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Abstract

Deep marine carbonates of Late Campanian to Early Maastrichtian age that crop out in the Subbetic Zone near Caravaca (SE
Spain) contain a thick succession of dm-scale levels of calcareous contourites, alternating with fine-grained pelagites/
hemipelagites. These contourites, characterised by an abundance and variety of traction structures, internal erosive surfaces and
inverse and normal grading at various scales, were interpreted as having been deposited under the influence of relatively deep
ocean currents. Based on these contourites, a new facies model is proposed.

The subsurface currents that generated the contourites of Caravaca were probably related to the broad circumglobal,
equatorial current system, the strongest oceanic feature of Cretaceous times. These deposits were formed in the mid-depth
(200-600 m), hemipelagic environments at the ancient southern margin of Iberia. This palacogeographic setting was
susceptible to the effects of these currents because of its position close to the narrowest oceanic passage, through which the
broad equatorial current system flowed in the westernmost area of the Tethys Seaway. Regional uplift, related to the onset of
convergence between Iberia and Africa, probably favoured the generation of the contourites during the Late Campanian to the
Early Maastrichtian.
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1. Introduction

Over the last few years, there have been several
developments in discriminating depositional facies of
contourites and their mechanisms of formation based
on studies of modern deep-sea deposits (e.g., Stow et
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al., 1996; Stow and Faugeres, 1993, 1998; Stow and
Mayall, 2000a; Shanmugam, 2000). These papers,
which are mainly the result of extensive deep ocean
coring and seismic programmes, show that contourites
are less rare in the modern record than previously
thought, and also suggest that they are relatively
abundant in ancient pelagic and hemipelagic sequen-
ces. Notwithstanding, only a few works have dealt in
detail with ancient contourite deposits. Difficulty
associated with their recognition has probably been
the main cause of this oversight. However, economic
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Fig. 1. @utcrops of the Jorquera Formation examined in the Caravaca area (according to Van Veen, 1969) corresponding to the mid-Campanian
to mid-Maastrichtian sequence of the Subbetic zone of the Betic Chain (SE Spain).

impertance of centeurites as petential hydrecarben
reserveirs and their scientific relevance as palacegee-
graphic and palaceceanegraphic indicaters have re-
cently triggered a grewing interest in these particular
depesits.

The aim ef this paper is te previde sedimenteleg-
ical characteristics of carbenate centeurites and dec-
ument their presence en the seuthern palacemargin of
Iberia. The Cretaceesus centeurite unit analysed is of
calcareeus cempesitien and creps eut in the Betic
chain (SE Spain, Fig. 1). We attempt te medel the
genesis of such depesits and their asseciated facies,
censidering changes in accemmedatien and accumu-
latien. Alse discussed are palacegeegraphic implica-
tiens of these Cretaceeus centeurites in a framewerk
of the western Tethys, between Iberia and Africa.

2. Regional framework

The examined recks crep eut in the Lema de la
Selana hills, abeut 3 km seuth ef the tewn ef

Caravaca (Murcia prevince, SE Spain) (Fig. 1). This
site is well knewn fer its K/7 beundary sectien. These
recks were depesited in the relatively deep, hemi-
pelagic te pelagic settings eof the ancient seuthern
centinental margin ef the Iberian plate (Fig. 2). This
margin was censtructed during the Jurassic and Early
Cretaceeus as a censequence of the extensienal/trans-
tensienal separatien ef Africa and Iberia (e.g., Saves-
tin et al., 1986; Vera, 1988; Martin-Chivelet et al.,
2002).

At the end of the Cretaceeus, the tectenic evelutien
of the basin changed due te the cenvergence ef
Eurepe and Africa. As result, the bread passive
margin changed inte cenvergent (Martin-Chivelet,
1996; Martin-Chivelet et al., 1997; Reicherter and
Pletsch, 2000; Chacén and Martin-Chivelet, 2001).
This precess culminated in the Tertiary with the
cemplete destructien eof the margin and the fermatien
of the Betic feld-and-thrust belt (e.g., Vera, 1988). At
present, the studied sequences appear as iselated eut-
creps within the Subbetic Zene, a majer allechthe-
neus unit ef the Betics.
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Fig. 2. Palacogeographic reconstruction of the Tethys Seaway for the Maastrichtian (based on Philip and Floquet, 2000) showing the Betic
continental margin (and the approximate position of the Caravaca outcrops) at the northern border of the gateway of the Tethys Seaway to the

Cental Atlantic.

In this setting clese te the Iberian micrecentinent
were depesited (c.g., Vera and Melina, 1999) very
hemegeneeous series of hemipelagic/pelagic carbe-
nates during mest ef the Late Cretaceeus, while in
the shallew parts ef the margin, wide carbenate (and
mixed carbenate—siliciclastic) platferms develeped
(e.g., Azema et al., 1979; Martin-Chivelet, 1992).
Depesitien en beth platferm and deeper enviren-
ments were affected by regienal majer tectenic
events that teek place in respense te changes in
intraplate stresses (Martin-Chivelet, 1996). These
tectenic changes had shert time duratien and led
te changes in palacegeegraphy, subsidence, fessils
and type eof sediments depesited (Martin-Chivelet,
1995).

