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Cretaceous "Oceanic Anoxic Events" as Causal Factors in 
Development of Reef-Reservoired Giant Oil Fields' 

MICHAEL A. ARTHURS and SEYMOUR O. SCHLANGER3 

Abstract Large amounts of organic carbon were de
posited and preserved in marine sediments of late Bar-
remian through middle Albian and late Cenomanian-
earty Turonian age owing to the development of poorly 
oxygenated oceanic water masses and expanded oxy-

§en minimum zones during "oceanic anoxic events." 
ediments rich in organic carbon which were depos

ited during such events are thick sequences of basinal 
black shale or mudstone, thin black beds in shelf 
chalks, and thin beds and lenses in rudist reef and 
associated limestones. Analysis of the stratigraphic 
distribution of both known oil and giant oil-field reser
voirs by many workers has indicated that a large part 
of the world's oil is of Mesozoic age and that most 
giant reservoirs are in rocks of Mesozoic age. We pro
pose that the relative abundance of Mesozoic oil in the 
world oil picture is in part the result of maturation of 
organic carbon deposited during Cretaceous oceanic 
anoxic events. 

Many giant fields of Cretaceous age have reservoirs 
of shallow-water carbonate complexes such as rudist 
reef and associated fades buildups. We propose that 
the oil in such reservoirs originated as follows: (1) dur
ing middle Cretaceous marine transgressions, equable 
world cHmate with high sea-surface temperatures pre
vailed and led to carbonate reef buildups on shallow 
shelves and marginal platforms; (2) at the same time 
marine oxygen-nilnlmum zones expanded and deeper 
basinal oxygen deficits were Intensified owing to the 
lack of strong ocaanic mixing because of stable densi
ty stratification and possible low oceanic thermal gra
dients; (3) these oxygen deficits enhanced the preser
vation of organic carbon in basin, slope, and some 
shelf fades; (4) later Cretaceous transgression result
ed in the drowning of the carbonate buildups which 
were then sealed under a cap of fine-grained hemipe-
iagic sediment; interim regressions resulted In en
hancement of porosity of reef fades and may have al
lowed deposition of interbedded sand bodies in some 
sections; (6) many of these carbonate complexes and 
source beds were buried to suitable depths by Late 
Cretaceous and Tertiary clastic wedges and, depend
ing on local geothermal gradients, hydrocarbon matu
ration in the black stiale basinal fades occurred. These 
hydrocartions niigrated to shelf-edge reservoirs, such 
as platform cart)onate rocks, through intermediate fa
des. This scenario with its combination of oceano-
graphic and geokigic events led to development of 
fields such as those in the Golden Lane in Mexico. 

Thus, prime exploration targets are deeply buried ru
dist buMuBs that are stratigraphically linked to basinal 
black shaw source tieds. Such buildups should be 
found on subsided passive margins of low to middle 
latitude regions; the source beds formed where nearly 
contemporaneous low-oxygen conditions obtained in 
adjacent basins. 

INTRODUCTION 
In recent years an awareness has developed 

among geologists, both within the oil industry 
and in the academic community, that Cretaceous 

time, and in particular mid-Cretaceous'' time, was 
an unusual period in earth history. Many anoma
lous features characterize this period but three 
stand out that are relevant to exploration for 
giant oil fields (i.e., a field containing at least 500 
million bbl of recoverable oil). It has been noted 
that much of the world's oil is reservoired in stra
ta of Cretaceous age, enormous amounts of or
ganic carbon accumulated in marine sediments of 
Cretaceous age, and during Cretaceous time ru
dist reef and associated limestone facies were de
posited on shallow shelf edges and banks in much 
of the world. 

Studies of petroleum production and reservoir 
statistics from giant oil fields have demonstrated 
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the prolific nature of Cretaceous strata (Halbouty 
et al, 1970; Moody et al, 1970; Klemme, 1975; 
Moody, 1975). In a review of the literature on the 
distribution of oil in time, Tiratsoo (1973) pointed 
out that 63% of the world's giant oil fields have 
reservoirs of Mesozoic age whereas 24% have Ter
tiary reservoirs, 13% have Paleozoic reservoirs, 
and 75% of all produced oil has come from giant 
fields. Exclusion of Middle East fields changes 
these figures to 40% Tertiary, 39% Mesozoic, and 
21% Paleozoic. However, exclusion of the Middle 
East fields obscures the fact that of the 250 com
mercial reservoirs in the region described up to 
1967 (Tiratsoo, 1973), more than 200 are Middle 
Jurassic to Late Cretaceous in age. Further, Early 
to middle Cretaceous strata are thought to be the 
source beds for many of the Middle East fields. 

