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Abstract

An assessment is made of the current state of research into Jurassic sea-level changes based on new insights into depositional

patterns in relation to these changes and new stratigraphic information from several widely separated regions across the world.

The bearing of this information on alternative models, respectively, involving sea-level rise interrupted by stillstands or falls, is

then evaluated. The gross pattern appears to be one of more or less gradual rise of sea level through the period, interrupted by

episodes of comparative stillstand rather than eustatic fall and several episodes of signi®cant regression are shown to be the

result of regional tectonics. Major episodes of eustatic rise took place in the early Hettangian, early Sinemurian, early

Pliensbachian, early Toarcian, early and late Bajocian, middle Callovian and late Oxfordian to Kimmeridgian. A signi®cant

episode of rapid and very extensive regression, possibly global, took place at the end of the Triassic, but other regressive

episodes, in the late Aalenian, Bathonian, late Oxfordian±Kimmeridgian and Tithonian, are clearly only regional in extent.

There is no evidence for glacioeustasy and most if not all of the regional or global changes recognised can readily be related to

plate tectonics. The events at the Triassic±Jurassic boundary seem to be the result of mantle plume activity centred on the

Central Atlantic region. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the approximately two decades since Jurassic

sea-level curves were ®rst proposed (Hallam, 1978;

Vail and Todd, 1981), much new information on stra-

tigraphic successions in different parts of the world

has been acquired and the development of new

concepts has required some revision. Thus it is timely

to attempt a revised interpretation of at least major

sea-level changes in full acknowledgement of the

tentative and provisional nature of the exercise

because a considerable amount of generalisation is

required for the production of sea-level curves. It is

not the intention here to produce a new sea-level curve

but instead to highlight some major features, which

have a stronger chance of achieving consensus among

stratigraphers and which might therefore provide a

solid basis for further knowledge.

The two sea-level curves and their subsequent

modi®cations utilised different techniques. Hallam

(1978, 1988) employed a combination of facies analy-

sis in Europe to reveal a succession of shallowing and

deepening cycles, a correlation with regression and

transgression elsewhere and approximate determina-

tion of the extent of global marine cover of the conti-

nents for successive stages. The Exxon team's ®rst

curve (Vail and Todd, 1981) was based on a seismic
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stratigraphic analysis of the Moray Firth in the North

Sea on the assumption that this gave a global signal.

Its subsequent modi®cation (Haq et al., 1987) utilised

sequence stratigraphic analysis of a few European

sections but was strongly in¯uenced by the initial

Vail and Todd curve as pointed out by Hallam

(1992). The subsequent production of sea-level curves

or their coastal onlap equivalent in other parts of the

world has con®rmed a pattern of interrupted gradual

rise of global sea-level through the course of the

period (Surlyk, 1991; Li and Grant-Mackie, 1993;

Legaretta and Uliana, 1996). The critical question

that has emerged and which has an important bearing

on the nature of the underlying mechanism is whether

the interruptions involved episodes of stillstand or

sea-level fall (Fig. 1). The original sea-level curves

implied the latter, involving a more or less regular

cyclicity, but doubts have begun to emerge about

such an interpretation.

Before proceeding further, it is clearly necessary to

outline the criteria for determining sea-level rise and

fall in the light of modern developments.

Rise. One of the most important insights into the

sequence stratigraphic approach originally presented

by Haq et al. (1987) is that in offshore basinal settings,

a sea-level rise (or marine deepening) is characteris-

tically marked by a condensed section as signi®ed by

concentrations not only of fossils but also glaucony

and phosphorite. On basin margins, they may be

represented by marine shales in non-marine sediments

and have been referred to as maximum ¯ooding

surfaces. Such deposits, if they contain fossils of

restricted stratigraphic range, such as ammonites,

offer by far the best means of correlation in basin

analysis (Galloway, 1989; Underhill and Partington,

1993; Stephen and Davies, 1998). Furthermore,

ammonites are the only serious Jurassic biostrati-

graphic contenders for intercontinental correlation of

the sort required to investigate eustatic phenomena

(Hallam, 1978, 1992). The basal deposits of marine

deepening events within the basinal settings are char-

acteristically though not invariably black shales

signifying bottom-water anoxia and transgressive

events might be marked by a geographic expansion

of the area of anoxia (Hallam, 1992; Wignall, 1994).

Fall. As ®rst pointed out by Hallam (1978),

evidence of extensive sea-level fall is generally

much more dif®cult to establish than sea-level rise.

While local sea-level fall is readily determined by

shallowing-upward successions and erosional uncon-

formities, especially towards basin margins, correla-

tion over wide regions is often handicapped by the

absence of ammonites because of inappropriate

facies, high sedimentation rates or erosional hiatuses

on basin margins. Whereas progradation of sand-

stones over shales is rightly seen as good evidence

of relative sea-level fall in siliciclastic successions,

the problem can become more acute in ®ne-grained

carbonate-dominated successions. Thus the presence

of hardgrounds and hiatuses has normally been taken

in the past Jurassic studies as evidence of shallowing

but under the new sequence stratigraphy paradigm,

they should be held to signify the reverse. Therefore

it is imperative to seek such evidence as erosional

truncation of consolidated rock to support an interpre-

tation of relative sea-level fall, perhaps leading to

local emergence (Hallam, 1999).

