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ABSTRACT

Jurassic recfs are composed of different biotic types (coral, siliceous sponge. microbial and mixed laciesy and teviura
types (baftlestone meadows. framestones. debris reefs, mudmounds). They indicate water energy. depth, temperature.
sedimentation rate. oxygen depletion and slope angle. The distribution of reefs henee reflects changes in shelt mor-
phology. sca level. climate and oceanographic circulation in the course of the breakup of Pangea. Reefs diagnostic of
steepened slopes (mixed coral-sponge reefs) mostly occur on the southern Tethvan shelf and in the Atlantic realm.
whereas reefs diagnostic of homoclinal to moderately steepened ramps (coral-debris sands. extensive siliceous sponve
facies) are largely restricted to the more stable northern shelf of the Tethys.

Temporal reef distribution on the southern Tethys shelf reflects increasing drowning of Triassic carbonate plattorms
during the Early and. particularly Mid Jurassic. and local uplift during the Late Jurassic. On the northern Tethyvan shelf
reefs generally expanded during the Mid and Late Jurassic. Rather than evolutionary radiation. this patiern mosth
retlects increasing habitat availability caused by general sea level rise accompanying carly dritt. In the Atlantic realm
reel distribution helps analyze the marine rifting pulse of the Late Jurassic,

High paleolatitude occurrences of coral reefs are indicative of a very equilibrated climate during the Tate Jurassic. which
retlects the butfer capacities of the wide sea cover. During the same epoch dysacrobic microbial crust reefs often grew
shallow depths in the western part of the northern Tethys shelf. Together with the frequent occarrence of Upper Jurassic
bituminous deposits. this feature is interpreted as reflecting a strong reduction in oceanic circulation and weik upwelling on
the northern Tethyan shell. Both climatic leveling and sluggish circulation are interpreted as feedback effeets of the
continuous sea tevel rise which itself was caused by the increasing breakup of the northern hemisphere of Pangea.

RESUAMI:

Les récifs carbonatds du Jurassique sont composés de divers types biotiques (corallicns. éponges siliceuses.
microbicns et facics mixtes) et texturaux (prés de battlestone. framestones. récifs formés de débris . monticules de
boue C'mudmounds™). Ils indiquent le niveau ¢nergétique. la profondeur. la tempdrature. le taux de sédimentation e 1o
reduction en oxyeene de Meaw. et IMinclinaison de la pente. La distribution des récifs refldte done des changements dans
la-morphologic de la plate-forme, e niveau marin. le climat ct la circulation des courants océanographiques durant
fragmentation de Pangea. Les récifs diagnostiques de pentes escarpées (récits mixtes coralliens-i CPONLEes) s
retrouvent surtout sur la plate-torme méridionale de la Téthys et dans le domaine de I'Adantique. tandis que les récifs
diagnostiques de rampes monoclinales & modérément escarpées (sables composés de débris coralliens. Facios
d’¢ponges siliceuses répandus) sont en grande partie restreints a la plate-forme septentrionale. plus stable. de Ta Téthy .

La distribution des réceifs dans le temps sur L plate-forme méridionale de la Téthys refléte Ta noyade croissante des
plate-formes carbonatées du Trias durant le Jurassique inféricur et. en particulier. durant le Jurassique moyen. et un
soultvement local durant le Jurassique supéricur. Sur la plate-forme téthicnne septentrionale les récils privent en
eénéral de Iexpansion durant le Jurassique moyen et supérieur. Pluldot qu'un rayonnement évolutionniste. celie
distribution reflete surtout la disponibilit¢ croissante de I"habitat causé par la hausse géndrale du niveau marin qui
accompagna une dérive continentale précoce. Dans le domaine de 1" Atlantigue la distribution des récifs sert 2 Panalvse
de la pulsion de distension marine du Jurassique supéricur.

Lexistence de réeifs coralliens sous des paléolatitudes ¢levées est une indication de conditions climatiques bicn
cquilibrées durant le Jurassique supéricur. ce qui refléte la capacité tampon de la erande ¢tendue marine. Durant la méme
¢poque des récifs formes dlincrustations microbiennes dysaérobigues se développerent souvent dans des cau peu
profondes dans Ta partic occidentale de Ta portion septentrionale de la plate-forme téthienne. Avec la présence fidquente de
dépats bitumineux dans le Jurassique supérieur. ce dernier trait est interprété comme reflétant une forte réduction dans la
circulation océanique et une taible remontée d'eau marine sur fa plate-forme éthienne septentrionale. Tant Ta stabilisation
du climat que la lente circulation océanique sont interprétées comme des effets du feed-back de la hausse continue Ju
niveau marin qui a son tour fut produite par la fragmentation croissante de Uhémisphere nord de Pangca.
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INTRODUCTION

Fhe Jurassio was @ transitional period in many aspects.

Stractradi i was e tme of aceelerated breakup of Pangea
cthyan and in the North Atlantic

Chimanicadhv 10 was situated about halfway between techotise

Foilon the reatm.

seendanos ol o lue Paleozoie and supes-greenhouse scenarios

of a Mud to

acents world Interms of global sea fevel

the sea was zeneradly nsinge over most of the time, but neither

sioried ['wn very jow nor reached fevels as high as during the
AMid Cretacous. These changes are well retlected by the distri-
Bation and abundance of reef tvpes which changed drastically
Jurassic.

i the cowrse of the In the present paper it will be

Shown that reet patterns not only neathy mirror general struc-

trad reorganization and general sea devel rise commng along

with the breakup of Pangea. but are o valuable tool to identify
foss aveessible changes such as chimatie and occunographic
FCOTLUNI/LHONS,

yuring the Jurassic reets occurred most widespread and
mostdiversiticd it the final epoch of the pertod. That is why
husic factors control-

Javassic rect npes and the evaduation of

fing ihcu' ocviirrence and compaosition can be best calibrated

P the Upper darassie esamiples. They wiil then be compared
with reets of the carlier parts of the period.
TReets” are treated here i o hroad structural and conpost-

tonal sonser Jurassic reets may be buildups sensu Heckel
U7 where Tormation of posiine structures was governed

or accompanied by reetal organisms, 1 displaying a clear con-
bioherms. Buildups

sumed microbal

structive fubric butldups may be termed b

Jhictty formed by calearcous crusts of pre
artea are abso considered here as reefs. Biostromes or mead-
ows tormed byoree! biotas particularhy corals and sponges. are
Schubmacher 1982

hivalves are

rects inoa hiojogical sense (e.g

Bioconstructons or meadows dominated by

raed i ihs sady

Teassto R~ s INDOAvors 0Ff GENERAL ENVIRONAENTAL

P ronrs

russic reeds can he subdivided mto the

Compositionadiy, T
cnd members corat Taoiess sthiceous sponge facies and micro-

Bial crost thrombodite facies (Fig. T The briel characterisation

of rects eiven here s bused on detarled investigations of Upper

Turissic reets romm Portugal, Spain. France. Switzerland and
Southern Germany,
Lower. Middie and Upper Jurassic reefs from other localities
Keupp et al. 1990 [DORE

JOu3abh. Werner et ul.

f

cotl b ot ab 1980

tuin Lomtelder et al

. Lemtelder

1994 for tur-

ther references see below
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Cordl reet facies occur as Tow 1o high-diversity biostromes.

often with o« haflestone fubrie, open tabric bioherms with or

whout microbial crusts, debris pifes containing ondy ninor
amornts of Tranework, debris-rich coral-nicrobial bindstones
and true coral or coratstromatoporoid framestones. The domi-
teonstructional guild sensu

nart consitactional reet brota

as welt as on additional mspection of

KN TLINFELDER

microbial
Crusis

pure threvboite

AN s g
Ly o

IO Al cTust reeis

d o e
ang coral-microhiat debrs,

e
IRV 1 (AFIST°N

i

i

%\\
v

‘"‘v Silceons spanie:

i) wadows
vvv\“\ sy

stliceous sponges

corat
debins reefs

e r.m'«

corals
e stromatoporaidsy

Figure 1. Jurassic reef types Reef types can be plotted on a com-
positional trangle with the end members coral facies. siiiceous
sponge facies. and microbial facies. Arrows indicate frequent succes-
sions and facies fransitions of reef types. The dominant transitiona!
lines are labelled 1. 2. 3 (see text). The figure was cahbrated by Upper
Jurassic reef occurrences (ct. Leinfelder. 1993a). but s transferable 1o
the entire Jurassic

Fagerstrom. TO88) are corals, although stromatoporoids

chactetids and other coradline sponges may oceur 1 varable,

parthy large guantites, Rarely. the latter dominate the corals,

Individual bushes of ranose and phaceloid corals. as well as

cnerusting coral colonies can attam szes up o hwometres, and

hemispherical coral heads up to one metre. although the

majority of coral colonies remained small, Notoniy Tow-diver-

st but abso medivim, sometites even hieh-dis ety associi-

tons were domimated by o ocouple of distinet taxa, such as

microsolenid, stvlinid or sastreid massive corals. phaceloid

Calamophyviiiopsis and Thecesmilia, or ramose forms of

Actinastrea. The binder guild comprised microbial crisis,

1

including a high percentage of micro-encristers such us
Lithocodiunm., Bacinetia, !11/’!/’/1\'.’('\'. solenoporod red wigae {in
mostiv fow guantities), cncrusting

variable. Pryozoans,

foraminifera. occasionally ovsters, as well as encrustng mem-

bers of the constructional cuild, Reet ducelfers encompuss
many epibenthic bivalves ncluding diceratidsy and gas-
vopods tincluding nerineids whereas brachiopods, except for

encrusting thecrderdimids, were nov abwayvs abundant.

Echinoderms were generaliy frequent. The destructional guild
was dominated by Hithophagous bivalves. but icluded boring
sponges. polvchaetes and microbes as welll Both biostromes
and bioherms commonly are only up o several metres thick.
Fxceptionally bioherms. and particubarly debris pile reet sands
reached thicknesses up to several tens to hundreds ot metres.