Irving et al (1974) pointed out that over 70% of 
all known pooled oil is 60 to 140 m.y. old (Titho-
nian through Danian). They also pointed out that 
within this interval 60% of the world's known oil 
is between about 110 and 80 m.y. old (Albian 
through Coniacian). This latter interval repre
sents only 5% of Phanerozoic time, but oil appar
ently accumulated during this time interval at 12 
times the Phanerozoic average (Irving et al, 1974). 
These writers postulated that the occurrence of so 
much mid-Cretaceous oil was due to a combina
tion of climatic, oceanographic, and tectonic fac
tors. Even present figures may underestimate the 
relative abundance of Cretaceous oil; Young et al 
(1977) demonstrated that several reservoirs of 
Miocene age in the northern Persian Gulf and 
Maracaibo basin contain oil of Cretaceous age. 

Although oil-field statistics show unusually 
large concentrations of oil in strata of mid-Creta
ceous age, study of Deep Sea Drilling Project 
cores and outcrop sections shows that this period 
was characterized by an unusually high degree of 
preservation of organic carbon in marine sedi
ments (Arthur, 1976; Schlanger and Jenkyns, 
1976; Scholle and Arthur, 1976; Fischer and Ar
thur, 1977; Fischer et al, 1977; Ryan and Cita, 
1977; Thiede and van Andel, 1977). At least two 
time envelopes can be identified during which 
black mudstone or shale and black limestone 
were deposited in many parts of the world ocean; 
one period of intensified black-shale deposition 
extended from at least late Barremian through 
late Albian time, and a second period extended 
from late Cenomanian to early Turonian time. 
The preservation of organic carbon in these mid-
Cretaceous sediments is ascribed to the occur
rence of "oceanic anoxic events" (Schlanger and 
Jenkyns, 1976) during which the bottom waters 
contained insufficient oxygen to oxidize the car
bon at the sediment-water interface. 

Coincident with deposition of basinal organic 
carbon-rich sediment there was widespread devel
opment of shallow-water reefal buildups along 
continental margins of tropical and temperate lat
itudes (Newell, 1972; Coates, 1973; Pomerol, 
1975; Wilson, 1975). These reefs are composed 
primarily of rudists, a molluscan group of great 
diversity which thrived throughout Cretaceous 
time. Several major oil fields produce from Creta
ceous rudist buildups (e.g., in the Persian Gulf 
and in northeast Mexico). In general, rudist 
buildups make very good potential reservoirs, 
provided they have undergone diagenesis that has 
enhanced their porosity as discussed later in this 
paper (Harris et al, 1968; Viniegra and Castillo-
Tejero, 1970; Bebout and Loucks, 1974). 

The purpose of this paper is to discuss the oc
currence and origin of both organic carbon-rich 
sediments deposited during oceanic anoxic events 
and rudist carbonate buildups, and to relate the 
temporal and spatial occurrence of these fades to 
the abundance of Cretaceous oil. We recognize 
that most giant oil field reservoirs are sandstones 
(61% according to Klemme, 1975) and that such 
sands would have developed during regressions 
within the general Cretaceous transgression. We 
are, however, restricting our discussion to carbon
ate reservoirs. Finally, we propose that much of 
the world oil found in strata of Cretaceous age 
had its origin in organic carbon preserved during 
Cretaceous oceanic anoxic events. 

We recognize that oceanic anoxic events were 
not restricted to Cretaceous time (see Hallam, 
1975, for discussion of Jurassic black shales; De-
gens and Stoffers, 1976, on the stratified ocean in 
the past; Berry and Wilde, 1978, for a review of 
Paleozoic black shales); these events may have 
led to oil accumulation in earlier periods. 

We consider here only the distribution of the 
Cretaceous rudist reef and black-shale facies, 
their interrelations in time and space, and the in
fluence of these relations on petroleum accumula
tion. In estimating the petroleum potential of a 
specific province it is, of course, necessary to con
sider such factors as depth of burial and paleo-
geothermal history (Phillipi, 1965; Connan, 1974; 
Dow, 1977), inasmuch as the intensity and dura
tion of thermal exposure are critical in matura
tion of organic matter; we do not specifically ad
dress thermal history problems in this paper. 
Another point we have not specifically addressed 
is that of the source of the organic carbon, al
though the ratio of terrigenous to marine plank-
tonic organic matter and the original extent of 
alteration will determine the amounts and types 
of hydrocarbons generated (e.g., Phillipi, 1974; 
Tissot et al, 1974; Dow, 1977). 
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CRETACEOUS OCEANIC ANOXIC EVENTS AS 
CAUSES OF SOURCE-BED FORMATION 