The time span ef the analysed sedimentary
sequences (Late Campanian—FEarly Maastrichtian)
cerrespends te a peried ef relative tectenic quies-
cence at the margin, which lasted nearly all the
Campanian and the Early Maastrichtian (i.e., abeut
13 millien years accerding te Gradstein et al., 1995).
It is beunded by twe regienal tectenic events (latest

Santenian —earliest Campanian and “mid’”’ Maas-
trichtian in age, respectively), which resulted in the
develepment of twe regienal uncenfermities and
their cerrelative cenfermities (Martin-Chivelet,
1995; Reicherter and Pletsch, 2000; Chacén and
Martin-Chivelet, 2001).

3. Stratigraphy

Despite te the vast number of papers that refer te
the K/T beundary in Caravaca (e.g., De Paele et al.,
1983; Beher ct al., 1986; Canude ct al., 1991; Rebin
et al, 1991; Kaihe and Lamelda, 1999; Arz et al.,
2000), enly a few general stratigraphic studies of
regienal scepe have censidered Campanian and Lew-
er Maastrichtian depesits (e.g., Paquet, 1969; Van
Veen, 1969; Heedemaeeker, 1973; Niete, 1997).

The sequence at Lema de la Selana Hills is a 1 00-
m-thick successien of white, fine grained limestenes
and marly limestenes, which include abundant dm-
scale tabular intercalatiens ef finely laminated calcar-



enites. The whele unit cerrespends te member A of
the Jerquera Fermatien in the sense eof Van Veen
(1969) (Fig. 2), thus being included in the middle
part of the Quipar—Jerquera Formatien in the sense of
Vera et al. (1982).

The unit cenfermably rests en the hemipelagic
carbenates of the Quipar Fermatien (sensu Van Veen,
1969) and is everlain by a distinct unit ef distinc-
tively greenish grey hemipelagic marls (Member B
of the Jerquera Fermatien) ef Late Maastrichtian te
Paleecene age. Transitien frem the underlying unit is
gradatienal and marked by a pregressive increase in
the number and thiclmess of intercalatiens ef finely
laminated calcarenite levels (herein interpreted as
centeurites). @n the centrary, the centact with the
everlying marly unit is much mere abrupt, reflecting
a majer palecegeegraphic change caused by the
regienal tectenic event ef mid-Maastrichtian age
(e.g., Chacen and Martin-Chivelet, 2001; Chacen,
2002).

Te precisely date the recks and refine the age-
dating prepesed by Van Veen (1969), a biechrenes-
tratigraphic analysis, based en planktic feraminifera,
was undertaken. The uppermest sectien of member
A yielded the fellewing indicative taxa: Contuso-
truncana walfischensis (Tedd, 1970), Gansserina
gansseri (Belli, 1951), Globotruncana aegyptiaca
(Nakkady, 1950), Globotruncanita angulata (Tilev,
1951), Planoglobulina acervulinoides (Egger, 1899),
Plummerita reicheli (Brennimann, 1952), Rugoglobi-
gerina hexacamerata (Brennimann, 1952) and Rugo-
globigerina scotti (Brennimann, 1952). This fessil
assemblage characterises the middle part ef the G.
gansseri Zene, accerding to Rebaszynski et al.
(2000), and cerrespends te the lewer Maastrichtian
(Hardenbel et al., 1998). The glebetruncanid assem-
blage ebtaincd frem the lewermest levels of the
member A is rather peer and precludes its assignatien
te any biezene. The very tep ef the underlying unit
(Quipar Fermatien) yiclded Globotruncanita calcar-
ata (Cushman, 1927), a species that defines a biezene
ranging in age frem the late Middle Campanian te the
early Late Campanian.

Cemparable sequences with depesits of similar age
and interpreted as centeurites have alse been feund by
the authers in several sutcreps of sureunding areas of
the Betics (e.g., Alicante—Jijena area, in the eastern
Prebetic demain, Chacen, 2002). Hewever, the cen-

teurite facies of these eutcreps are net as well repre-
sented as in the Caravaca area.

4. Sedimentology

Twe main, vertically alternating facies asseciatiens
were identified in the member A eof the Jerquera
Fermatien (Fig. 3). The first censists of hemipelagites,
and 1s clearly deminant threugheut the vertical suc-
cessien (mere than 60% ef the tetal thickness). The
secend asseciatien, which censtitutes less than the
40% ef the succession, is interpreted as centeurite
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Fig. 3. (A) Latest Cretaceous—Early Palacogene swatigraphy of the
Caravaca area. Formation names and informal members were
adopted from Van Veen, 1969. Ages according to Chacén
(unpublished data). (B) Betailed section of the swatigraphic interval
analysed where contourite and hemipelagite facies were separated.



facies, censists of sediments depesited, or significant-
ly rewerked, by deep marine currents.