Siticevus_sponge-dominated tactes oceur as sponee meud-

ows and biostromes, and as sponge-microbial crust mud-

mounds. Stliceous sponges are mostly of the dictvid. Tvehnisend
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andd lithistid group and occur e dish. vase and tube shaped
varietios. Mostly either dictvid sponges or aomixture of lithis-
ud and Ivehniserd spunges dominated the assocttions. Also.
the dommance ol g single growth form is obyvious tn many
QUCUITCICE S, SHicenus spottges appeared movery variable pro-
porton: some mounds only contain rare sponyes. whercas in
others, as well as n the magority of biostromes the sponges
arcw close to cach other Sponge sizes range from several cen-

tmetres up o two metres, Certan taxa of coralline sponges,

particularly Newopora can be frequent. although the majority

of coralime sponges s missing. Microbial crusts oceur t vari-
able quantties and may become more abundant than sponges
m the mound varieties. They include micro-encrusters such os
Tubiphyices or the agelutineting polvchacte Terebella. besides
bryozoans and encrusting foraminifers. Brachiopods. includ-
ing mam cacrustng theaiderdimds besides the dommant tere-
bratutids and rhvachonethids were more conumon than epiben-
thic or endobenthic bivalves and gastropods. Echinoderms
muy oceur in considerable quantives. though they are fess
abundant than i the coral tucics.

Sponge meadows and biostromes range from several cen-
timetres up to several metres i thickness, Individual sponge-

crust mudmounds range tfrom decineires up to tens of metres

in thichness, Oceastonadly Taree buildups are composed of

smiadl stacked mounds.

Microbtal crust fucies form rectal bodios ranging trom a
fow centimetres to severul tens of metres i height. They may
contain accessory sihiccous sponges or corals. or both. The
crusts mostly have a clotteds henee thromboiitie (Aitken. 1976,
Ridimg. 1991, sometmes dense appearence. Macroscopicathy
faminated crusts, e stromatohites, ocenr very subordinately.
In these thrombolitic rects micro-encrusters may oceur analo-
vously 1o the crusts of the coral and stliceous sponge tacies.
althoueh they are normally rare except Jor Tubiphivies and
Terebetla

Iransions between the three compositional rectal ond

members are requent. Common are puxed _coral-siliceous

sponge types s well s compositionad reet tvpe_suceessions

which occur along three basic tines <Fig. Dz ¢Fb A Tine poor in
crusts is the transitron from siliceous sponge meadows (o
mived coral-siliceous sponge facies to coral facies: 12) An
merease m crusts oceurs along the transitton from siliceous
sponee meadows to muddy siliceous sponge-microbiad crust
facios which sometimes culminates i thrombolitie facies: and
€3 A crust-rich tine s the rapid transition tfrom pure thrombo-
lites to sihiceous sponge-contaming thrombolites o corad-rich

thrombohites. This type of reet succession can be repetitiv e,

Basic ExviroNviesTan Diesianns or Jorasstc Rire Typrs
Genereal deimands for all recf ivpes

Al mentioned reet tvpes clearly grew in w nogmal salinity

setisng. This s indicated by the high diverssity of many faunal
associations as well s by abundant stenohaline elements such
as o large varety of echimoderms, articulate brachiopods or
assoctited ammonttes an the sponge tucies). The occurrence

of wvariety of such stenohahne elements even in low-diversity

reets proves that sabinity was not fhe restricting fuctorn A\
excepuon s an Upper Jorassic bplieasirea dommated fon
diversuy coral association discovered m Portiged winioh shovas
stens of reduced salintties dhemtelder, TUNOD Werer 19Ny

Very reduced buckground sedimentation. both o eeneo

or allomicritic s an mmportant prevegaisite for vect cron

Dominance ot epifauna. the frequent attach of boriae broaives

and a high mcrustation rate by ovsiers. ihoviderdmd bra-

chiopods. serpulids. bryvozoans, corathime sponges aud

Picto-
bial crusts show that maost reetad coral and stlicecus sponge
assoctations oceurred o regniie of fTow hacheround scdinien
tation rates that caused stable substrates. e ot <o
vrowth capacity microbidd crusts are sironchy depeandon on
starved sedimentanon. Heonee therr Sreqaent occurciee

diagnostic for very fow background sedinientaiivn oy
tLemifelder eoals 1993baet Tags S This s corrohorated by
the tact that nuny crust-rich reefs are restricied o corrclatubte
horizons that exhibs features of starved sedimentation o ~ch
mentary breaks. such as sbundunce of awhrecme cliiconiie,

autochthonous shell concentrations tcluding woneniie b

beds) or mapient hardground characterisiros, o sequenioy
stratigraphic contest these hovizons wre erpretable as e
gressive phases, resulting from o regronad Jowerme ot hack
cround sedimentation (hemfelder, 19936 b Peinletder o ail
19934, by Particularly in deeper settines, occurrences of
microbial crust recets are ol spectal miterest o detect phases of
strongly suppressed sedimentation, ~stiee other brologre indiea
tors such as boring bivalves or encrusting coratirne sponves
are partly or entirely lackimga iy deeper settines.

Some Jurassic reetal associations were adupred oo cona
degree of sedimentation and related ~olt bottom sertmos, oy
example. JTow diversiny assoctations of sthocots spanees

indicate higher sedmentation rates, particularis 1 spopees are

of the wibe tvpe. Fudea clavara. @ coratlme sponge parthy
order o

closed 1ts Tower inhalant pores by i calcarcous pluy in

prevent penctration of sediments and thus could cope wiih
:

stightly etevated sedimentation rates (Kranutier Toddy

Morphologies of corals. particutariy general gerowth form .

calical types. Lo some degree reffect adaption tov ards e
mentation (Hubbard. 1973: Hubbhard and Pocock, 197 20
Using these parameters and diversity patterns, some ob the
coral brostromes and small bioherms of Portugad sceni o hase
been adapted to sedimentation my various deerces obentelder
1986, 1994} Particutarly, many Tow-diversity coral butth
stones oceurrmy in mixed carbonate-terrigencous or vure cal
carcous inner-ramp. lagoonal settines or waithm Lroons o
rimmed shelves apparenty were adapted to o setic unsidie
substrate resulting from efevated background sedimeniation,
Some of the most widespread Upper Jurassio coral assocur

trons. battlestones tmeadow s and broherms s donons

thin-branched variety of Calamophylliopses or by Secfosmnidi
are particulariy characterisuie of solt substrates and e sedi-
mentation rates, Coral bushes often toppled even within aoeen
cral Tow cnergy seting. mdicating subsorate ansiehibin,

Charactenstically, coral branches of these thin-hranciied
phaceloid corals ure often not bored or encrusted by nricrobial

CHUSDS,



O8N0

The fact that very thick, mud-rich reel bodies. particularly
stlhiccous sponge - microbial crust mudmounds commonly
intertinger with sediment-starved horizons is not contradictory.
The thickness of the reef body is cither related o an clevated
in-stitu productivity of” carbonate mud within the reef or. alter-
natively. a higher ability to tix episodically available
allochthonous mud. whercas the general initiation and contin-
uation of reet” growth is dependent on a reduced background
sedimentation regime over an extended period of time.,

Environmental factors vesponsible for differences in reef
CONPONITIOn

Water enerey and water depth are the most obvious factors

controlling the differences in composition and fabric of
Jurassic reets. The majority of Jurassic shallow water reefs are
poorly preserved. These reets are mostly represented by
debris-rich coral sand facies. Most of them can be described as
bioclastic piles containing only small patches of coral frame-
work (Buria et al.. 19820 Crevello and Harris, 1984
teintelder. 1992). Such debris-rich coral reefs mostly occur in
associatton with autochthonous oolite sands and hence are
characteristic of a shallow water. high ¢encrgy setting.

The poor preservation of reef framework can be explained
by the tact thut the available Jurassic binding organisms,
chiefly the microbial encrusters and, to a lesser extent the
solenoporacean algae were less effective in debris fixation
than modern melobesioid coralline algae. Only when steep

reef margins enabled exportation of a major part ot the reef

debris could microbial crusts stabilize the remaining material.
The resulting high energy reet limestones are rich in both
debris and crusts which scem to be indicative of bypass mar-
vin situations (Feinfelder. 19920 see below),

Commonly the debris reet type is not recognized as “true’
reet because of the subordinate occurrence of reet tramework.
However, even modern and Pleistocene reefs do not show a lot
of framework preservation (c.g.. Shinn. 1988: Choi and
Ginsburg. 19331 Ginsbure. 1992). This is despite the fact that
modern recefs contamn coralline algue. which are highly effec-
tve. energyv-tolerant sediment binders. Much better studied
Jurassic reels are the more spectacular biostromes and bio-
herms with corals n life position. The general setting of such
rects and the fragility of mostly delicate coral bushes partici-
pating in. or dominating reel formation show that despite their
shallow water origin. such reefs mostly are of the low energy
e Associated sediments show that coral framestones with
coral colonies overgrowing cach other are often also related to
low cnergy settings. This is, for example. obvious for many of
the widespread Microsolena dominated framestones. These
frumestones olten include siliceous sponges or are developed
on top of sthecous sponge reefs. On the other hand. the coral
Microsolena ntsell is curvtopic in terms of water depth and
water enerey. so that framestones with or without Microsolena
also oceur locally in high energy settings, particularly forming
patches within oolitic sands. Well preserved coral reefs. partic-
ularly with delicate bushy corals in life position. are therefore
mosthy indicative of low cnergy settings, both in protected

RRAEINIETLDER

shallow water and in slightly deeper water. Together with low
water energy, fairly rapid burial may be another prerequisite
for preservation of reef framework (G.D. Stanley. Jr.. pers.
Comm.).

Siliceous sponges become increasingly abundant towards
deeper water. The first siliceous sponges to appear towards
areater water depth are lithistid and Iychnoiscid forms. which
often occur with a relict coral fauna dominated by
Microsolena (see above). Possibly below 50 to 60 metres
siliceous sponges occur without reet-building corals. Dictyid
sponges gradually dominate the other sponge groups towards
decper water. Based on semi-quantitative comparative paleoe-
cological analysis, many other bathymetric faunal gradients
can be established (Werner ct al.. 1994). The compositional
change to deeper water settings occurs along a variety of
mixed coral-siliccous sponge reef associations. The bathymet-
ric change in faunal composition can be substantiated by the
fact that pure siliccous sponge facies. mixed facies and pure
coral facies occur as distinet facies progression within shal-
lowing upward successions of Iberia (Leinfelder et al.. 1993a).