The Exxon team originally proposed a hierarchi-

cal division of eustatically controlled sea-level

cycles with the lowest numbered ranking represent-

ing the longest in duration (Vail et al., 1977). Thus

®rst-order cycles correspond broadly to the Paleo-

zoic and Mesozoic±Cenozoic, second-order cycles

lasted 10±80 and third-order cycles 1±10 million

years. While there are legitimate grounds for ques-

tioning such a hierarchical division (Drummond and

Wilkinson, 1996), they have proved useful as

approximations and have been widely adopted

subsequently. In the recent sequence stratigraphic

analysis of western Europe, dominated by the

study of French successions (de Graciansky et al.,

1998; Jacquin et al., 1998) second- and third-order

cycles are distinguished. Although sequences are by
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Fig. 1. Alternative models of sea-level rise through Jurassic time:

(a) rise interrupted by stillstands; (b) rise interrupted by sea-level

falls.



de®nition unconformity-bound units, the units recog-

nised by these authors are essentially transgressive±

regressive cycles (cf. Embry, 1993) and unconformi-

ties are recorded only to a limited extent. The simpli-

®ed version of their scheme (Figs. 2 and 3) represents

only their second-order cycles because these are the

only realistic ones for global correlation. This does

not mean that none of the third-order cycles are eusta-

tically controlled, merely that the supporting evidence

from ammonite correlation is unlikely to be present on

a suf®ciently re®ned scale across the world for these

relatively minor events. There may well be particular

instances where this is indeed possible, perhaps with

independent evidence in support from isotope strati-

graphy, but it is beyond the scope of this broad review

to pursue such matters in detail, beyond pointing out

some striking examples, such as the Lower Toarcian

falciferum Zone.

In the years since Jurassic sea-level curves were

®rst proposed, there have been many advances in

sequence stratigraphy, most notably in its use by

oil companies in conjunction with intensive basin

analysis involving, for instance, backstripping meth-

ods. While it may well be dif®cult in many cases to

separate the eustasy component from other relevant

variables such as local subsidence and sedimenta-

tion rates (Burton et al., 1987), it is quite unrealistic

to expect the application of such methods globally to

the Jurassic, or indeed any other system, for the

foreseeable future because the relevant data are

unlikely to become available. Nor is it realistic in

the present state of knowledge to expect precise
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Fig. 2. Transgressive (T)±regressive (R) cycles in the Lower Jurassic of western Europe. Simpli®ed from de Graciansky et al., 1998, Fig. 2.



quantitative estimates of the rate and amount of sea-

level changes except in particular cases (e.g.

Hallam, 1997). However, it would be unduly pessi-

mistic to dismiss the prospect of establishing the

pattern of broad eustatic change because of the

excellence of the biostratigraphic control afforded

by ammonites. Thus if, for example, a given marine

deepening/transgressive event can be traced not

only widely across continents to the precision of a

zone, independent of a regional pattern of basins and

swells, but also between widely separated continent

to the precision of a substage or even zone, a strong

case for eustatic control can be put forward (Hallam,

1992).

In the survey that follows, attention is almost

entirely con®ned in addition to three regions outside

Europe, which have a suf®ciently good stratigraphic

succession through the Jurassic as to allow the tenta-

tive production of sea-level or coastal onlap curves:

Greenland, the Himalayas and Argentina (Figs. 4

and 5). Since the four regions considered are widely

scattered across the world, they offer a good prospect
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Fig. 3. Second-order transgressive (T)±regressive (R) cycles in the Middle and Upper Jurassic of western Europe. Simpli®ed from Jacquin et

al., 1998, Fig. 2.



of identifying genuine eustatic signals. A recently

published eustatic analysis for the West Siberian

basin (Zakharov et al., 1998) shows, in general, a

broad conformity with the other regions.

2. Major episodes of sea-level rise

2.1. Early Hettangian

Although the planorbis Zone transgression was a

striking event, following a latest Rhaetian regression,

it was missed both by Haq et al. (1987) and de

Graciansky et al. (1998). It marked the ®rst spread

of fully marine conditions into north-west Europe

after a long late Paleozoic to Triassic continental

interval. Genuine emergence at the Triassic±Jurassic

boundary in both northern and southern Europe

(Northern Calcareous Alps of Austria) is signi®ed

by such varied features as erosional channelling,

erosion of consolidated limestone and notable

erosional hiatuses (Hallam, 1997). In the western

Alps and adjacent areas, the transgression though

not the preceding regression is well marked (Dumont,

1998). Evidence outside Europe for a regression±

transgression couplet will be more fully considered

when sea-level fall is considered.