4.1. Hemipelagites

The hemipelagites censist of an alternatien ef
limestenes (fine-grained wackestenes) and marly
limestenes (fine-grained wackestenes with a variable
prepertien ef fine grained terrigeneus material) (Fig.
4A), arranged in thin te medium-thick (several
centimetres te a few decimetres), eften peerly de-
fined, beds. These facies characterise typical deep
marine carbenate sedimentatien duc te the slew and
relatively steady falleut of biegenic debris generated
mainly in the upper part of the water celumn, and a
variable, but always lew, input ef fine terrigeneus
material, prebably transperted by winds er in sus-
pensien as plumes frem the land. Bieturbatien is
frequent but mederate, and Chondrites and Zoophy-
cos (Fig. 4B) are the mest cemmen ichne-genera.
Altheugh Zoophycos and Chondyrites have eften been
described in exygen peer, erganic matter-rich facies,
their eccurrence dees net seem te imply an exygen-
depleted water/sediment interface (Bremley and
Ekdale, 1984; Savrda, 1992). This peint agrees with
the presence eof fessils of stenetepic erganisms, such
as ineceramids and echineids, peinting te nermal

salinity and exygenatien cenditiens during depesi-
tien. The micrefessil cempenent includes abundant
glebetruncanids, calcisphacrulids and seme deep-wa-
ter benthic feraminifera, which appear randemly
distributed and shew ne evidence eof rewerking er
serting. This suggests miner er ne current influence
en depesitien.

The benthic feraminifera assemblage—Gaudiyina
pyramidata (Cushman, 1926); Lenticulina sp.; Mars-
sonella oxycona (Reuss, 1860); @ridorsalis sp.; Reus-
sella szajnochae (Grzybewski, 1896), ameng ethers—
peints te an upper bathyal palace-waterdepth, i.e.,
between 200 and 600 m (Van Merkheven et al.,
1986). Hemipelagic depesits frem the uppermest part
of the underlying Quipar Fermatien have yiclded a
richer benthic assemblage with G. pyramidata (Cush-
man, 1926), Gavelinella becariiformis (White, 1928),
Lenticulina sp., @ridorsalis sp., @uadrimorphina sp.,
R. szajnochae (Grzybewski, 1896) and Stensioina
pomimerana (Bretzen, 1946), which cenfirms this
bathymetric interpretation.

The presence eof alternating decimetre-scale lime-
stenes and marly limestenes suggests a high-frequen-
cy cyclicity recerded threugheut the hemipelagites
that is net ebserved where abundant centeurite
depesits eccur (Fig. 4A). This type of cyclicity is a
pervasive feature of similar hemipelagic facies in the

Fig. 4. Hemipelagite facies. (A) Typical rhythmic arrangement of limestones and marly limestones on the outcrop scale. (B) Betail of a

Zeeophyces swucture within these facies (scale bar: S cm).



underlying Quipar Fermatien, as well as in ceeval
sediments in ether areas in the basin. It has been
interpreted te be related te climate changes cen-
trelled by Milankevitch erbital cycles (e.g., Vera
and Melina, 1999; Chacén and Martin-Chivelet,
2001).

4.2. Contourites

Centeurites appear as stratified, tabular, vertically
iselated beds 0.05—1.6 m thick (Fig. 5A). The base
and tep ef each centeurite bed are sharp, and mark the
change frem, or inte, the hemipelagic facies. The base
is eften markedly cresive and can shew sceur cast
structures. Flute casts are a few millimetres deep and
iselated U-shaped lengitudinal sceur casts resemble
gutter cast merphelegics, but are smaller than the
usual gutter structures. Flute casts are massive where-
as lengitudinal sceur marks are filled with cress-

laminated calcarenites. In centrast, the teps are never
eresive and are usually defined by a flat, ripple-free
surface. Semetimes, twe er mere centeurite beds can
be amalgamated, and are thus separated by eresive
surfaces.

Centeurites are fermed by very fine te medium
sand-grained calcarenites which can eccasienally
reach a larger grain size. Texturally, they are carbenate
grainstenes te packstenes, with usually less than 5%
of siliciclastic grains eof silt te fine sand size. Bie-
clastic material is deminant and censists ef highly
rewerked and fragmented tests of the same erganisms
that appear in the hemipelagites (planktic feraminif-
era, a few deep water benthic feraminifera and calci-
sphaerulids, as well as calcite prisms arising frem the
break up ef ineceramid shells). The bieclasts are
mixed with abundant subreunded te angular intra-
clasts of micritic material similar te that predeminat-
ing in the hemipelagic facies.