Pure thrombolitic reels occur below the siliccous sponge
facies. but they may also be intercalated in almost any position
within shallowing upward successions. so that their distribu-
tion is not governed by bathymetry alone. The wide distribu-
tion of the Iberian pure thrombolites. as well as of thrombolitic
reefs containing additional reefal macrotauna must have been
controlled by factors other than bathymetry. Thrombolite
occurrences are restricted to distinet levels which mostly are
very rich in authigenic glauconite as well as early diagenetic
framboidal pyrite. Glauconite not only occurs within the
thrombolites but particularly coats the outer surtace of the
structures and is enriched in lateral bedded intervals between
the thrombolite buildups. Besides low sedimentation rate.
authigenic glauconite also indicates slightly reducing condi-
tions in the top part of bottom sediments (c.g.. Cloud. 1955:
Odin and Matter. 1981) and is therefore a strong indicator for
generally lowered or frequently shifting oxygen concentrations

at the sediment-water interface. The occurrence of the dysaer-
obic epibenthic flat clam Awlacomyella in these horizons
demonstrates phases of oxygen depletion (Leinfelder et al..
1993a. b) and shows glauconite formation directly on the sea
floor. Serpulids are often the only faunal clement of thrombo-
lites. Such annelids are known to be curyoxic (Schottler and
Bennet, 1991). Tubiphvtes, a probable microbial-foraminiteral
symbiotic association is another frequent participant in the for-
mation of thrombolites (Crevello and Harris. 1984: Leinfelder
et al.. 1993b).

Microbial crusts per se are not diagnostic of reduced oxy-
genation since their only demand is reduced sedimentation.
However, if pure thrombolitic reefs occur in normal marine
settings where, depending on depth. coral or siliccous sponge
association should be expected. then they are good indicators
of reduced or fluctuating oxygenation. This interpretation is
substantiated by the occurrence of the above mentioned indi-
cators of oxygen depletion. Decrease of oxygen content in bot-
tom waters 1s commonly due to productivity blooms in surtace
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walers causcd by elevated nutrient input (e.g.. Lohse et al..
1989 Lozan ct al.. 1990 cf. Sarnthein ct al., 1987; Berger.
1991). Such nutrient input will dammage both reefal corals and,
probably, siliceous sponges. Restriction of reef building corals
to high oxygen and low nutrient levels is well known (cf.
Kithlmann. 1984: Hallock and Schlager, 1986). Although therc
are exceptions, most siliceous sponges seem also to be related
to high oxygen/low nutrient levels (Reitner, Berlin, pers.
comm.), so that their occurrence within thrombolites should
retlect phases of improved oxygenation (see below).

Some transitional pathways between reef types also can be
vell explained by fluctuations in nutrient/oxygen content
rather than by extraordinary, unlikely jumps in water depth (cf.
Lemtfelder et al.. 1993b): In Portugal and, partly, in Spain pure
thrombolites or thrombolites containing some siliceous
sponges may rapidly grade into a crust-rich coral facies.
Within one bioherm such transitions occur within centimetres
or decimetres and may also be repetitive. forming cycles of
microbial versus metazoan dominance. The sudden change
from thrombolites to coral facies may be explained with
episodically improving oxygenation of previously dysaerobic
or poikiloacrobic (Oschmann, 1991) conditions.

The interaction between background sedimentation rate,
walter depth and tluctuations in the nutrient/oxygen levels
largely controls the growth of Jurassic reefs (Fig. 2). Along the
bathymetric gradient coral facics is followed by mixed tacies,
then by pure siliceous sponge facies. Given other stable fac-
tors. particularly stenohaline conditions. sedimentation rate
controlled much of the faunal diversity as well as the occur-
rence of microbial crusts. Once sedimentation dropped below
a critical threshold reefal facies appeared. Such reefs, which
grew under moderate background sedimentation, represented
low diversity meadows of adapted reef biota. Diversity
increascd and microbial crusts occurred once background
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Figure 2. The triple factor model of Jurassic reefs (based on
Upper Jurassic examples, cf. Leinfelder, 1993a). It is assumed that
differences in background sedimentation rate, bathymetry and oxygen
levels are the dominant factors determining the occurrence and char-
acter of Upper Jurassic reefs. Microbial crusts only occur when sedi-
mentation is very low or ceases. Calcifying reefal metazoans will be
increasingly excluded by fluctuating oxygen/nutrient levels, leading to
microbial facies.

sedimentation rate approached zero. In the deeper water
setting occasional oxygen depletion possibly stimulated crust
formation during certain phases (crust-dominated parts within
some bioherms). Rectal macrobiota became increasingly
excluded if’ phases of impoverished oxygenation (probably
coinciding with phases of increased nutrient levels) became
increasingly frequent. This eventually led to the formation of
thrombolites, which occasionally could even take over settings
in fairly shallow water otherwise occupicd by “favourable
time’ throm-
bolitic reefs immediately disappearcd once oxveenation
improved or background sedimentation started again.

reefal associations. Such shallower “nasty time’

JURASSIC REEFS AS INDICATORS OF SHELE STRUCTURYE

Jurassic reefs are often characteristic parts of carbonate or.
sometimes, mixed carbonate-siliciclastic ramp systems as well
as of rimmed carbonate shelves.

Ramp systems generally are
facies belts as rimmed shelves. but partly show zones of facies
mosaics (cf. Read. 1985: Burchette and Wright. 1992)
Nevertheless, simple prograding ramp systems can be casily
recognized by the development of large scale shallowing
upward successions without apparent bathymetric breaks (cf.
Gygi. 1986; Gygi and Persoz. 1986, 1987: Leinfe
1993a, Nose, Stuttgart. in prep.). This situation helps calibrate
the characters of Jurassic ramp type reels and helps in recog-
nizing ramp settings in regions where
of successions prevents easy interpretation of shelf stvle.

Another general structural setting ol Jurassic reefs. reet-

not as clearly organized in

der et al..

insufticient preservation

rimmed shelves and isolated reefal buildups was on structural
(including halokinetic) uplifts.

Sometimes ramps graded upwards into depositional
rimmed shelves. with reefs occurring in front of. within and
behind the shoal rim as well as in lagoonal positions. In most
cases true rimmed shelves never formed and the development
stopped in the interim stage of a “proximally™ (rather than dis-
tally) steepened ramp. As discussed below. in most cases such
transformation seems to have been related to structural aceen-
tuation of slopes rather than exhaustive reefal carbonate pro-
duction. Detection of such steepenings hence may allow
recognition of synsedimentary tectonic activity.

Jurassic reef types can be used as an additional tool to iden-
tify the style of structural development. They help to difteren-
tiate between carbonate ramps and shelves (cf. Crevello and
Harris. 1984).
and hypsometry. since water energy, water depth and slope

and allow reconstruction of their topography

angles are reflected by the character of the reets (Fig. 3):

Low energy, low-diversity coral meadows and small patch
reets dominated by phaceloid (mostly Calamophyiliopsis and
Stvlosmilia) or ramose (e.g..
oceur in marly to silty sediments within proximal. siliciclasti-
cal influenced parts of inner ramps (Leimfelder, 1986: Werner,
1986), together with bivalve meadows and. rarely. coral-
coralline sponge associations (Fiirsich and Werner, 1991y, The
occasional occurrence of high-diversity meadows related to

Actinastrea) associations often
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(1) homoclinal ramps

low diversity coral bafflestones coral-debris reefs, with
framestone patches

LT ) siliceous sponge meadows and bioherms

=N

(2) steepened ramps
low diversity coral bafflestones .o rat.debris reefs, with
framestone patches

crust-rich
mixed coral-
sponge reefs,
thrombolites

siliceous sponge facies, rarely
thrombolites

(3) rimmed shelves with i WY
depositional margins

low diversity coral bafflestones crust-rich

coral-debris reefs
0.80% F sy

crust-rich

mixed coral-
sponge reefs,
thrombolites

(4) rimmed shelves with

bypass margins coral-crust-

low diversity coral bafflestones debris reefs

Figure 3. Jurassic reef types related to different shelf configurations. Extensive pure siliceous sponge facies is restricted to near level-bottom
ramp situations (1). Mixed coral-sponge reefs are particularty diagnostic for the existence of steepened slopes (2, 3). Coral-debris sands are
indicative of shallow ramp and shelf depositionai margin situations (1-3), whereas crust-rich coral-debris reefs grew atop bypass margin situa-
tions (4). Jurassic reef distribution reflects that rimmed shelves with steepened slopes were particularly characteristic of the southern Tethys and
North Atlantic realm, whereas ramp configurations prevailed on the northern Tethys margin.
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phases of optimum conditions is not contradictory. Similar low
diversity meadows also occur within pure carbonate succes-
sions and can be considered as diagnostic of proximal. protected
parts of inner ramps or low energy. normal salinity settings
within larger lagoons of rimmed shelves.

Medium to high-diversity coral baftlestones. coral frame-
stones and, if constantly wave-agitated. debris pile reefs have &
fairly wide structural distribution. They often occur in the dis-
tal part of inner carbonate ramps (sensu Burchette and Wright.
1992; = lower part of shallow carbonate ramps. after Tucker
and Wright, 1990). Large debris pile reef sands including
small patches of high-diversity coral framestones and battle-
stones trequently border rimmed shelves with depositional
margins. Lagoonal balflestones are mostly of the low-diversity
type (sce above). whereas high-diversity bafflestones are par-
ticularly a feature of the upper slope of depositional margins.

below the constantly agitated zone. Coral-microbial crust reef

patches indicate very reduced background sedimentation.
They either developed during times of generally starved sedi-
mentation in slightly deeper settings on ramps or. it this be

excluded by other criteria, are diagnostic of steepened parts of

the upper depositional slope of rimmed shelves.

High cnergy, debris-rich coral reels rich in microbial crusts
are particularly indicative of shelf edge reefs with steep bypass
margins. Often these reets have a low preservation potential.
but debris aprons of reefs shed into deeper basinal settings

with large clasts of crust and debris facies are indicative of

such shelt edge reefs atop bypass situations. Another possibility
to detect major fossit bypass margins is when a shallow water
carbonate shelf exhibits aggradational structure throughout its
development despite the ocecurrence of sea level changes.
because steep and deep margins will prevent any progradata-
tion. Shelves with depositional marging often prograded. as
did most ramp systems (Ellis et al.. 1990: Leintfelder. 1994, In
the Portuguese example bypass margins were clearly refated to
structural basement uplift (Leinfelder, 1992). whercas deposi-
tional margins particularly developed when structural uplift
was accompanicd by halokinetic modification (Leinfelder and
Wilson. 1989: Ellis ct al., 1990).