2.2. Early Sinemurian

There is clear evidence of a widespread semicosta-

tum Zone transgressive event, not only in Europe but

in widely separated parts of the world extending from

western North and South America to Hong Kong

making it one of the strongest candidates for being

under eustatic control (Hallam, 1981). According to
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Fig. 4. Sea level curves for Himalayas (c) and East Greenland (d) compared with the proposed global curves of (a) Hallam (1988) and (b) Haq et

al. (1987b). (c) Based on Li and Grant-Mackie, 1993. (d) After Surlyk, 1991.



de Graciansky et al. (1998), the peak transgression of

their cycle 4a (Fig. 3) is either mid-liasicus (Hettan-

gian) or semicostatum Zone. This appears to confuse

two distinct events, which are recognised by Hesselbo

and Jenkyns (1998) in the British successions as well

as by Hallam (1981) but are evidently less clearly

distinguished in the French successions. As for

event 1, there is no evidence from Greenland because

the pre-Pliensbachian succession is non-marine. In the

Himalayas, the shallow marine Liassic succession

lacks ammonites and hence no such event is as yet

discernible (Gaetani and Garzanti, 1991; Gradstein et

al., 1991) but it is clearly discernible in the Argenti-

nian coastal onlap chart (Fig. 5) of Legaretta and

Uliana (1996).

2.3. Early Pliensbachian

A major marine transgression of jamesoni Zone age

took place in Greenland where it marks the earliest

Jurassic invasion of the sea into a non-marine zone

(Surlyk, 1991; Fig. 4d) and a comparable transgres-

sion is recognised in north-east Scotland by Stephen

and Davies (1998). An important water-deepening

event in the marine regime is also clearly recognisable

in north-east England (Hallam 1981; Hesselbo and

Jenkyns, 1998). An important transgression evidently

also took place in the southern Andes (Legaretta and

Uliana, 1996) but because of lack of recorded ammo-

nites, no such event has yet been discovered in the

Himalayas.

2.4. Early Toarcian

The falciferum Zone deepening and transgressive

event is one of the most striking in the Jurassic and

is associated with the spread of black shales; an

anoxic event comparable to that at the Cenoma-

nian±Turonian boundary, signi®ed by a marked posi-

tive carbon isotope excursion, has been established by

Jenkyns (1988). It is clearly manifested in both

Europe and South America as well as in western

Siberia (Zakharov et al., 1998) but not in Greenland

or the Himalayas (Figs. 4 and 5), in the latter region

perhaps because of inadequate stratigraphic resolution

as yet. Elsewhere in the world, its most striking mani-

festation is in an extensive region stretching from the

Middle East to Madagascar where Lower Toarcian

deposits approximately equivalent in age to the falci-

ferum Zone represent the oldest marine Jurassic

(Hallam, 1978, 1988). These Bouleiceras-bearing

beds can be traced into northern Pakistan as far as

the Himalayas margins (Fatmi, 1972).

2.5. Early Bajocian

Though it cannot be pinned down precisely to a

zone, an Early Bajocian transgessive/deepening

event can be recognised widely across the world

(Hallam, 1978, 1988). Its importance in northern

Europe is somewhat exaggerated by the preceding

pronounced Aalenian regression but its effects can

be recognised as far south as the Jura Mountains of

southern France and northern Switzerland (Jacquin et

al., 1998). A distinct Early Bajocian transgression is

also recognised in the southern Andes, although the

Aalenian here is not regressive (Legaretta and Uliana,

1996). The facies in Greenland at this time is non-

marine and stratigraphically indeterminate, but in

the Himalayas, although the stratigraphy has not
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Fig. 5. Coastal onlap chart for western Argentina. Evaporite hori-

zons signi®ed by crosses. Simpli®ed from Legaretta and Uliana,

1996, Fig. 6. Direction of sea-level rise is to the right.



been fully worked out, it is clear that the only wide-

spread pre-Callovian ammonites are of Lower Bajo-

cian age (Westerman and Wang, 1988; Gradstein et

al., 1991).

2.6. Late Bajocian

To this time is attributed a major ¯ooding event in

northern Europe, extending into the early Bathonian,

with a peak transgression at the Bajocian±Bathonian

boundary (Jacquin et al., 1998). These authors point

out that the evidence for this `Vesoulian' transgres-

sion extends from the western Paris Basin to Dorset in

southern England, but they omitted to mention that it

extends further west also into Gloucestershire and

Somerset. Surlyk (1991) recognises this as one of

the most important transgressive events in Greenland

with a widespread marine ¯ooding of continental

sediments (Fig. 4d). An important Late Bajocian

event is also recognised in Argentina by Legaretta

and Uliana (1996) but according to them, it did

not extend into the Bathonian (Fig. 5). In the

Himalayas, clear evidence is lacking, though Fig. 4c

indicates a sea-level fall at the end of the stage. It is

not obvious, however, on what basis this inference has

been made.