Fig. 5. Examples of contourite facies in the “A” member of the Jorquera Foriation (Lower Maastrichtian). (A) @utcrop feature of dm to m scale
contourite beds interbedded with less competent hemipelagic facies. See hammer for scale. (B to B) Betails of contourite facies showing the
most typical sedimentary swuctures and their spatial distwibution (e.b.: erosive basal surface; r.s.: internal reactivation surfaces, usually involving
erosion; c.l.: cross lamination; s.l.: sinusoidal lamination; p.l.: parallel lamination). Scale in cm.



Centeurite beds are characterised by a defined
vertical distributien sequence ef beth sedimentary
structures and grain size (Fig. 6). Vertical grain size
variatiens are ebserved at different scales. Beth ner-
mal and reverse gradings are present within each
centeurite bed, altheugh pesitive grading predemi-
nates. Maximum grain sizes are cemmenly feund in
the lewer half ef each level, but net necessarily at the
base. Thereafter, it is cemmen te ebserve an increase
in grain size frem the base te a certain level lecated a
few centimetres abeve it, and a slight and gradual
decrease frem this level te the tep ef the bed.
Accerding te the ebserved sedimentary structures,
mest centeurite beds can be reughly divided inte
twe distinct intervals:

(1) A lewer interval, which may represent a third te
as much as ever half the entire bed, characterised by
the deminance ef cress laminatien, preduced by the
migratien ef ripples under the influence of a tractive
current. Larger bedferms are only eccasienally eb-
served. Reactivatien and slightly eresive surfaces are
alse frequent in this interval. Within this lewer part, a
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Fig. 6. General facies model proposed for the contourites of
Caravaca.

vertical sequence eof structures is eften ebserved:
abeve the basal eresive surface of the centeurite
bed, the first, everlying depesit usually censists of a
thin level (5-20 cm, Fig. 5B) with parallel te lew
angle cress laminatien which eften shews reverse
grading. This level is cevered by a new depesit, in
which sigmeidal, cress laminatien is the mest prem-
ment featare (Fig. SC—D). This sigmeidal laminatien
is the result of the migratien ef current ripples, mainly
climbing ripples, altheugh nen-climbing enes can alse
be feund. Mest sets have been partially ereded by
reactivatien, but when ebserved te be cemplete, they
are strengly asymmetrical, with depesitienal stess
sides shewing extremely gentle slepes (1-4°) and
steeper lee sides (10—15°). The height ef the ripples
never exceeds 2 or 3 cm, and their wavelength
averages 10 cm. The angle eof ripple climbing is
lew, abeut 20° er less. Fereset laminae are typically
cencave upwards and 1-2 mm thick. Mud-effshets
are very cemmen. These ripples can be ascribed te the
type B of Allen (1970, 1971) and Ashley et al. (1982),
type III of Yekekawa et al. (1995) and, accerding te
the nomenclature of Hunter (1977), they are super-
critical. The number of ripples in each frain is lew,
cempared te the climbing ripples usually described in
turbidites and centinental facies. Preservatien ef thick
cescts of cress laminatien is rather rare, since internal
reactivatien surfaces are frequent (Figs. 5B te D, 7
and 8). These surfaces may cerrespend te cresive
surfaces that invelve truncatien ef the previeus bed-
ferms; theugh true and deep cresien is semetimes
absent er very slight, and the ebserved “uncenferm-
ities” are due te the geemetry resulting frem premi-
nent changes in the migratien directien of ripple
trains. Such variatiens are the nerm frem ene episede
of migratien te the next. When it is net pessible te
ebserve structures in all three dimensiens, reactivatien
surfaces may be masked and a subtle change in the
angle of inclinatien ef the lee and stess sides or in the
angle of climbing is the enly evidence of discentinuity
in current actien (Fig. 7). When there are signs ef
ripple evelutien, climbing ripples are feund te merge
laterally and pass upwards te an interval eof sinuseidal
laminatien (sensu Jepling and Walker, 1968) er
draped laminatien (sensu Gustavsen et al., 1975;
Ashley et al., 1982). This sinuseidal laminatien char-
acterises the transitien between the twe parts inte
which the centeurite bed has been divided.



Section B

Fig. 7. Two polished sections of a contourite bed, where some of the main sedimentary swuctures of contourites described in the text are shown:
sigmoidal cross-lamination, draped lamination, parallel lamination and reactivation surfaces. Note the change in dipping of foresets located
under and above the reactivation erosive surface clearly reflecting a change in the direction of ripple migration and thus in current direction.