Isolated coral-dominated buildups such as the shallow
water Barreiro or Monte Gordo buildups of central Portugal
mostly show aggradational architecture accompanicd by
mixture of catch-up. keep-up and give-up trends. This allows
evaluation of relative sea level changes which may or may not
be related to synsedimentary tectonies (Elflis et al.. 1990
Leinfelder. 1993b).

Even in arcas of high terrigencous input shallow water
coral reets may occur. The case example of this aspect is the
Upper Jurassic of the Lusitanian Basin. which underwent a
severe rifting pulse during that time. The occurrence of coral
reefs within siliciclastic ramps and large fan deltas. besides
representing bathymetrie dipsticks. allows interpretation of
sheltering mechanisms which might give additional clues to
basin configuration. It also helps detect episodes of relative
tectonic quiescence characterized by reduced terrigencous
input. although the separation of the custatic signal can be dif-
ficult (Leinfelder, 1994).

VN INVIRONATENT AL CHANGTS [

Mixed coral-siliceous sponge reefs are d fregrent constituen
in settings at the transition of the mud ramp to the mner ramyp.
Often they are associated with allochthonous slope sediments
(Lemfelder et al. 1993, showine that they are diagnostic of
structurad steepening ol vamps. Sinufar reels are abso treguent
in the tfower part of the upper depositionat slope of rimimed
shetves, particutarly i slopes angles were aceentuated.

The pure siliceous sponge reel fucies is a good indicator of
mid-ramp seitings (Lo the parts between fair wesihior wine
base and normal storm wave base. alter Burcheite and Wright
1992y Only very rarely does the stliceous sponee Tucies oeeur
in the middle and lower slope of depositionad riniined shelves,
There clevated sedimentation rates mosthy prevented the estab-
lishment of microbial crusts so that the sponge facies normath

oceurs ondy as aatochthonous spicudites.

Large stliceous sponge mid ramp buildups adso Tovalh
developed strong positive reliet. so that they grew up to shal-
lower water and hence became capped by maved coral-
siliceous sponge reets and. Fater. by pure coral reets, By other
arcas isolated coral butldaps are capped by nised coral-
siliceous sponge facies. or siliceous spenge facies mdicaiing
drowning of the buildups. which might be related o tectonse
imovement.

In Portugal and Spain thrombolitic reels are widespread in
the lower part of the mner ramp and in mid-ramp sctungs. In
these settings they were dependent on the exclusion of reetal
macrobiota by phases of impoverished oxy genation. They also
occur in outer ramp settings et Ellis et al TOSS Dromart.
1989, 1992 Tansa et ab. 19381 where the exclusion ol reet
macrobiota might alternatively be related o lach of Tight or
colder water remperatures (hat see below), Microbiadies of the
intertidal and supratidal zone owe therr existence o the fact
that variable salinitics prevented the growth ol reet hiota.
These shaliowest microbialites generadly exhibit a stroma-
tolitic rather than thrombolitic tabric. Since the development
of thrombolites was particularly dependent on sediment star-
vation they are very rare in the lower part of depositional
slopes of rimmed shelves, Besides their significanes indetect-
ing oxygen depletion. they are characteristic of episedues of
very reduced sedimentation i mid and outer ronps and were
sometimes clearly related to tectonic slope steepening. The
oceurrence of thrombolites and siliccous sponge factes in teni-
geneous deposits allows detection of episodes of reduced ter:
geneous input. which may be interpreted in terms of structural

quicscence besides custatic and climatic aspects xee below,

Diserssion: TaE Earty BREAKUP Prask o PanGt vy Revigwen
BY REFr DIstriuTioN

INFLUENCE OF ENOFUTION ON JURASSIC REER OCCURRENCES
When comparing reel abundance of (he Early. AMid and
Late Jurassic it is quite obvious that both coral and siliceous
sponge reet facies dramatically expanded in the course ot the
period. Before evaluating this trend in terms of envivonmental
and structural change in the course of the breakup of Pangea
possible effects of evolution of reef biota must be considered.
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Phe Jurassic was wotime when magoer reel biotae parneulariy
scleractmian corals. strompatoporonds. coratline sponges and
sthiceous sponges were generally present. abthough some per-
wrbanees took place, particutarly at the sttt of the period.
Scloractinian corals and siliccous sponges were the most
mmportant rect biota, and thenr occurrence will be discussed in
more detal.

Nctualiv entinction events of reet biota at the Permian/
Triassic boundary. and several somilar events daring the
Triassic and at the Triassic/Adurassic boundary were not that tar

hehind, Scleractinian corals. possibly having been derived

from non-calcifving “sea anemones” rather than survivors of

revose corals (el Stanfey. TOSK L only slowdy developed dur
ing most of the Triassics Phes rapidly expanded during the
Norian. which was possibly refated 1o the aenewed) imvention
of aload svmbrosts istanley. FOSS see also Cowen. TONS) atter

another minor extnction event durme the Carmian. However

this expansion was mosthy due to the success ot only o feow
cenerid. stich as the distichophyliids of the Upper Triassic

\ter o sethack of corads at the base of the Jurassic.

rects.
corals rapidiy diversiticd duving the Barly and. particulariy.

Mad Jurassie oStanlevs FONTO TONSD Beauvars, 19840 Larhy

Jurassic coral reets tmosty biostrome sy are normally not older

than Phiensbachian, although some cartier occurtences do exist
cOreat Britwing Beaovars, 19760 Morocco. Beauvais, T80,
Fhose corads are rehies of e few survaving Late Triassie taxa
and are otten considered as nonzoovanthelate (e.g. Beauvas,
TOSH 9SSy They oceur together swith o large number ot
corathine sponges tmctudime sphinctozoansy and therefore
resemble Middie Triassic buiddups. Possibly they Tved n a
somew hat deeper nerrtic environment (Roniewics and
Morveowa 19RO Nevertheless, rare coral butldups wermed
rects from the Sinemurian we known C\merncan Cordillera.
Poulton. TONNT Stantey 199300 b Stanley and MoRoberts.
T9V3 Elme ¢ 19870 mentoned a Hettangian coral reel” from
France. but detwlod data are not vet availuble. Even an
Towretan coral assoctations faunal diversites apparenily were
not seny highe which s partially related o the reduced avaid-
ability of coral taxa 139 cenerie alter Beauvais, 198:4) Given
suitable habias, reet growth was nevertheless possible. Most
probably the extreme rarty ol carliest Faassic reeds was caused
by the restmcted availabitity ot framebuilders aftes
Triassic/durassic extinetion events as well as by the prevalence
ol unsuitables stlicichastic dominated settings.

Middle
Bajocran/Bathontan age. although Callovian occurrences are
Known el Beauvais, 1984 Despite the fact that Middle

Jurissic coral reets are particuluriy ol

Jurassic coral reets were not as widespread as Epper Jurassic
coral Taunas, corad taxa avatlability during the Mid Jurassic
was abready almost as high as durimg the Lae Jurassic. The
rartty of coral tva during the Early Jurassico with 39 genera.
wis followed by 92 genera from the Miad Jurassie and 128
cenerit durmy the Late Jurassie (Beauvais, P9840 Reels were
much rarer durmyg the Callovian te.g Tunisia: Busson, [965:
FONS. Saudr Arabias BE AsaTad 1989 Indiae

Gregory, 1900, Callovian corads only comprise 39 genera

Beauvis.,

RKRCEINTLLDILR

according to Beauvas (198010 This figure might. however he
brased by the rarity of coral reefs durig this time. Tt seems
thatt the apparent setback my coral reets then may have been an
effect of poor habitat avalabihity rather than o true extinetion
event. Beawvals 11980) states that i cooling event was respon-
stble for an extinction pulse. The much greater expanse of
coral reets during the ate Jurassice thies. 405y was only parthy
due to un adaptive radiaton of Upper Jurassic corals. Most
major coral groups existed already during the Earby Jurassice.
The only new family appearing i the Fae Jurassic was the
Guynitdae (Beauvais, 1984 However, at the genus and
species level coral diversification was rapid. which scems 1o
reflect positive responses to the mereasing avatlability of huabi-
Lals.

Phylogenctic considerations ot Jurassic corals would be
maore retuable at the \])CL‘R‘\ fevel, However, Jurassice \I]CCiC\
parthy are sutticienthv detined and need tvonomic revision,
so that at the present compartsons of spectes number are of it
te refevance tsee abso Beawvais, TOS4HL Although Jurassic gen-
crivalso are not always substantiated and their actual number is
a matter of debate o Beauvars, 19800 TOS) 1018 believed
that comparing generd nwmbers through ume gives a reason-
able gquahitative outline of Jurassic coral phylogeny,

Less is Known about stliccous sponges. 'They represent very
conservative organisms which apparenty hud not changed
much in their funcuonal adaptions since the Paleorzoie.
Siticcous sponges have been more or less important members
ol reefs during most ol the Euarth's history. Phyviogeny ol both
corathine and siliceous sponges is currently under discussion,
sinee the classical hicrarchical system s not satisfactony
(Retner: 199220 Mehis 19920 Gruber. 1993, Probably the hev-
actineliids represent the most archate group of sponges (Mehl.
19935). Although spicubitic rocks from the base of the Jurassic
are known e.g.. Mostler. 198910 siliccous sponge facies with
preserved sponge specimens oceurred sinee the Sincmurian
and particularly. Pliensbachian. Together with a large number
ol coralline sponges or i places corals, they participated in
the formation of Jocal small reef structures (see below).
Stliceous sponge facies became more widespread durig Mid
Jurassic tme. partucubarly during late Bajocian and carly
Bathoman tme, and rupidly spread regionally during the Late
Jurassics Available data indicate that many dominant taxa
existed during the entire Jurassic. or at least since the Mid
Jurassic (e.g.. Gruber, 19922 Mcehl. 1992 Only the Iychniscids
first appeared during the Bajocian (Pisera, 1993) and became
particutary widespread during Late Turassic (Meht and
Retswigl 199300 Besides this Tatter exception it seems that the
expansion ot sthiceous sponge facies through time was agam
only to a certain amount caused by evolutionary radiation.
However this conclusion i~ hampered by the tact that for the
majority ot occurrences of Tarassic stliceous sponge facies no
detaifed taxonomic determinations of the sponges so far exist,
In any case. siliceous sponges had the potential to form

sthiceous sponge reets at any ime during the Jurassie Period.