2.7. Middle Callovian

This represents one of the most important transgres-

sive/deepening events in the whole Jurassic. While

there is some complication because of regional

tectonics, Europe saw the onset of shales, character-

istically organic-rich, over a vast area, usually over-

lying manifestly shallower water sediments. The

underlying Upper Bathonian and Lower Callovian

often also signify relative sea-level rise, but the extent

to which they represent independent pulses or a

temporally extended event expressed regionally as

diachronism has not in general been clearly estab-

lished. It is noteworthy, however, that over wide

areas, the Lower Callovian marks a distinctive cycle

of shales passing up into sandstones or in Burgundy,

limestones capped by an erosion surface.

In Greenland as in Europe, there was an overall

transgressive trend in the Late Bathonian and Early

Callovian but with a major pulse in the Middle

Callovian before greater sea-level stability was

achieved (Fig. 4d). In the Andes, a major transgession

at this time put an end to a regressive interval and had

important biogeographic consequences. Thus a

distinctive East Paci®c ammonite province came to

an end as free links were re-established with Europe

(Westermann, 1993). The Himalayas and Pakistan

Salt Range demonstrate, like in Europe, a stepwise

transgressive event. A widespread ferruginous oolite

dated variously as latest Bathonian or earliest Callo-

vian marks the initiation of a transgression over very

shallow marine strata lacking ammonites (Fatmi,

1972; Gaetani and Garzanti, 1991; Gradstein et al.,

1991; Li and Grant-Mackie, 1993). There follows

over the whole area a major argillaceous unit

known as the Spiti Shales and stratigraphic equiva-

lents extending up into the youngest Jurassic. Dating

of the lower part of this unit has been uncertain

until recently, but now it has been con®dently estab-

lished from new ammonite discoveries as Middle

Callovian (Enay and Cariou, 1997). In this regard,

Fig. 4b seems to mark a closer approximation to

reality than Fig. 4a, which overemphasises regressive

events.

2.8. Late Oxfordian to Kimmeridgian

The base of their cycle 9, at the Lower±Upper

Oxfordian boundary, is taken by Jacquin et al. (1998)

as marking the beginning of this event in Europe

(Fig. 3) with the peak transgression taken as the

eudoxus Zone of the Kimmeridgian marked by wide-

spread black shales. An important Late Oxfordian±

Kimmeridgian sea-level rise is also recognised in

Greenland by Surlyk (1991) with a maximum ¯ooding

surface in the eudoxus Zone (Fig. 4d). Adjacent to the

Himalayas, in the Salt Range of Pakistan, the same

event is recognised by Fatmi (1972) but the situation

within the Himalayas is less clear. Enay and Cariou

(1997) recognise the widespread presence of Middle

Oxfordian ammonites in the Spiti Shales after a barren

interval of uncertain age and have proved the presence

of Kimmeridgian after a long period of doubt. Grad-

stein et al. (1991) record a Middle Oxfordian trans-

gression. The situation in the Andes is anomalous

because the Late Oxfordian to Kimmeridgian records

a regressive interval between the marine Callovian and

Tithonian (Riccardi, 1983; Legaretta and Uliana,

1996).

A feature that needs reporting here is the extensive
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condensed nature of Upper Callovian to Lower Oxfor-

dian deposits, suggesting a global phenomenon. This

is well recorded over a wide area in western Europe by

Norris and Hallam (1995) and in the Andes, where

there is a widespread late athleta to early cordatdum

Zone hiatus (Legaretta and Uliana, 1996). It is evident

also in the Salt Range (Fatmi, 1972) and the limited

evidence available from the Himalayan Spiti Shales is

at least consistent with it.

3. Major episodes of sea-level fall

As noted earlier, episodes of extensive sea-level

fall are much harder to establish and correlate than

episodes of sea-level rise. In particular, it is more

dif®cult to distinguish global events from those

related to regional tectonics. Although this paper

essentially addresses Jurassic sea-level change, it is

desirable in this case to extend consideration also to

the latest Triassic and earliest Cretaceous.

3.1. Latest Rhaetian

The best evidence for extensive sea-level fall,

which could well be global, is at the end of the Trias-

sic (Hallam and Wignall, 1999). This important

episode is worth considering in some detail because

it has been hitherto neglected. The evidence is espe-

cially clear in Germany. There was extensive shallow-

ing of inland sea in the latest Rhaetian, marked by

widespread progradation of sandstones over shales

(Will, 1969). In northern Frankonia (Bavaria), ¯uvia-

tile Hettangian occurs in marine channels cut into

Rhaetian sandstones and clays and is overlain by

marine Hettangian of the planorbis Zone (Bloos,

1990). A clear end-Triassic regressive pulse can be

recognised in the Danish Basin (Bertelson, 1978)

while both in southern Sweden and north-west

Poland, the Upper Rhaetian is missing and there is

an unconformity at the base of the Jurassic (Dadlez,

1976; Bertelson, 1978). In the Northern Calcareous

Alps of Austria, widespread emergence at the end of

the Triassic is also recognised with the creation of

karst surfaces on emergent reef complexes (Satterley

et al., 1994) while in the few areas of more continuous

sedimentation in basinal settings, the base of the

Jurassic is marked by eroded limestone clasts derived

from emergent areas (Hallam and Goodfellow, 1990)

or by an exceptional red mudstone horizon, inter-

preted as marginal marine, in the midst of blue-grey,

fully marine deposits (McRoberts et al., 1997).