(2) An upper interval, which is deminated by very
thin and parallel laminatien, grain size being generally
finer than the underlying interval. The upper part of
the centeurites is mainly defined. These structures
arise frem changes in grain size and micrite centent,
and are accentuated by cencentratiens ef small fera-
minifera and ineceramid shell fragments. Thin beds
are of micremetric te millimetric erder and eften shew
sharp bases, in which parting alignment can be
ebserved. @ccasienally, nermal grading can be eb-
served in the laminae, which tend te cress at extreme-
ly lew angles. Very small lenses of calcarenite er silt,

which prebably cerrespend te starved ripples, appear
in seme micritic laminae.

The sequences eof the structures described abeve
lead us te cenclude that the entire bed was depesited
by centeurite currents. Such strata represent the de-
pesit of a multi-episedic, leng-standing, bettem trac-
tive current which decreases in strength and average
velecity ever time and in space as its ratie ef sus-
pended lead/bed lead increases. @n a smaller scale,
the internal distributien ef structures in the lewer part
of the bed alse indicates the actien of de-accelerating,
tractive currents that were repeatedly reactivated.



Fig. 8. Cross lamination at the microscopic scale in a contourite bed.
Scale bar: 1 mm.

The enset of current actien en the sea bettem is
marked by cresien at the base of each bed. After that,
the cuirent de-accelerates and centeurite facies sedi-
mentatien begins. During this first stage of depesitien,
variatiens in cutrent strength eccur, causing miner
eresive surfaces as well as vertical changes in grain
size. Beth reverse and nermal grading have been
recegnised in this basal interval.

The develepment ef climbing ripples and the
asseciated abundance ef mud-effshets are indicative
of bettem lew density tractien currents with censid-
erable ameunts ef suspended lead. Several scales of
evelutien, frem type B ripple-drift cress laminatien te
draped eor sinuseidal laminatien, prebably invelved an
increase in suspended lead and/er a decrease in
current velecity. In this situatien, the net rate ef
aggradatien is high and tends te surpass the dewn-
stream migratien rate of ripples.

Changes in the characteristics of the sedimentary
structures and the abundance ef reactivatien surfaces
indicate that current strength is variable and its influ-
ence en the sea fleer discentinueus. Parameters de-
fining the current, such as velecity, directien er the

ratie of suspended lead/bed lead, repeatedly changed
as the depesits were generated. A first estimation of
current velecity can be made by cemparing eur
ebservatiens with these emerging frem experimental
studies by Ashley et al. (1982). Accerding te werk
perfermed en medium-sized sand, type B ripples
required velecities of 15-25 cm/s te be fermed,
whereas draped laminatien needs less than 15 cm/s.
Since eur depesits are very fine-grained calcarenites,
lewer velecities, prebably in the range 10—15 cm/s,
weuld be expected te be sufficient fer the fermatien of
the structures ebserved.

The upper part of the centeurite beds is interpreted
te be the result of aggradatien and sedimentatien
precesses due te curents that mainly transpert sus-
pended lead, with episedes of activatien ef extremely
weak tractive currents.

Envirenmental dynamics inferred frem the sedi-
mentelegical analysis ef centeurites and hemipela-
gites and the stacking pattern shewn by these facies
(Fig. 3) suggest that the entire stratigraphic successien
fermed in the hemipelagic realm ef the basin at the
upper bathyal palace-waterdepth, i.e., between 200
and 600 m., within a palacegeegraphic demain that
was periedically affected by currents that actively
medified the bettem. These currents were able te
transpert and depesit fine sand te silt sized hemi-
pelagic sediments.

Current strength and the effects of its actien en the
bettem changed threugheut the depesitien of every
bed of centeurites and hemipelagites. The sequence in
Fig. 6, representing ene episede of centeurite depesi-
tien, can be explained by a successien of feur main
situatiens, each characterised by the fellewing envi-
renmental and sedimentary cenditiens:

1. A strengly eresive current and the develepment of
eresive surfaces develep but ne net sedimentatien.

2. Active influence ef currents ef variable intensity
and perieds of cresien alternating with perieds of
depesitien. Centeurite facies resulting frem this
situatien shew internal eresive surfaces separating
depesits of cress-laminated calcarenites.

3. Decreasing effects of currents that are active but ef
lew strength. The material transperted by currents
is depesited and the resulting facies are deminated
by fine-grained, herizentally laminated centeurites
that rarely shew bieturbatien.



4. Very weak eor ne influence ef currents en the
sea fleer results in ‘“‘nermal” hemipelagic
sedimentatien.

5. Latest Cretaceous ocean circulation

The genesis of mid-depth centeurite depesits
requires the presence ef either relatively streng,
semi-permanent geestrephic currents flewing at inter-
mediate depths er very streng superficial er sub-
superficial currents able te affect the sea fleer at these
depths (Viana et al., 1998). It is likely that ene of these
current types centrelled the depesitien ef the latest
Cretaceeus calcarceus centeurites of the Subbetic. In
ancient centeurites, hewever, it is difficult te discern
ameng the different types of currents that might have
centrelled their depesitien. In the present study, this
interpretatien is even mere difficult, since the sequen-
ces censidered were strengly tectenically defermed,
impeding any reliable palacecurrent analysis. Fer
these reasens, we adept a mere speculative appreach
and censider whether the palaceceanegraphic and
palacegeegraphic cenditiens ef the Betic basin ceuld
have been apprepriate fer the generatien ef such
currents.