SHELE DEVELOPMENT DURING PANGr v BriakUp
The plot of reet ocurrences for the Tarly. Mid and Late

cpochs of the Jurassic (Figs. 403y highhights the following:
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Figure 4. Distribution of Jurassic coral and siliceous sponge facies from southern and northern margins of the central Tethys. S.T. Adnet
event: major drowning of platforms in southern Tethys. The comparison of reef occurrences with habitat availability, evolution of reef biota. and
sea level change shows that the expanse of reefs reflects changes in shelf structure and sea level coming along with the breakup of Pangea.
Compiled from various sources (cf. Fig. 5 and text for references).
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Figure 5. Simplified reef distribution maps for Early, Mid and Late Jurassic. Based on Beauvais (1973, 1977, 1979. 1980), Talent (1988).
Flugel and Flugel-Kahler (1992} and other sources (see text}. Paieogeographic maps are simplified from Scotese et al. (1993). See text for fur-

ther explanation.

oo Mostreets oceurred in the Tethyan vealm and its bordering
pericontinental and epicontinental seas. but some recfs arew
far to the paleonorth and paleosouth. Outside the Tethys the
Pacific coast of South America. exotie terranes now attached
1o the North American Cordillera. Japan and the Sakaline
INlands also were sites of Jurassic reet formation.

2. Reets occurred scattered on the southern sheltf of the Tethys
throughout the entire Jurassic. On the northern Tethvan shelt’
they were very rare during the Farly Jurassic. locally frequent

during the Mid Jurassic. but expanded rapidly at o regional
scale during the Late Jurassic.
3. Siliccous sponge facies occurred very subordinately on the
southern Tethvan shelf. On the northern Tethyan shelf. where
it was lacking during the Early Jurassic, it occurred during the
Mid Jurassic and rapidly expanded during the Late Jurassic.
This distribution closely mirrors the effects of the genceral
Jurassic sca level rise and the type of structural development
of the margins of the Tethys as well as of the Atlantic. all of
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Late Jurassic

Figure 5. Continued.

which was coverned by the initial breakup of Pangea. This
will be discussed in greater detail in the following section.

Reef distribution on the southern Tethys shelf tMediterranean
region)

On the southern shell of the Tethys the Targe shallow water
carbonate platforms of the Triassic became increasingly frag-
mented and drowned in the course of the Jurassic (e.g..
Bosellini, 1989: Cocozza and Gandin. 1990). Remaining shal-
low water platforms of the Jurassic were small and steep
walled. This shelf style is well retlected by the distribution of
Jurassic reel types on the southern Tethyan shell. Medium to
low ungle deeper water slope settings were very rare, so that
siliceous sponge reefs could hardly find suitable habitats. Tt

was only during the Early Jurassic. ie.. at the beginning of
platform breakup. that moderately inclined depositional slopes
suitable for siliceous sponges existed: Lower Jurassic siliccous
sponge facies is known from the Trento platform of northern
laly (Kolckmann, 1988: Beccarelli-Bauck, 1988: Schimidt and
Schweigert. 1991) as well as from Morocco and adjacent areas
{Dresnay. 1971 Dresnay ct al., 19781 Wiedenmayer, {98t
Crevello and Harris, 1984; Warme et al.. 1988: Hauptmann.
1990). However in these examples siliccous sponges are mostly
cither outhumbered by coralline sponges or directly pass into a
coral-coralline sponge association. so that this reet facies
appears characteristic of slope settings. Drowned platforms
may be veneered with siliccous sponge spiculites, such as the
transition of some Rhacto Liassic shallow water platforms o
the basinal “Lias-Fleckenmergel” of the tdislocated) Northern
Calcarcous Alps (Moster. 1989; Doben. 1991). During Mid
and Upper Jurassic time no true siliceous sponge reefy are
known, cxcept for occurrences of Bajocian to Callovian

siticeous sponge associations in southern Hungary (Pisera.
1993). which most likely was part of the southern Tethys mar-
ein. On the other hand, Upper Jurassic reefs built by coradlime
sponges are known from Tunisia (Gautrer and Cuil. 1989
This gencral rarity to total absence of pure siliceous sponge
associations nicely mirrors the increasing steepening of car-
bonate platform flanks coming aleng with marine rifting ot the
southern Tethyan shelt.

Coral associations had somewhat less difticulty in finding
suitable habitats on the southern Tethyvan shelfs although shal-
low water arcas became increasingly drowned. Favourable

sites for coral reel growth were the edges of remuaining steep
walled platforms. so that sometimes crust-rich. high cnergy
coral reefs developed which shed a great volume ol debris into
adjacent deeper water settings. However, shelt edge reets were
not as lrequent as might be expected by the wide availability
of shelf edges. which were mostly occupied by oolitic and hio-
clastic shoals. This clearly reflects the evolutionary restrictions
outlined above. Low energy coral reefs (tom Tagoonal settings
are known as well. Lower Jurassic south Tethyan coral reets
existed in the Trento arca of northern laly (e.g.. Beccarelli-
Bauck. 1988: Schmidt and Schweigert, 199 1), southern Spain
{Turnsek et. al.. 1973) and Morocco {¢c.g.. Park. 1985:
Hauptmann. 1990: Crevello, 1990, Increasing rate of drown-
ing explains why Middle Jurassic southern ‘Fethys coral facies
was largely restricted o stable shelves in the direct vicmity of
the Gondwuna mainland (c.g.. Morocco: Hauptmann, 1990:
Tunisia: Busson, 1965: Saudi Arabia: El-Asa’ad. 19892 north-
western India: Gregory, 1900, Particularly in the Buropean
part of the southern Tethys no reefs occurred. Interestingly.
Upper Jurassic coral rects were again more common. which
might be explained by the availability of volcanic ixlands
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(Bosellini, 1989) and wrench movements lifting up some
blocks which previously were in deeper structural position.
Reefs now developed not only in the proximal shelves. e.g.. in
Saudi Arabia (Okla, 1986: Mitchell et al., 1988: El-Asa ad.
1991 Isracel (Picard and Hirsch, 1987). Tunisia (Busson.
1905) and Morocco (Adams. 1979: Auzende et al.. 1984:
Hiissner. 1985). but also on isolated platforms such as Greece
(Decroucs et al.. 1983). Yougoslavia (Turnsek et al.. 1981;
Strohmenger, 1988). northern and central Ttaly (Luciani. 1988:
Sartorio. 1989) or parts of the (dislocated) Northern
Calcarcous Alps tFenninger, 1967: Steiger and Wurm. 1980,
Only a couple ol thrombolite reefs are known from the
southern Tethys shelf, despite the fact that suitable steep mar-

gins were present (ef. Crevello and Harris. 1984 Dresnay et
al.. 1978,
mvestigation or, more probably. is due to lack ol dysaerobic
cnvironments tavourable for development of pure thrombolitic

It remains unclear whether this reflects a bias in

reefs (see below).

Reef distribution on the northern Tethvs shelf ( Europe)

The northern Tethys shelt exhibited completely different
structure during the Jurassic. Unlike the southern Tethyan
shelfl it showed large scale ramp characteristics and was tec-
tonically rather stable. although in the outer shelf differential
structure may be recognized (Elmi 1990). In the course of the
Turassic the Germano-Gallian epicontinental shelt sca was
transformed mto a marginal north Tethys shelf sea by the dis-
appearance of the Vindelician High and the uplift of the
London-Brabant-Rhenish-Bohemian massil. During the Early
Jurassic high terrigencous influx prevented reet growth in
most areas: during Mid, and particularly Late Jurassic globally
rising sea level, together with shell subsidence. increasingly
turned the northern shelves and their bordering epicontinental
scas o a carbonate-dominated province and hence made it
prone to reet development. The change w carbonate domi-
nance might have been facilitated by an explosion of calcare-
ous nannoplankton (c.g.. Weissert. 1993). although actual
detection of nannoplankton relics is exceptional in Late
Jurassic reet settings.

On the northern Tethyan shelt siliceous sponge fucies is not

Anown from the Early Jurassic. although presumed water
depths should have been favourable. Principal restricting fac-
tors were probably clevated terrigencous intlux and. possibly,
elevated nutrient levels. During the Bajocian and Bathonian
stliccous sponge facies rapidly colonized extensive areas in
Spain (Deusch et al., 1991 Friche. 1991) and also occurred
locally in the castern Paris Basin (Palmer and Fiirsich. 1981).
Stliceous sponges oceur very rarely in the Middle Jurassic of
southern Germany (Franz and Miiller, 1988), without, however.
torming siliccous sponge lacies. During the Late Jurassic reefs
dominated by siliceous sponges covered the largest areas in a
belt extending from Romania (Draganescu, 1976) to Poland
(Trammer. 1982, 1988). southern Germany (e.g.. Wagenplast.
19720 Gwinner. 19762 Meyer and Schmidt-Kaler, 1989: Keupp
ct al. 1990: Leintelder, 1993w, northern Switzertand (Gygi.
F986). castern TFrance (Gaillard. 1983), castern Spain (Deusch
ctal. 1991 and southern Portugal (Ramalho. 1988: Leintelder
ctul.. 1993a).
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Pure siliceous sponge facies clearly was restricted to
carbonate-dominated ramp systems, preferably of very low
angle characteristics. The latter is particularly rue for the
extensive development of biostromal facies. as that occurred
during the Bajocian/Bathonian, and particularly Oxfordian of
eastern Spain. Slope angles of the south German ramp must
have been lower than one percent, given the fact that extensive
biohermal and biostromal Oxfordian 1o Tithonian siliceous
sponge facies occurred over a radial shelf transsect at least 200
Kilometres broad (cf. Meyer and Schmidt-Kaler. 1989).

Generally the south German siliceous sponge dominated
reefs were buildups that grew on a near level-bottom homocli-
nal ramp in a mid-ramp sctting. Siliccous sponge meadow
facies was widespread only during certain time intervals,
Contrasting with the south German occurrences. the Spanish
siliceous sponge facies s dominated by sponge meadow tacies
rather than crust-rich biohermal mud mound facies (Deusch et
al.. 19917 Krautter, 1991, in prep.). In the castern Algarve of
southern Portugal siliceous sponge facies occurs mostly as
siliceous sponge bearing thrombolites. although meadow and
mudmound facies occasionally occur as well. The sponge
bearing thrombolites are in close association with pure throm-
bolites. mixed coral-siliccous sponge reets and coral facies.
This association of reet types is indicative of steepened ramp
settings (cf. Leinfelder et al., 1993a).