In most parts of England, the marine Hettangian

Blue Lias Formation rests with a hiatus on an eroded

top of the Rhaetian Penarth Group, with the upper

Lilstock formation being partly or wholly missing

(Hallam, 1995). This is true even of the most complete

section in Somerset where a horizon of reworked

limestone clasts at the base of the Blue Lias has

been discovered (Hallam, 1990). On the borders of

Devon and Dorset, there was formerly well exposed

at the boundary in the coastal section a horizon of

truncated Diplocraterion burrows proving the

erosional removal of at least 15 cm of consolidated

Rhaetian marine limestone (Hallam, 1988; Fig. 3a).

In other continents, the best evidence comes from

North America. While there is a good sedimentary

record of Late Triassic and Early Jurassic on the east-

ern margins (Newark Supergroup), none of the beds

are marine, but marine deposits occur in the Sverdrup

Basin of Arctic Canada. Here there is a regional

unconformity at the Triassic±Jurassic boundary

separating an Upper Rhaetian succession with

prograding from a Lower Hettangian succession

with retrograding coarse siliciclastics (Embry and

Suneby, 1994). In the classic section in and around

New York Canyon in Nevada, the regression is

marked by a topmost Rhaetian siltstone unit separat-

ing Norian±Rhaetian and Hettangian±Sinemurian

limestones (Hallam and Wignall, 2000). The situation

is more equivocal in areas further a®eld where a full

marine succession has been recorded, such as the

western borders of North and South America and

parts of eastern Asia (Hallam and Wignall, 1999).

It is unlikely to be coincidental that this stratigra-

phically spectacular event coincides closely with one

of the ®ve biggest mass extinction events in the

Phanerozoic (Hallam and Wignall, 1999). Remark-

able though it may seem, the event was completely

missed by Haq et al. (1987), who record no signi®cant

sea-level change across the system boundary (nor do

de Graciansky et al., 1998) despite the strong evidence

of both a sharp fall quickly followed by a rapid rise in

the Early Hettangian. This probably re¯ects several

things: no notable pattern or inadequate chrono-

stratigraphy in the seismic re¯ection pro®les of the

Moray Firth; obscured stratal exposures in Dorset;
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no exposures in Yorkshire and a failure to consult the

extensive European literature.

3.2. Aalenian

The most spectacular regressive event in Europe

before the end of the Jurassic took place in Aalenian

times in the North Sea and surrounding areas with

effects extending as far south as the Paris Basin

(Jacquin et al., 1998) and the Cotswold Hills of

England where marine Liassic shales are abruptly

replaced by shallow water limestones, mainly oolites.

Its effects have been most thoroughly researched by

Underhill and Partington (1993) who have demon-

strated convincingly that what Haq et al. (1987)

took to be the most signi®cant eustatic sea-level fall

in the Jurassic was in fact a phenomenon of regional

tectonics. It is not indeed clearly recognisable else-

where in the world although a claim has been made on

inadequate grounds for an end-early Jurassic sea-level

fall in the Himalayas by Li and Grant-Mackie (1993).

It should also be noted that one of the more important

regressive events in Legaretta and Uliana's coastal

onlap curve for Argentina is at the base of the Aale-

nian murchisonae Zone (Fig. 5). The situation in

Greenland between the Late Toarcian and Late Bajo-

cian is stratigraphically indeterminate (Surlyk, 1991

and Fig. 4d).

3.3. Bathonian

Over western Argentina and Chile, the Bathonian

was a time of general regression (Riccardi, 1983) and

marks the time of a distinct East Paci®c ammonite

biogeographic domain (Westermann, 1993). In the

sequence stratigraphic scheme of Legaretta and

Uliana (1996), the base of the Bathonian regressive

event is marked by widespread discontinuity invol-

ving shelfal exposure and incision signifying a forced

regression and was followed by the widespread

deposition of continental redbeds. The overlying

Lower Callovian includes evaporites, which are inter-

preted to signify a transgressive event under negative

hydrogeological balance. This regressive situation in

the Bathonian is anomalous globally and clearly

marks a regional and not a eustatic event, but it is

noteworthy that there is a spread of coastal onlap,

presumably corresponding to a more extensive sea-

level rise in Legaretta and Uliana's diagram (Fig. 5).

A sharp regression between the Bathonian and Callo-

vian is indicated, however, in this diagram, compar-

able to what has been recognised in some other parts

of the world (Hallam, 1988) but is not yet established

as a genuinely eustatic event.

3.4. Late Oxfordian±Kimmeridgian

Whereas this time was generally one of marked sea-

level rise, the Andes are strikingly anomalous in

signifying a pronounced regression indicated by exten-

sive deposition of a thick evaporite unit now preserved

at the surface as gypsum (Riccardi, 1983; Legaretta and

Uliana, 1996; Fig. 5). These evaporites are sandwiched

between marine limestone-shale units of Callovian to

Middle Oxfordian and Tithonian age and extend far

beyond the Neuquen Basin of western Argentian

where the stratigraphy is best known. There can be

no doubt about the regional character of this event,

which is clearly related to Andean tectonics (Hallam,

1991).