Knewledge on ecean circulatien during Late Cre-
taceeus times is very limited. Palacebiegeegraphical
recenstructiens and cemputer simulatiens ef ecean
currents during the Late Cretaceeus suggest that a
circumglebal trepical surface current flewed west-
wardly threugh the centinental cenfiguratien ef that
time (e.g., Haq, 1984; Bush, 1997). This current was
determined by the epening, during the Mesezeic, of
wide and deep latitudinal ecean passages in the inter-
trepical area as a censequence ef the break-up ef
Pangea and the divergence of Furasia and Africa
(Tethys Seaway) and ef Nerth and Seuth America
(Deep Central American Seaway). The latter was
induced by the easterly wind stress that deminated
(as decs teday) in latitudes belew 30°. These easter-
lies, in cenjunctien with the epen ecean gateways
between the Indian, Tethys, and Pacific ecean basins,
dreve the circumglebal, westward-flewing current,
which flewed aleng the equater in the Pacific @cean,
areund the seuthern end ef the Indenesian peninsula,
inte the Tethys Seaway between Africa and Furasia
and finally back inte the Pacific @cean threugh the

eccan gateway between Nerth and Seuth America
(Fig. 2).

Threugh general circulatien medelling (GCM),
Bush (1997) presented a numerical simulatien fer
the Late Cretaceeus trepical eceans ef higher reselu-
tien than the fermer enes (e.g., Barren and Petersen,
1990), in which the trepical circumglebal current
appears as a rebust feature of ecean circulatien fer
that time. Bush used a ceupled atmesphere—ecean
medel and adepted a palacegeegraphic recenstructien
fer the Maastrichtian. Accerding te this simulatien,
the mean depth ef the circumglebal trepical current
varies substantially but attained its vertical maximum
in the Tethys Seaway, where it reached 350 m. It is
pessible that, belew that streng surface current, a
cemplex pattern ef eastward subsurface currents (er
undercurrents) develeped in the Tethys Seaway te
cempensate that immense westward water surface
flew. Beth the main surface current system and the
asseciated undercurrents ceuld be respensible of cen-
teurite depesitien in the Seuth Iberian centinental
margin.

During the Late Cretaceeus, the Betic centinental
margin eccupied an area that was extremely suscep-
tible te ene of these relatively deep eceanic currents.
Situated in the western end ef the Tethys Seaway
passage at this ecean’s gateway te the Atlantic (Fig.
2), the centinental margin fermed the nerthern beund-
ary ef the narrewest eceanic passage threugh which
the bread equaterial current system flewed. Relatively
deep currents, channelled between Aftica and Iberia,
ceuld have affected the ecean fleer in the hemipelagic
areas eof the centinental margin and generated cen-
teurite sequences.

At this peint, a questien arises: why this precess
was effective in the Campanian —Maastrichtian inter-
val and net befere, despite that the Tethyan passage
was effective during nearly all of the Mesezeic?

Pessible explanatiens te this time restriction sheuld
be feund in the palacegeegraphic evelutien that teek
place at the end eof the Cretaceeus. The whele inter-
trepical current system was strengly sensitive te
palacegeegraphic evelutien, representing sea-level
changes eor tectenic plate mevement (e.g., Peulsen et
al., 1998). Late Cretaceeus ecean circulatien in the
Tethys was substantially different frem the previeus
Early Cretaceeus —Late Jurassic ecean circulatien, the
main differences being related te the start eof the



cellisien of India with Asia and the enset of Africa—
Eurepe cenvergence.

In particular, this later peint ceuld cause a palee-
ceanegraphic rearrangement in the Tethyan passage,
where the Caravaca centeurites are depesited. Small
changes in palacegeegraphy ceuld preveke drastic
medificatiens in the directien, strength and depth ef
the currents, and thus cenditien their effects in hemi-
pelagic settings. Frem Late Santenian times enwards,
Alpine cenvergence started te serieusly affect the
sedimentary basins ef Iberia (Pyrenean basin, Iberian
basin, Betic margin), leading te the enset ef basin
inversien in the Pyrenees (e.g., Simé, 1986) and the
Iberian basin (e.g., Alense et al., 1993), and te streng
tectenic mevements in the Betics (e.g., Martin-Chive-
let, 1996; Reicherter and Pletsch, 2000). Narrewing ef
the passage between Iberia and Africa with the cen-
sequent intensificatien ef channelling water transfer
between the Tethys and the Atlantic was alse pessibly
induced. Thus, the bread geedynamic precess related
te the enset of alpine cenvergence caused palacegee-
graphic changes in the Betic margin, including bleck
mevements and regienal uplift (Reicherter and
Pletsch, 2000). This led te preneunced changes in
the cenfiguratien ef the basin fleer, and as a cense-
quence, te intensificatien and deepening ef eceanic
currents in the area, faveuring centeurite generatien.

