Fig. 17D) 
was the late Jurassic eustatic sea-level rise. It 



ENVIRONMENTAL CYCLES IN T H E  LATE JURASSIC NORTHWEST EUROPEAN EPEIRIC BASIN 329 

started in the Bathonian, was at its peak in the 

Kimmeridgian and Lower Tithonian, and ended in 

the early Cretaceous (Vail et al., 1984; Haq et al., 

1987; Hallam, 1988). Its duration was several tens 
of million years (Harland et al., 1982; Vail et al., 

1984; Kent and Gradstein, 1985), Establishment 
of the marine connections between the Arctic Sea, 
the Central Atlantic and the Tethys Ocean at peak 
transgression in the Kimmeridgian and lower 
Tithonian formed the framework for the lower- 
order cycles (Figs. 1, 15 and 16; Ziegler, 1982, 
1988; Gage and Dorr,  1986; Dor6 and Gage, 

1987; Hallam, 1988). 

Conclusions 

sedimentary record, and have periodicities of 

several thousand to several million years. 

(6) The non-orbital  type B cycles probably were 

caused by air-pressure changes a n d / o r  lateral dis- 

placements of long-term stable, quasi-permanent 
pressure cells. They lasted 5 x 10 3 to 15 x 10 3 

years. 
(7) The type C cycles refer to small-scale sea- 

level changes and last between 1 x 10 5 and 5 X 10 5 

years. The may have been caused by eccentricity 
of earth's orbit. 

(8) The longest cycle is the late Jurassic trans- 
gression, which established open marine connec- 

tions between Central Atlantic, western Tethys 

and the Arctic Sea. 

(1) In the late Jurassic (Kimmeridgian and 

Tithonian) the whole depositional basin of the 
northwest European Archipelago and the Norwe- 
gian Greenland Sea Area underwent the same 

depositional history. 
(2) The fine-grained microlaminated sediments, 

which are widespread in the whole area, were 

deposited in an oxygen-controlled environment. 
(3) Despite the widespread occurrence and uni- 

formity of facies, the environment was by no 

means stable for long periods of time. The particu- 
lar preservation of articulated infaunal bivalves 

parallel to bedding planes within microlaminated 
sediments is explained, in analogy to present-day 
environments, as the result of seasonal alterna- 

tions of oxygenated and anaerobic conditions. Life 
on the sea-floor was bound to an yearly cycle. 

(4) The seasonal variation in the oxygen budget 

reflects the seasonal variation in the atmospheric 
and hydrospheric circulation patterns. In summer, 

a "monsoonal- type"  circulation drove a warm 
northward-going surface current and a cold bot- 
tom-water counter-current, resulting in a stratified 
water column. Phytoplankton-blooms in surface 
waters caused oxygen consumption in the benthic 
environment. During winter, a predominantly 

zonal atmospheric circulation disrupted the strati- 
fied waters. The benthic environment returned to 
oxygenated conditions. 

(5) Superimposed to this one-year orbital-forced 
cycle (type A) three more hierarchical levels of 
cycles occur. They are well documented in the 
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