3.5. Tithonian

The Tithonian part of the eustatic sea-level curve of

Haq et al. (1987) shows several unusually rapid oscil-

lations. Hallam (1988) argued that this was a conse-

quence rather of tensional tectonic activity, producing

rotated fault blocks, in the Moray Firth region and is

one of the clearest examples of how the widely cited

Exxon sea-level curve was in¯uenced by the original

seismic stratigraphy study of Vail and Todd (1981).

This proposal of Hallam was subsequently con®rmed

by the detailed study of Underhill (1991). A similar

pattern in Greenland at this time (Fig. 4) is also attrib-

uted by Surlyk (1991) to the effects of regional

tectonics.

Both Haq et al. (1987) and Hallam (1988) agree that

the Tithonian marked a sea-level peak followed by a

fall into the earliest Cretaceous. The latest Jurassic

and earliest Cretaceous in the classic area of north-

west Europe is clearly regressive but such a regression

is not evident in other parts of the world excepting

New Zealand, although Surlyk (1991; Fig. 4d) marks

a sea-level low in the basal boreal Cretaceous (Ryaza-

nian). While there was an early Cretaceous regression

in the Himalayan region, marked by the progradation

of deltaic facies over the relatively deep marine Spiti

Shales and equivalent, it was manifestly diachronous
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and no clear-cut event is determinable (Gaetani and

Garzanti 1991). Indeed, in the Pakistan Salt Range,

Spiti Shales facies continues without manifest change

into the Valanginian before being replaced by a shal-

lowing up deltaic succession (Hallam and Maynard,

1987). In the southern Andes of Argentina and Chile,

a shallow marine limestone-shale facies passes with-

out change into the Berriasian and the shallowest-

water interval in a thick marine package ranging in

age from Tithonian to Hauterivian is in the Early

Valanginian (Hallam, 1991). This offers some support

to the eustatic curve of Haq et al. (1987) who propose

a pronounced sea-level low at this time.

4. Possible causes of regional and global sea-level
change

There are two distinct and widely recognised

causes of eustatic sea-level changes, the melting and

freezing of polar icecaps and the changing volume of

ocean basins bound up with the creation and destruc-

tion of ocean ridges and swells (Hallam, 1992). The

latter process produces changes about three orders of

magnitude slower than glacioeustatic changes, so

while they are most probably relevant to Exxon-type

®rst and probably second-order sea-level changes,

they cannot plausibly be invoked for their third-

order changes (Dewey and Pitman, 1998). The

Exxon workers have favoured a glacioeustatic inter-

pretation for their third- and higher order cycles (Vail

and Haq, 1988) as has Brandt (1986) for cycles in the

Lower Jurassic. There is, however, no evidence of

waxing and waning polar icecaps in the Jurassic and

the Jurassic world is generally accepted as lacking

signi®cant quantities of polar ice and as being rela-

tively equable compared with the present day (Frakes

et al., 1992; Hallam, 1993).

In a recent review, Price (1999) argued that there

was evidence in the Bajocian±Bathonian and Titho-

nian/Volgian for episodes of cold or subfreezing polar

climates with a possible extent of polar ice sheets

approximately one-third of those at the present day.

A match of geological data with different global circu-

lation models for the Late Jurassic allows for the

possibility of ephemeral ice caps during times of mini-

mal seasonal forcing but with the southern continents

being generally free of an ice cap (Sellwood et al.,

2000). Any glacially induced sea-level changes

would have been no more than metre-scale. It is

thus highly implausible to argue that there was ever

suf®cient ice to effect sea-level changes discernible in

the stratigraphic record.

Thus we are left with only tectonoeustatic mechan-

isms. This present evaluation indicates that, with

almost no exceptions, the only convincing cases for

eustatic sea-level change concerns rise and is more

consistent with successive phases of rise interrupted

by periods of stillstand than with alternating phases of

rise and fall (Fig. 1). Such a pattern seems readily

explicable in a general way to plate tectonics, at a

time when the central Atlantic and Indian Oceans

were beginning to open with newly created ocean

ridges displacing seawater onto continental margins.

Most major regressions are then explicable by regio-

nal tectonics of various sorts, which could perhaps

also be related to plate tectonics, at least in some

cases. Perhaps the most interesting exception

concerns the Triassic±Jurassic boundary event with

which we start. There follows a brief consideration

of a number of subsequent events for which a plausi-

ble mechanism can be invoked.