It was the dominance of terrigencous line grained clastics
which suppressed siliceous sponge lacies during the Early
Jurassic. Siliceous sponge associations occurred suddenly and
extensively in the Mid Jurassic in mid-ramp arcas dominated
by carbonates (eastern Spain), whercas siliciclastic dominated
areas such as Germany remained barren of sponge facies
despite suitable water depths. This changed drastically when.
during rapid sea level rise of the Oxfordian, accompanied by a
tectonically quiescent phase. mid-ramp carbonate environ-
ments expanded enormously. giving rise o the European
sponge belt development described above. Due to
Kimmeridgian rifting in the Adantic realm. many arcas shal-
lowed, or were taken over by siliciclastics at a high sedimenta-
tion rate despite ongoing sea level rise. As a consequence
siliceous sponge facies disappeared in most arcas. except for
southern Germany. where it developed well into the Tithonian.

Coral facies was also widespread on the northern Tethyan
shelf. One of the recently discovered Hettangian coral reefs of the
world is from southeastern France (Elmi, 1987). In the course
of the Mid Jurassic many parts of this shelf, with its cpiconti-
nental marginal seas turned into carbonate dominance due to
rapidly rising sea level. Coinciding with the maximum peak
ol carbonate platform development. most Middle Jurassic
coral reefs are of Bajocian to Bathonian age. Oolitic facies
including coral reefs characterize major parts of the
Bajocian/Bathonian in the Paris Basin (Hallam, 1975;
Lathuilicre. 1982: Geister and Lathuiliere. 1991). northern
Switzerland (Genser, 1966) and the southern Rhine Valley
(Ernst. 1991). Middle Jurassic coral reefs also cxisted in the
carbonate platform developments of southern Portugal (c.g..
Rocha. 1976) and are known from Romania (Beauvais and
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Draganescu, 1985111 of high energy character. these inner
ramp coral reefs mostly represent the coral-debris sand tvpe.
Widespread are tow encrgy batflestones and framestones in
protected or shightty deeper positions.,

The same is true for most of the Upper Jurassic coral reels
developed widely on the northern Tethys shelt. Such reets
were widespread in southern Portugal (Rosendahl, 1955
Leinfelder et al. 1993wy, northern and castern Spain (Errenst.
1990w, b: Fezer 1988). southern France (Enuy. 19635 and the
Paris Basin (Geister and Lathuilicre. 1991y, und Switzerland
(Bolliger and Burri. 1970). In France coral reels grow veny
extensively on a very large, shallow ramp with almost negligi-
ble slope extending from the Paris Basin to the northern parts
of the Swiss Jura Ranges. where the ramp rapidly steepened
tet. Geister and Lathuilicre. 19911 Gyei and Persoz. 1986:
Gygio 1986, 1992). Coral reets of the Paris Basin are particu-
larly well developed inits castern part. They oceur in a varieny
of settings within itra-ramp banks. such as the Burgundy.
Armoricain and Lorraine Plattorms. chiethy of mid-Oxtordian

age. These banks were separated by zones of slightly deeper

water (Hilly and Haguenauer. 1979). The margins of the banks
were characterized by ooid shoals containing corad reef patches
rich m debris. Interior. Tagoonal bank arcas contain mud-rich.
low cnergy reel knolls composed of branching and massive
corals, as well as delicute to thick thickets of coral baftle-
stones. Also. crinoidal sund bars were widespread (Geister and
Lathuilicre. 1991).

In southern Germany coral reets developed from
Kimmeridgian tme onwards in the marginal arcas of the shelf,
particularly in front of the Bohemian massil and. during the
Kimmeridgian to Tithonian. on some ol the major sihiceous
sponge mounds which grew up into shallow water. The
Arnegg reet of southwestern Germany is an example for such
reels (Paulsen. 1964). although the wp part is not presenved

duc to recent croston. However the reet shied a farge asmount of

debris along steep slopes into deeper areas. This debris is rich
in encrusting organisms, particularly Tubiphyres. so that the
former reet supposedly was of the crust-rich tvpe. Another
fumous recfal sediment of upper Tithonian o Berriasian age
occurs at Stramberg. Czechia in the foreland ol the Carpathian
mountains (Eliasova, 19817 Elias and Eliasova, 19840, though
the reef itsell s not preserved. However a huee s of debris
rich in crusts and Tubiphivies outcrops as an allochthonous
hlock. Richness in calpionellids tHousa, 1987) and ammonites
shows that the reel debris apron reached rather deep areas
which. together with the enormous amount of debris is evi-
dence of steep reel margins, The reet debris apron itsell is
penctrated by neptunian dykes which, during the Berriasian
were filled with marine sediments. Although structural rela-
tions are not completely clarified. the reet was most ikely sit-
uated on the northern margin of the Tethys (Elias and
Eliasova, 1954). The presumed occurrence of long. steep
slopes both i the Arnege and Stramberg examples is atvpical
for the rest of north Tethvan Upper Jurassic coral reets, but
more resembles reets of the southern Tethyan shell or Atlantic
marginal basins. Steep slopes were due to the pronounced
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epwards erowth of o osponce reel 1o the Mrnege example.
showing the capabilies of sponec reets w transform an initiath
near Tevel-hottom rump o o rupecd topography . In the
Stramberg example the steepening probabliv reflocis tectone
daecentuation caused by compressional or transpressional
movements. This is evidence that erustal shortening on the
northern Tethvan shell started carlior here than in the central
and western parts of the Tethys et Ziceler, 1988,

During the Late Jurassic. particutarly the western part ot
the northern Fethys was the sie of devclopment of throm-
holitic reefs. They ocour in Spaim and we frequeat in southern
Portugal. where they formy buildups up to 30 metres in heieht
PORK: Lemfelder e ul 109300 Iy

hand. only patehes of thrombolitic fabric occur i some of the

(Ramaulho. On the other
south German Upper Jurassic sponge reots, Bosides heing
indicative of oceastonal oxy zen depletion. the thrombolitie
rects mirror slope steepenings which particulanhy cocwrred
southern Portueal, where the shelt was developed as asieep-
ened ramp. Besudes these oecurrences of medium deep o fuirh
shallow setinas more deep water microbialites apparentis
existed in the Upper Jurassic of the western Tethy s iDromart

clal in presstoit m Dromart, 1992

Reef distribution i the North Xilaniic realm

During the Jurassic Florida and oftshore Nova Scotia may
be interpreted as part of the northern Tethys, whercas the
Newloundland and Grand Banks arcas were part of the North
Atlantic readm. Along the North American cast coast siliceous
sponge facies of this epoch occurred occastonadv. although
mixed coral-siliceous sponge reels were more common (cf.
Fhiak, 19750 Jansa wt al TOS3 Crovello and Huarris, 1082:
Baria et al . T9S2) Due to Upper Jurassic ritinge and tectonic
accentuation of stopoes: both jaree ~cale coral reets and mined
coral-sihiccous spongee reefs oceurred in the New foundand
and Grand Banks area as parts of veny Twvee carbonate plut-
Torm systems cBhuk, 1978 Jans 19800 Pratt and Fnsa, TUSN;
Mever, 19890 Eilis et al..
known from the Fower and Upper Jurassic of Portugat (b

FOO0G NMicrobial timestones are

ctal. Tuss. Lemtelder et all 1993a by and ol castern Canada
(Dromart. 1992: Junsa et al.. 1988

Fxposed at today™s surface v only the Lositanian Basin of
west-central Portugal. which provides the case example tor
Atlantic marginad basins. In the Lrge carbonate rmp sy stems
ol the Bajocran/Bathonian local corad facies (Ruget-Perrot.
1961y and siliccous sponge tacies (Klingel Stuttgart. in prep.)
existed as welll but s was onby during the Fate Juiassic that
extensive coral reet development took place. However, exeept
for some basinal spiculites no pure siliccous sponue tucies
existed. This may be explained by the almost absence of sta-
ble. carbonute-domimated. Tow angle ~opes i setiines of low
sedmmenation rate. Steepened slopes were widespread. This s
partly retlected by the frequent occurrence of crust rich mixed
coral-siliccous sponge facios which found their habitats 1 the
upper part of depositional stopes of isolated carbanate plat-

forms. However, in most locations of the Tusttinian Basin
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thrombotiic development was the resutt of regional sedimient
starvation. possibly only facifitated by the existence ol moder-
atehy steepened slopes. The svasedimentary rift activity led to
the co-occurrence ol isolated carbonate shelves with both
byvpass and depositional margins as well as of low angle
ramps. This is reflected by the distribution of coral reet types
which span the
1980.
Leintelder et al.,

entive range of tvpes discussed above (¢l
1992, Tuad 1989;
1993h, Werner. 1986: Werner et al.. 1994
1991 1990,

Coral reel types indicative of shallow ramps. hence coral-
 bafflestones and frame-
stones frequently grew during the Mid and Late Jurassic in

Lemfelder. feintelder and Wilson,

Firsich and Werner, Lais et all.

debris sand facies and fow energy

marginal seus connected with the North Atfantic realm, partic-

wlarly in northern Germany (Bertling, 19935 and southern
Enaland (Arkelt, 19350 Wilson, 19681 Al 19830 Beauvals,
19791

CLivATi
Briakte

AND OCEANOGRAPHIC CHANGES DURING PANGEA
Ritiecren By Rebr DISTRIBUTION

ittte 15 known about the temperature and occanographic
demuands of stiiceous sponges. Modern siliceous sponge asso-
crations mmll\ oceur in very deep seltings where water is gen-
- Reidl 19068y or.
subpolur arcas (East Canadian Arctic Islands: VanWagoner et
al.. 1989 Greendand Sca: Henrich et ale, 1992) or cold currents
(Western Canadian shielt: Conway et al.. 1991, On the other
hand. Jurassic siliceous sponges mostly grew i low paleoluti-
Additonally, accompanving benthic fauna such as bra-

eradly cold cf it shatlower. are restricted 1o

tudes.
chiopods, gastropods and bivalves. as well as sedimentary fea-
tures indicate that they mostly arew
building Jurassic corals. but certainly shallower than most

mndun deep sea oceurrences. Henee Jurassic sificeous sponge

ies cannot be compared with modern siliceots sponge asso-
ciations and cannot directly be evaluated for temperature
reconstructions. It must be assumed by their dependence on
moderatehy deep. carbonate dominated settings and by associ-
ated oreanisms that Jurassic sponges preferred warm water.
This is corroborated by emperature measurements based on
1965).