6. Discussion and conclusions

Since Wiist (1936, 1958) suggested that bettem
currents might have a preminent rele in rewerking
and distributing deep ecean sediments, many authers
have underscered the impertance of sediment rewerk-
ing precesses by bettem currents (Kelling, 1958, 1964;
Heezen, 1959; Craig and Walten, 1962; Kuenen, 1964,
1967; Hsii, 1964; Ballance, 1964; Heezen and Hellis-
ter, 1964; Dzulynski and Walten, 1965; Beuma, 1972,
1973). The earliest identificatiens of depesits clearly
ascribable te centeur currents and censequent defini-
tien of centeurites were undertaken by Heezen et al.
(1966) and Wezel (1969), and decumented by Hellis-
ter (1967), Hellister and Heezen (1967, 1972), Beuma
and Hellister (1973), Hellister et al., (1974a,b), Dam-
uth (1975) and Stew (1977) ameng ethers.

The DSDP, and especially the HEBBLE preg-
ramme, develeped during the late 1970s and early

1980s has greatly impreved eur understanding ef
bettem currents and asseciated sediments (Hellister
and McCave, 1984; McCave and Hellister, 1985;
Newell and Hellister, 1985). In centrast, the defini-
tiens and criteria te recegnise centeurites were estab-
lished by Stew (1977, 1982), Stew and Bewen (1978),
Stew and Levell (1979), Levell and Stew (1981), Stew
et al. (1986) and by the papers cempiled in a special
issue edited by Stew and Piper (1984a). Many ef these
papers deal with the preblem eof distinguishing fine-
grained turbidites frem centeurites. This issue was
finther explered in published facies medels fer fine-
grained turbidites (Stew and Shanmugam, 1980; Stew
and Piper, 1984b; Piper and Stew, 1991). Subsequent
facies medels for centeurites (Stew et al., 1996, 1998),
studies en the centeurite—turbidite centinuum (Stan-
ley, 1993) and later revisiens ef previeus cases in light
of the new medels and the criteria previded by them
(Faugeéres and Stew, 1993; Stew et al., 1998; Stew and
Mayall, 2000b) may have served te reselve the cen-
treversy that began 40 years age. Hewever, authers
such as Shanmugam et al. (1993, 1995) and Shanmu-
gam (2000) prepese alternative criteria te these of
Faugeéres and Stew (1993) and Stew ct al. (1996) fer
defining and recegnising centeurites.

After careful revisien ef the literature and cempar-
isen ef the sediments described with the criteria
fellewed by the different authers in the study of recent
and ancient depesits, it becemes clear that there are
still many unreselved questiens related te centeurites,
and there is a general lack eof censensus cencerning
what can be exactly ascribed te deep cuirent depesits.
The main cenclusien te be drawn frem this revisien is
that centeurites er ‘““sediments in relative deep water,
depesited eor significantly rewerked by stable gee-
strephic currents (Heezen et al., 1966; Faugeres and
Stew, 1993)” present high variability in beth recent
and ancient recerds (e.g., papers cempiled in Stew and
Faugeéres, 1993, 1998; Stew and Mayall, 2000a). This
inherent variability depends en facters such as water
depth, current intensity, type and supply ef available
sediment and bielegical activity. This variability and
perhaps the lack of a true understanding ef the simi-
larities and differences between medern and ancient
bettem currents (Shanmugam, 2000) may explain why
the censtructien ef a general facies medel for these
depesits is preving te be such an ardueus task, and
why the already available medels, based en recent



depesits, are of limited value and applicatien te the
stratigraphic recerd.

The calcarenitic depesits of the Late Cretaceeus of
Caravaca examined here de net entirely match any ef
the published medels, altheugh they de share seme
features with them. Their interpretatien, hewever, as
centeurites or depesits of bettem currents, is the mest
plausible hypethesis that can be prepesed after the
careful sedimentelegical, stratigraphic and palacegce-
graphic analysis perfermed. This hypethesis is sup-
perted by the fellewing features.