4.1. Triassic±Jurassic boundary

As noted earlier, the best case for relatively rapid

change, involving regression quickly followed by

transgression, is at this system boundary. If not

eustatic, it involved a very large area embracing

more than one continent. Hallam (1997) attempted

an approximate estimate of the amount and rate of

sea-level change based on evidence from European

sections. The most direct evidence comes from

Bavaria, where channels cut into the Rhaetian with a

maximum depth of 13 m have been described by

Bloos (1990). As a result of a diagenetic study of an

Upper Triassic reef in the Austrian Alps, an end-Trias-

sic emergence of 5±15 m for a very brief geological

duration of ca 10±15 ka was inferred by Satterley et

al. (1994) based on the time evidently required to form

the discovered karst cavities. On the basis of this and

other evidence, Hallam inferred a rate of sea-level

change of at least 1 cm in 0.2 ka. This rate is far too

rapid to be plausibly accounted for by changing ocean

ridge volume tectonoeustasy. Instead, the regression±

transgression couplet at this horizon could be a good
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candidate for the Cathles and Hallam (1991) model

involving stress-induced changes in plate density.

Stress changes can produce signi®cant changes in

the density of the lithosphere and propagate across

even the largest plates in less than 30 ka. Lithospheric

plates interacting at existing boundaries can produce

stress/density changes suf®cient to cause several

metres change in plate elevation; these may account

for many of the transgressions and regressions

inferred from the stratigraphic record. The creation

of new rifts could increase plate compression enough

to cause about 50 m of plate subsidence.

The rifting in question would be the initiation of

break-up of Pangaea by tensional activity recorded on

both sides of the present sector of the Atlantic Ocean

(Manspeizer, 1988). This event is associated with the

extrusion in the earliest Jurassic of extensive ¯ood

basalts on the eastern margins of North America

(Olsen, 1997). Recently dated basic sills and dykes

in both French Guyana and Guinea suggest a much

more extensive zone of igneous activity at this time

affecting the entire length of the central Atlantic

region during the initial breakup of Pangaea. It differs

from other magmatic provinces such as the Deccan

and ParanaÂ in that voluminous ¯ood basalts are not

observed. However, they may exist as suggested by

offshore seismic sections supporting the existence of a

major volcanic band emplaced along the north-eastern

American margin (Deckart et al., 1997). More

recently, dating of this so-called Central Atlantic

Magmatic province magmatism has been extended

to rocks in Brazil by Marzoli et al. (1999). Their

work suggests that this magmatism exceeded 7

million sq. km in a few million years with peak activ-

ity at 200 Ma. This data is now thought to be the most

accurate one for the T±J boundary (Palfy et al., 2000).

This association with volcanism suggests the exis-

tence of a mantle plume. Ernst et al. (1995) locate the

focal point of a giant radial Central Atlantic dyke

swarm of this approximate age between Florida and

north-west Africa. This is therefore the likeliest

central location of one of the mantle plumes discussed

by White and McKenzie (1989). Rifting above a hot

mantle region results in immediate uplift above sea

level rather than subsidence due to stretching. Uplift

occurs largely because crust is thickened by large

quantities of new igneous rock generated by decom-

pression melting. Since stretched regions have little

¯exural strength, uplift occurs to maintain isostatic

equilibrium. Additional factors acting in concert to

produce uplift are dynamic support of the underlying

hotspot, decrease in density of residual melt as partial

melt is extracted and initial heating of continental

crust by intruded melt (White 1989). Because of the

relatively low densities of crustal rocks, basaltic

magmas generated beneath continental areas are prob-

ably frequently trapped at or near the Moho, a process

known as underplating. The area affected by uplift

appears to be much wider than for uplifted rift

shoulders and could extend laterally for hundreds of

kilometres (Cox, 1993). The well-established latest

Triassic regression in Europe could well be bound

up with such phenomena, with the initiation of basal-

tic extrusion in the earliest Jurassic marking the time

of some subsequent collapse. Whether these various

processes could account, however, for evidence of a

regression±transgression couplet further a®eld is

more dubious and it is probably relevant to note that

changes across the T±J boundary appear to be least

marked in areas most distant from the Central Atlantic

zone. However, the Cathles±Hallam model can have

global effects in exceptional circumstances with a

maximum sea-level change of the order of 50 m.

However, there is a potential problem for eustasy in

this case because no oceanic sector is involved, the

Atlantic not opening until well into the Jurassic.

The sea-level change at the T±J boundary seems to

be recorded in a short positive excursion in the stron-

tium isotope curve (Fig. 6) of Jones et al. (1994). The

main ¯uxes that control the Sr isotope ratio are: (1)

river in¯ow, especially those dominated by erosion of

old metamorphic and igneous rocks, with heavy
87Sr/86Sr and (2) `exchange' of Sr with young basalts

with light 87Sr/86Sr in seawater hydrothermal systems

beneath mid-ocean ridges (Veizer, 1989). Thus a posi-

tive blip is consistent with a short-term regression on a

very extensive if not global scale. The steady fall of

the curve through the later Hettangian to the earliest

Toarcian is consistent with the record of more or less

steadily rising sea-level with consequent diminution

of continental input, but the sharp reversal of this

trend subsequently is anomalous in this respect.