The distribution ol reef building coral

onyeen sotopes (it
facies was clearly
refated to warm. shallow water as 1t is today. Together with
coral reets, indicators of high temperatures such as dasy-
chdacean algac. caliche crusts and evaporites are frequent and
are evidence of @ warm, tropical to subtropical to semiarid chi-
mate. \ssociated high energy sediments and green algae show

that reefs were shallow. Actually most Jurassic coral rects

mentioned above occurred in fow puleolatitudes, that is. in the

southern part of the North Atlantic realm. along the margins of

the European-Circum-Mediterrancan part of the Tethys, but
also i Crimea. Caucasus. Karakorum, East
Africa. Middle and Far
Middle and Upper Jurassic coral reets see Beauvais, 1973,
1977, 1984 Talent. 1988 and Fliigel and Fliigel-Kahler, 1992).

For Tow to mediam latitudes a hot Jurassic climate is

general pale-

Muadagascar.

[Last (for additional references on

uncquivocally accepted by all authors. However.

ochlimatologic reconstructions for the entire Jurassic globe

ar greater depths than reef
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differ largely from each other, particularly for the Late Jurassic
epoch. Paleoclimatologic modelling by Moore and co-workers
(Moore ¢t al.. 19920, b: Ross et al.. 1992) yielded very steep
atitudinal Tate Jurassic temperature gradients with very cold
By con-
Valdes and Sellwood (1992) modelted a much more

high latitude regions characterized by sea ice (Fig. 0).
trast.
equilibrated climate. with fairly warm temperatures even in
high latitudes. supporting qualitative considerations. ¢.g.. by
Hallam (1985, 19931, Looking at the distribution of coral reefs
during the
paleonorth in northwestern Canada (Poulton, 1983).
this 1y probably situated on an
original position and hence cannot be evaluated for climatic
Other er and Middle Jurassic reefs
occurred in northern Chile (Prins. 1986, 1991)
paleolatitude. no exceptional position. However the global reefl

Early Jurassic. one reet was discovered far to the
However.
exotic terrane of unclear
reconstruction. LLow

in a medium

distribution of the Late Jurassic shows that well developed
coral reels, mixed coral-siliccous sponge reets and siliccous
sponge reefs existed in Patagonia and the Neuquén basin of
1978: Leggareta, 1991)
basin ix a back are basin and hence preserved in almost

Argentina (Ramos. The Neuquén
autochthonous position. To date no detailed description of the
reef fauna exists. so that discussion on diversity patterns of
these reefs 1s not possible.
from high to very high northern paleolatitudes. According to
Beauvais (1977, 1984), Upper Jurassic hermatypic coral reel
facies exist in northern Scotland and southern Greenland.
Coral reets also grew on the Sakhaline Islands (Krasnov and
Savitsky, 1973). Whether these occurrences represent true
reefs or rather isolated
unclear, since details are not available. However the fact that
coral taxa known from low latitude reefs occur at high lati-
tudes is a strong argument for an cquilibrated. balanced cli-
mate at lcast during the Late Jurassic, a fact recognized by
Beauvais (1973). Also. ammonoid faunas of this epoch show a
lot of mixing and exchange from ditferent biogeographic
Enay. 1972; Enay and Mangold, 1982). and
new {inds ndicate thzu provincialism was much less than pre-
. Zeiss, 1971: Schweigert. 1993, 1994).
Good p()s.\lhlllllt,\ of faunal exchange existed. which was
cnabled both by extensive seaway connections and by minor
climatic differences. It must be assumed that the equilibrated,

The samce is true for coral tacies

associations of colonial corals remains

provinces (e.g..

viously thought (

maritime Late Jurassic climate over most arcas of the globe
was due 1o the high sea level, which strongly buffered temper-
ature differences (Leinfelder. 1993a: Leinfelder and Seyfried.
1993).

The distribution of reefs not only is a good means to recon-
struct qualitative temperature distribution, but also helps
reconstruct oceanographic states. Jurassic coral reefs, as
today’s. are interpreted as reflecting rather oligotrophic, fully
oxygenated environments.
meadows in very proximal. strongly terrigencously influenced
settings might indicate that some or all Jurassic corals were
more tolerant to slighdy elevated nutrient values than modern
corals. Evaluation of nutrient/oxygen dependance of Jurassic
siliceous sponge facies

although the occurrence of coral

is not unequivocul. The success of
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Figure 6. The paleoclimatologic simulation for the Late Jurassic from Moore et ail. (1992a). using a four-fold pre-industrial carbon dioxide ievel.
Dotted area indicates postulated water temperatures above 20°C (Dec.-dan.-Feb for northern hemisphere, June-July-Aug. for southern hemi-

sphere). Paleogeographic reconstruction based on Rowley (1992). Note that despite a supposed strong greenhouse effect. postuiated sea-water
temperatures are not compatible with Upper Jurassic high latitude coral reef occurrences (indicated by black dots), which rather indicate a more

equilibrated climate.

some modern siliceous sponge associations seems 1o be due to
settings characterized by u nutrient input higher than m adja-
cent arcas. such as occurrences on a scamount in the
Greenland Sca, where a downwelling current accounts for
periodically elevated nutrient availability (Henrich et al..
1992). Despite higher nutrient input these areas are well oxy-
genated. Modern soft sponges often occupy nutrient-rich
waters which may be depleted of oxygen, such as off river
mouths (Sara and Vacelet. 1973) or in polluted coral reefs
(KtihImann. 1988: Schuhmacher, 1991). They even occur in
strongly dysacrobic environments of the Black Sea (Bagesco.
1963). On the other hand, the majority of modern siliccous
sponges seems (o oceur in very oligotrophic settings (Reitner.
Berlin, pers. comm.).

Possibly a couple of Jurassic siliccous sponges, particularly
larger specimens occurring isolated within thrombolites, were
adapted to elevated nutrient and/or reduced oxygen levels. Tt
also cannot be completely ruled out that Upper Jurassic
siliceous sponge associations as a whole could have tolerated
somewhat higher nutrient levels than the coral facies. As to
oxvgen levels, thrombolitic reefls are interpreted here as
reflecting occasional oxygen depletion. which itself is related
to elevated nutrient mput. thermostratification of oceans or
shelf seas, or both. However brachiopods and the majority of
siliceous sponges which can be found together as additional
clements within some thrombolites certainly lived during
times of improved oxygen conditions. The same 1s true for
corals which partly occur in considerable quantities within

crust-dominated. thrombolitic bioherims of Portugai and Spain
(Leinfelder et al.. 1993b). This means that pure thrombolites
of moderate depth indicate extended phases of oxyeen deple-
tion. whereas macrofauna-containing thrombolites. as well as
successions of pure thrombolites and reelal macrofiuna asso-
clations are indicative of shilting oxyeen levels.

Occurrences of thrombolites in deep water could be simpls
due to the exclusion of macro-organisms by darkness and
water lemperature. However 1t is striking that deep water
thrombolites occurred in Early and Late Jurassic. but apparently
not during Mid Jurassic. although favourable scediment-starved
settings and episodes were frequent during this epoch. Henee.
even deep water thrombolites may be related to episodes of
generully oscillating oxygen depletion. Together with the fre-
quent oceurrence of black shales in the bordering scas of the
Atlantic rift (e.g.. Toarcian of the Germanoe-Gallian and North
German Basins, Riegraf et al.. 19840 see also Ziegler, 19880 Pl
28-30). the exclusive occurrence of thrombaolites in deep water
settings during the Early Jurassic reflects widespread oxyveen
depletion in this arca. Rather than having been dominantly
caused by global change, Early Jurassic oxveen depletion
seems to have been an etfect ol the narrowness ol the new
Atlantic rift and the moderate water exchange possibitities of
epicontinental shelt seas which were surrounded by large
basement blocks.

The lack of thrombolites from the Mid Jurassic matches the
backdraw of black shales durmmg most of the epoch. This may
retlect better general ventilutron of the widening seawavs
between Europe. North America and Atrica respectively.



(S

The ceneral sea Teved rises with s peak in the end-
Kimmeridgian, noc only develed temperatures on Larth by
therimal bufter capacitios of the wide sea cover. but during the
Lane Jurassic apparently also fed to frequent thermostratifica-
tron as aoresult of such climane Tevehng, which strongly
reduced atmospheric and oceanic circulation. This can be
deduced not only by he very frequent and widespread oceur-
rence of deeper water black shales and bituminous fucies hoth
i the north Tethyvan and North Atfangic realm. but particularh
Py ibie frequent occurrence of thromibolites of moderate water
depths i the western part of the European northern Tethys
shells Black shades and bituminous facies occurred particularty
on e castern Atlantic margin and its adjacent epicontinental
seas el compilation by Zicaler, FOSK PL26-300 see also
Browi, 19840 Oschmanmn, 198850 in the Helvetie sone ol the
northem margin ol the Tethys (Schneider. 1962: Selg and
Wagenplaste 19900 Gever and Gainner. 19911 and possibly in
the northern Penninie basi. although sediments there becaime
subsequently metamorphosed (Welssert. Zirich. pers. commn..
Worner, Mainz, pers. comni s, Quite in conirast. walers were
well aerated both on the southern circum-Mediterrancan mar-
ainof the Tethys as welb on the castern marein of the Atluntic
ol Ziegior, TOSKO PL 202300 Jansa. 19930 Weissert. 1993,
From this the foltowing qualitative circulation pattern can be
deduced for the Fate Jurassicr A weak Tethvan water cireulu-
ton mostly driven by evaporation was acrating cquatorial arcas.
Oxygen was papidly consamed due (o the wanm water temper-
ature and partial thermostratitication, Facibitared by o low-
mtensty trade wind beltsaweak upselling svstem. which pos-
sihiv did not atfect deeper waters brought up dysacrobic
walers ento the northwestern Tethys shelf Fig, 7. of
Lomtelder, 199300 also tor Turther discussion.

DU EERENT SCOATING of Braviosve Nt o Chaxars: T
Frivcrs or Sevhives CraNabs of DI eriNT ORDERS

A owas discussed above the distribution of Jurassic reet
Bpos through tme and space allows recognition of global o
regional environmentad changes coming along with sea level
rise. particularly the leseling of temperatare gradients and par-
tal oxy gen depleton of seas duce 1o reduced water circulation.
Such Jurassie environmental chanees occurred at various
suvatdes,

A general end of sea leved vise throughout the entire
Jarassic ks do o Hallame 1988 Hag et al.. 1988y iy related

o the contimuous breakup of the northern hemisphere of

Pangeas which resubied i the onset of sea ooy spreading in
the contral Atdantic and western Tethys el Ziegler, TU8K),
General chimatic equilibration and reduction of occanic circu-
lation clearly reached its peak during absotute Jurassic seu
fevel high. during Oxfordian and Kimmeridgian time, when
coral reets expanded over o karge arca of the globe and both
hlack shides and thrombolies swere most frequent.