6.1. Composition and texture of sediments

As previeusly described, the carbenate centeurites
of Caravaca censist of very fine te medium-grained
calcarenites mainly cempesed of variable yet rather
small ameunts ef siliciclastic grains ef silt te fine
sand-sized and bieclastic material, highly fragmented
planktic feraminifera, a few deep water benthic fera-
minifera and calcisphaerulids. There is alse a presence
of calcite prisms frem the break up ef ineceramid
tests, and abundant subreunded te angular intraclasts,
made up ef micritic material similar te that predem-
inating in the hemipelagic facies. That is, sedimentary
particles frem the hemipelagic realm that have under-
genc transpert within the same envirenment as where
they were preduced. They de net centrast in cempe-
sitien with the interbedded hemipelagites, as cem-
menly de fine-grained er mud turbidites (Piper and
Stew, 1991). The asseciatien ef feraminifers that
characterise the centeurites of Caravaca is cempletely
different te any described in centemperanceus and
laterally equivalent depesits of shallewer areas of the
basin (Martin-Chivelet, 1995). In yeunger units, alse
fermed in the hemipelagic demain ef the basin,
turbidite facies beceme abundant and shew, at least,
a certain mix of shallew and deep-water faunas.

6.2. Structures and inferred current behaviour

Sediments are clean and well serted, and the
sedimentary structures ebserved peint te tractien as
the main mechanism ef transpert. Since tractien is net
uncemmen in turbidity currents, this evidence dees
net preclude such a mechanism ef sedimentatien
acting by itself, yet ne evidence ef transpert by
gravity-driven currents has been feund. Furthermere,

multiple reactivatien surfaces within each calcarenite
bed reveal alternating episedes of cresien and sedi-
mentatien, which are net characteristic of turbidites.
As described in this paper, the centeurites of Caravaca
were centrelled by multi-episedic, leng-standing, trac-
tive bettem currents ef variable current strength and
direction. Mest ef the structures ebserved were preb-
ably fermed under current speeds in the range of 10—
15 cm/s. These currents are cemparable in many
aspects te these described for the present-day eceans
by Hellister et al. (1984), Hellister and McCave
(1984) and Hellister (1993), defined as “benthic
sterms”’.

6.3. Palaeogeographic context

The sedimentary recerd of the Betic margin in the
Late Cretaceeus and Early Tertiary reflects palacegee-
graphic hemegenisatien of the Early Cretaceeus cem-
plex basin cenfiguratien (e.g., Vera, 1988) and later
the start of the transitien ef the passive margin inte a
cenvergent ene (Martin-Chivelet, 1996; Reicherter
and Pletsch, 2000). During the Campanian and Early
Maastrichtian, this basin hemegenisatien was still
patent, with bighly uniferm hemipelagic te pelagic
sedimentary cenditiens elsewhere in the deep settings
of the margin and witheut the develepment ef turbi-
dite sequences er ether gravitatienal depesits (e.g.,
Vera and Melina, 1999; Chacén and Martin-Chivelet,
2001). The platferm te basin transitien fer this interval
is defined by a depesitienal, very flat euter ramp, in
which gravitatienal structures such as slumps are
scarce (Martin-Chivelet, 1995). Hewever, everlapping
this hemegenisatien, a precess ef regienal uplift,
which prebably mirrers the start of cenvergence, teek
place. This precess prebably created the necessary
bathymetric cenditiens fer the centeurite sequences te
be generated.

6.4. Palaeohydrological context

During the Late Cretaceeus, the Betic margin
eccupied a palacegeegraphic pesitien that was sus-
ceptible te the effects eof relatively deep eceanic
currents related te the circumglebal equaterial current
system. This led te the fermatien ef the nerthern
margin ef the narrewest eceanic passage, threugh
which the bread equaterial current system flewed:



the Tethys Seaway gateway inte the Central Atlantic.
@ceanic currents, channelled between Africa and
Iberia, are sure te have affected the sea bettem in
the hemipelagic areas of the centinental margin.

In cenclusien, this paper describes a case study of
calcareeus centeurite facies, of Late Campanian te
Early Maastrichtian age, that were depesited in the
almest flat, wide areas of mid-depth settings (200600
m) of the Mesezeic Betic centinental margin. In this
palacegeegraphic demain, cembined tectenic and
palaceceanegraphic cenditiens tewards the end ef
the Cretaceeus led te the generatien of an alternating
succession of centeurite and hemipelagite beds. The
centeurite beds are characterised by a sequence ef
tractien structures, internal eresive surfaces, inverse
and nermal grading and ether features which allew us
te prepese a new facies medel. This medel is cem-
pared te these described in literature, and attempts te
centribute tewards a better understanding ef sedimen-
tary precesses in ancient deep eceans. @ur intentien
was net te previde an alternative medel te these
already published, but te cemplement these by sup-
plying new data derived frem a centext that is fairly
different te that ef the present-day eceans. The main
differences in eur medel arise frem the nature and
cempesitien ef the sediments invelved and the pattems
of latest Cretaceeus eceanic circulatien, extensively
centrelled by glebal palacegeegraphic censtraints due
te the different distributien ef centinents. Neither of
these cenditiens have been censidered in the curently
accepted facies medels, prebably since we are pres-
ently unaware ef any similar situatien. Nenetheless,
the cembinatien ef beth these cenditiens may serve te
explain differences in the facies themselves, in their
arrangement and in stratigraphic stacking patterns.
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