4.2. Early Toarcian

It has been generally thought, on the basis of deep
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ocean drilling and magnetic anomaly data, that the

oldest Atlantic sea ¯oor is Middle Jurassic in age

(Sheridan, 1983; Klitgord and Schouten, 1986) but

new research in the Canary Islands involving the

dating of basalts suggests that sea ¯oor spreading

may have commenced as early as Toarcian times

(Steiner et al., 1998). This is likely to be relevant to

the Early Toarcian episode of pronounced sea-level

rise associated with a minor mass extinction event.

Hallam's (1997) estimate, based upon facies compar-

isons of the classic Yorkshire coast section with some

modern marine environments, ranges from lowest to

highest rates of 1 cm in 1.2 and 0.4 ka, respectively.

These rates are compatible with normal tectonoeus-

tasy associated with a newly created oceanic ridge.

4.3. Aalenian

The Aalenian regression event in north-west

Europe is most plausibly related to thermal doming

in the North Sea with basaltic volcanicity associated

with subsequent collapse (Hallam and Sellwood,

1976; Underhill and Partington, 1993; Hesselbo and

Jenkyns, 1998). This could perhaps have some rela-

tionship to plate tectonic activity in the Atlantic

region, because the subsequent Late Jurassic±Early

Cretaceous rifting in the North Sea, which could

have led to ocean opening, ceased at about the same

time as sea¯oor spreading west of the British Isles

commenced, suggesting possibly a westerly transfer

of mantle energy.

4.4. Middle Callovian to Late Callovian±Early

Oxfordian

We have seen that in the Middle Callovian, there

was an episode of marked sea-level rise on a global

scale. The slightly later pulse of sea-level rise in the

Late Callovian to Early Oxfordian is marked less by

transgression than by widespread condensation,

probably because it is manifested over large areas in

different continents in deeper water, more offshore

facies. It is tempting to relate these events to initial

opening of the Atlantic Ocean in its central sector,

between eastern North America and north-western

Africa, perhaps also with associated Tethyan opening.

The oldest sediments overlying basaltic basement

in the Atlantic have been dated by nanofossils from

DSDP site 534 as Middle Callovian in age and Sher-

idan (1983) considers that initial breakup is associated

with the Blake Spur magnetic anomaly and occurred

in the earliest Callovian or latest Bathonian. However,

the oldest oceanic crust on both ¯anks of the Mid-

Atlantic Ridge was generated during a magnetic

quiet zone and no sea¯oor spreading magnetic linea-

tion isochrons have been identi®ed for calculating the
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initial opening reconstruction pole (Klitgord and

Schouten, 1986). Thus a Toarcian initial opening

event cannot be excluded from the Atlantic data,

which would imply a somewhat slower rate of initial

opening than that inferred by Sheridan (1983). There

could, however, have been a pulse of increased activ-

ity at this later time when some plate reorganisation

took place (Klitgord and Schouten, 1986).

4.5. Late Oxfordian±Kimmeridgian

This latest pulse of signi®cant rise of sea level is not

obviously related to changing activity in the Central

Atlantic because a more or less uniform rate of

sea¯oor spreading can be inferred through the Late

Jurassic (Klitgord and Schouten, 1986). The most

plausible, albeit tentative, suggestion is that it relates

to the initial breakup of eastern Gondwana leading to

the formation of the Indian Ocean, with new sea ¯oor

being generated both east of Africa and west of

Australia.

The regressive event in western South America at

this time, so well recorded by evaporites intercalated

in the midst of marine sediments, can probably be

related to the initiation of tensional activity between

this continent and Africa prior to sea¯oor spreading in

the Early Cretaceous because the evaporites can be

traced along much of the length of the Andes (Hallam,

1991). The Bathonian regression event in the same

region is more dif®cult to explain unless it relates to

premonitory tectonic movements heralding the same

major event.

5. Conclusions

The gross pattern of Jurassic sea-level change,

based on a comparison of four widely separated

areas from which a suf®ciently good record is avail-

able, is one of more or less gradual rise of sea level

through the period, interrupted by episodes of still-

stand rather than eustatic fall. The pattern matches

well that inferred for East Greenland by Surlyk

(1991) and for the Oxfordian by Gygi (1986). There

is no convincing evidence for the sort of third-order

cycles described by the Exxon group.

Major episodes of eustatic rise occurred in the Early

Hettangian, Early Sinemurian, Early Pliensbachian,

Early Toarcian, Early and Late Bajocian, Middle

Callovian and Late Oxfordian to Kimmeridgian.

A signi®cant episode of rapid and very extensive

regression, most manifest in areas near the present

Atlantic, took place at the end of the Triassic. It was

possibly global in extent but evidence from areas most

distal from the Atlantic region is indecisive.

Other episodes of notable regression, in the Late

Aalenian, Late Oxfordian±Kimmeridgian and Titho-

nian are clearly only regional in extent, related to

tectonic events in north-west Europe and Andean

South American.

Evidence for glacioeustasy is lacking and most if

not all the regional or global change recognised can

plausibly be related to plate tectonics, the global sea-

level rise being associated with the opening of the

Atlantic and Indian Oceans. The exception concerns

events at the Triassic±Jurassic boundary, which may

be associated with mantle plume activity and

extensive epeirogenic movements associated with

volcanism.
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