Migor episodes ol carbonate dominance were partly related
to antra-Jarassic first to second order sea level rise.
Parscutarty. the carbonate-dominaied phases of the Bajocian/
Bathonian and mid to tate Oxlordian con be correlated with
such transgressive episodes (Fig, 91 On the other hand. tectonic
structures frequenthy overprmted this ettect In the Callovin
o dower Oxfordian the niany tanspressional movements in the
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western Tethys as well as final crustad segmentation in the
southern North Atluntic and western Tethys resulted 1 accel-
crated tput of terrigencous clastics. Strong rifling pulses in
the North Atfantic realm similirly caused the dominance of
silicictastics in many arcas during Kimmeridgian time.

Particularly during the Late Jurassic, global to regional
ey ironmental changes coming along with third order sea fevel
changes are obvious. In Portugal thrombolite occurrences
diagnostic of dysacrobic enviromments ofien are correlatable
across major parts of the basin. or even between both
Portuguesce basins. Particularly. onc horizon of mid-
Kimmeridgian age (hypselocyclum 1o divisum chron) shows
thrombolite development not only in southern and central
Portugal. but also in castern Spain. Furthcrmore, it correlates
with a horizon exhibiting a peculiar. o date not well studied
siliccous sponge-brachiopod reet type in southeastern
Germany reflecting a very special. though 1o date unknown
environmental situation. and with a coral reef level in western-
most France whose thrombolitic character was only recently
discovered (Hantzperque and Leinfelder, in prep.y. In
sequence stratigraphic terms this horizon, as well as other
horizons hearing crust-rich reefs can be interpreted as maxi-
mum flooding surtaces or condensed sections. In southern
Germany the lateral expanse of siticcous sponge facies is also
related to such flooding events. Both expanse peaks and marker
horizons correlate well with the tatest version of the Vail
Ciroup curve (Ponsot and Vail, 199 1a, by (Fig. 8). The restric-
tion of thrombolites in moderate water depth to such third
order horizons indicates that third order sea fevel rises caused
addinonal climatic feveling and related reduction in ocean cir-
culation. allowing dysacrobic bottom waters 1o rise onto the
moderately shallow shelt (Leinfelder. 19934, be Leinfelder et
ab.. 1993w (Fig. 9). Sinee in Iberia many third order sequence
houndarics cotncide with tectonic pulses, Leinfelder (1993w
speculated that Late Jurassic sea level changes were driven by
regional intra-plate stress rather than being of slaciocustatic
origin.

Environmental changes during third order sea level rises
did not occur unitormly but themselves show a cvehie pattern.
Successions of dysaerobic thrombolite facies and oxyeen-
dependent coral or siliccous sponge tacies of Theria can be
repetitive (Fig. 9). Also, oxyaen-dependent macrofauna oceur
scattered or i distinet levels within dysacrobic thrombolites.
This shows that shifts in oxygenation occurred at higher orders
as well possibly down o a Milankoviteh or even scasonal
evelicity. Again, this may be interpreted as climatic feedback
ol sea fevel oscillations (Leinfelder etal.. 1993b).

CONCEUSIONS

The distribution of Jurassie reet types through time and
space helps o interpret changes i shell morphology. sea level
posttion. climate and oceanographic circutation. all of which
came along with the iercasing breakup of Pangea:

Lower Jurassic reefs are scarce, whereas more reels arew
during the Mid Jurassic and became very abundant during the
Late Jurassic. Since the availability of corals and siliceous
sponges was generally high this pattern shows that the expan-
ston of reels through Jurassic time was particularty caused by
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Massif). Bottom: Section showing hydrospheric - atmospheric circulation for a Late Jurassic summer.

an increase of suitable habitats rather than by evolutionary
radiation. The extinction phase ot the Triassic/Jurassic
boundary certainly restricted coral taxa availability during the
Early Jurassic. Corals may have survived on a foew formerly
Pacific terranes ol the American Cordillera. from which they
recolonized the reet habitats of the world (Stanlev and
McRoberts. 1993). The existence of a Hettangian coral reefl in
southern France (Elmi. 1987) shows that. provided suitable
habitats had existed. corals would have had the potential abtlity
to grow over much wider areas of the globe already during the
earliest Jurassic.

On the northern Tethyvan shell the mam tactor mfluencing
the increase of reels during the Jurissic was the generadly s
ing sea levell which during the Mid Jurassie ranstormed some
of. and during the Late JTurassic the magor part ol the shelf
from a terrigencous into a carbonate-domnated scuing. The
above trend iy different at the southern margim ot the Tethys,
where during the Farly Jurassic quite @ number ol rects exist-
ed. while during the Mid Jurassic they were rares and becanie
more frequent again during the Fate Jurassies The dominuwnt
influcnce on reef occurrence on the south Tethvan shelt was

tectonic development. Partial drewnimg dunng the Barly
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Figure 9. Sequence stratigraphic models to explain Jurassic reef occurrences (mostly based on the Upper Jurassic Iberian examples. cf.
Leinfelder et al., 1993a, b). Both first to second order sea level rises and tectonic quiescence were responsible for dominance of carbonate depo-
sition. Minor third order sea level rises allowed reefs to develop over a wide bathymetric range due to reduction in background sedimenation rate.

During the Late Jurassic with its equilibrated climate major third order sea level rises resulted in additional climatic feedbacks. During rise the
climate became more humid, water circulation slowed down and the zone of dysaerobic bottom water strongly shallowed, giving way to the occur-
rence of oxygen-controlled thrombolites in fairly shallow water. Higher order oscillations were particularly responsible for fluctuations in oxygen
content giving rise to successions of aerobic and dysaerobic reef associations (metazoan-bearing thrombalites).

framework reefs, particularly coral bafflestones and many
coral framestones commonly grew in low energy environ-
ments, but may occur both on ramps and within lagoons of
rimmed shelves. More refined assignments of these types to
distinct environmental and structural settings may be possible
after establishing standard coral associations (cf. Leinfelder,
1986, 1992: Werner, 1986: Firsich and Werner, 1991, Werner
et al., 1994).

* The global distribution of Upper Jurassic coral reefs shows
that the majority of reefs, as expected, grew in low latitudes,
but others were present in high latitudes. This pattern contra-
dicts some recent paleoclimatologic computer simulations,
which assume steep climatic gradients and very cold water
temperatures with sea ice coverage or glaciation in high lati-
tudes. Instead. Upper Jurassic reef distribution reflects a mar-
itime greenhouse cffect caused by the high sea level of that
time.

# Crust-rich reefs are either restricted to, or more extensively
developed in distinct horizons showing features of starved sed-
imentation. This is a good tool to detect third and higher order
sea level changes which, given the climatic equilibration and
tectonic activity of the Jurassic, should be caused by intraplate
stress rather than glaciocustatic cycles.

* Successions of oxygen-depleted thrombolitic and oxvgen-
dependent coral- or sponge-rich facies closely mirror climatic
and oceanographic changes occurring during sca level rise.
Such "maritime greenhouse events™ occurred at various scales
and were particularly frequent during the Kimmeridgian. This
was a time of rapidly rising sca level. but duce 1o tectonic per-
turbances carbonate production was strongly decrcased rela-
tive to that of the Oxfordian or Tithonian. The frequency of
such climatic excursions during the Kimmeridgian may point
to the general importance of carbonate depositional systems as
important climatic bufters. This should be a strong warning of
destruction of more present day reefs by deforestation and the
subsequent increased runoft of terrigencous material or other
forms of pollution. Naturally the given picture is simplified
because of the general complexity of reefs and their control-
ling factors. Nevertheless. it is hoped that the Jurassic example
of reef distribution not only helps understanding structural and
environmental changes in the course of the breakup ol Pangea.
but may also serve as an example for the understanding of
other times of major structural and/or climatic reorganizations

such as the Devonian and the present day.
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(both Portugal) and Swabia (SW-Germany) with the sea level curve of Haq et al. (1988), modified by Ponsot and Vail (1991a, b). Stippled hori-
zontal bars are Ponsot and Vail-type transgressive systems tracts. Occurrence or lateral expanse of reefs is largely related to third order sea
level rises. Particularly obvious is the occurrence of thrombolites and siliceous sponge facies within the marl-dominated Kimmeridgian upper
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Jurassic kept some platforms shallow and available for coral
reetf growth. increasing drowning removed most of them
during Mid Jurassic and transpressional movements uplifted
some blocks during the Late Jurassic.

Pure siliceous sponge facies is mostly indicative of mid
ramp settings. Extensive biostrome and bioherm development
oceurs only on low angle ramps. This is why the siliceous
sponge ftucies is almost exclusively restricted to the northern
Tethyan shelf. However biohermal growth can modify the
topography of ramps and influence the style of subsequent
reets. On the southern Tethyan shelf siliceous sponge facies is
largely restricted to isolated occurrences of Early Jurassic age,
when tectonic structuration was not yet accentuated every-
where.

Occurrences of microbial thrombolites are diagnostic of
starved sedimentation and thus help in recognizing sea level
rises and/or steepened slopes. Their co-occurrence with
dysaerobic epibenthic macrotauna. Chondrites horizons and

abundant authigenic glauconite. together with the almost total
absence of macrobiota within the micobial reefs makes them a
valuable tool for recognizing oxygen depletion. Distribution of
dysaerobic thrombolites greatly helps reconstruct paleooceanic
circulation and paleoclimate.

Jurassic coral reef facies occurred in very different types,
some of which are diagnostic of the style of shelf morphology.
Reefs shedding a lot of debris are characteristic of steepened
stopes, which are mostly due to tectonic accentuation. Reefs
rich in both debris and microbial crusts are indicative of
bypass margins. Both types occur most commonly along the
southern Tethyan shelf and in Atlantic marginal basins. On the
northern Tethyan shelf they similarly indicate the existence of
local or regional steep slopes.

Unstabilized coral reef sands associated with autoch-
thonous oolite bars are the most frequent high cnergy reefal
facies type on low angle ramps and consequently are
widespread on the northern Tethyan shelf. Well preserved
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