Although marine black shales and Hmestones 
of Early and middle Cretaceous age are exposed 
on land in many areas, it was not until the discov
ery of similar sediment of the same age in the 
deeper ocean basins, as a result of the Deep Sea 
Drilling Project (Ewing et al, 1969; Berger and 
von Rad, 1972; HoUister et al, 1972; Lancelot et 
al, 1972; Veevers et al, 1974; Schlanger et al, 
1976), that the phenomenon of global deposition 
of organic carbon-rich sediments of Cretaceous 
age was recognized. The dark color, high organic 
carbon content, typical fine laminations, and lack 
of bioturbation that characterize most of this sed
iment suggest unusual conditions of anoxia or 
near anoxia over the seafloor during the time of 
deposition. Several recent papers have presented 
details of the origin and distribution of these 
widespread organic carbon-rich sediments (Ber
ger and Roth, 1975; Fischer and Arthur, 1975, 
1977; Arthur, 1976; Schlanger and Jenkyns, 
1976; SchoUe and Arthur, 1976; Fischer et al, 
1977; Ryan and Cita, 1977; Thiede and van An-
del, 1977; Gardner et al, 1978; Lancelot and Sei-

bold, 1978; Arthur and Natland, 1979; Tucholke 
and Vogt, 1979). 

Figure 1 illustrates the known distribution of 
organic carbon-rich black sediments deposited 
during Early and middle Cretaceous times. This 
figure includes information from DSDP sites 
through Leg 48. The information plotted on a 100 
± 10 m.y.B.P. palinspastic reconstruction (Smith 
et al, 1973) depicts the extent of marine incur
sions and known organic carbon-rich black mud-
stones or limestones of Aptian-Albian age ex
posed on land. Evidently, during late Barremian 
through Albian time, parts of the floors of the 
North Atlantic and South Atlantic Oceans as well 
as much of the ancient Tethyan seafloor and vari
ous sites along the continental margins of western 
Australia, east Africa, and the tops of oceanic 
plateaus in the Pacific Ocean lay within or below 
oxygen-deficient waters, which allowed the pres
ervation of unusual amounts or organic matter in 
the accumulating sediment. 

The details of lithology, sedimentary structures, 
and variations in organic carbon content of black 
shale deposited in the various oceans through 
time are not presented here; they can be found in 
the appropriate Initial Reports of the Deep Sea 
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FIG. 1—Land (stippled) and sea (white areas) during Albian-Cenomanian time plotted on continental reconstruc
tion at 100 ± 10 m.y.B.P. (reconstruction from Smith et al, 1973). Lined areas are regions on continents from which 
Aptian-Albian or Cenomanian organic carbon-rich marine sediments are known. Circles are Deep Sea Drilling 
Project sites which recovered sediment of Early to middle Cretaceous age. Filled circles represent recovery of dark 
organic-rich marine sediment; empty circles signify no recovery of such sediment. (Modified from Fischer and 

Arthur, 1977; compiled from numerous sources.) 
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Drilling Project and in some of the papers which 
have discussed the Early to middle Cretaceous 
"black shale" phenomenon in detail (Berger and 
von Rad, 1972; Lancelot et al, 1972; Schlanger 
and Jenkyns, 1976; Fischer and Arthur, 1977; 
Ryan and Cita, 1977; Thiede and van Andel, 
1977; Gardner et al, 1978; Arthur, 1979). Al
though organic carbon-rich sediment was depos
ited during most of the Early Cretaceous, in some 
areas beginning in Hauterivian time (Ryan and 
Cita, 1977; Arthur, 1979; Arthur and Natland, 
1979), two main intervals of deposition can be 
recognized on the basis of present stratigraphic 
correlations of DSDP sites and various land sec
tions. These intervals represent oceanic anoxic 
events (Schlanger and Jenkyns, 1976) and are ten
tatively assigned a late Barremian through Albian 
age (OAE 1, Fig. 2) and a late Cenomanian-early 
Turonian age (OAE 2, Fig. 2). They can be recog
nized by both sedimentary-stratigraphic informa

tion and by the timing and intensity of fluctua
tions in the carbon isotopic composition of cal
careous pelagic microfossils and pelagic lime
stones (Scholle and Arthur, 1976). Correlation of 
many sections is hampered, however, by absence 
of diagnostic microfossils and by the lack of a 
very precise biostratigraphic framework for the 
Early Cretaceous time interval (Fischer et al, 
1977). A third and less widespread oceanic anoxic 
event of Coniacian-Santonian age, which affected 
mainly the southern North Atlantic, Caribbean, 
and South Atlantic regions, is not discussed here 
(Edgar et al, 1973; Fischer and Arthur, 1977; 
Ryan and Cita, 1977; Thiede and van Andel, 
1977). 

Figure 3 illustrates average and maximum or
ganic carbon contents measured in sediments of 
Cretaceous age recovered during Legs 1, 11, 12, 
14, 41, 43, 44,47, and 48 of the Deep Sea DriUing 
Project in the North Atlantic Ocean. Values are 
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FIG. 2—Relative sea-level stands (Hancock, 1975), and timing and intensity of oceanic anoxic events during 
Cretaceous time. Relative intensity of oceanic anoxic events is based on information from amounts of organic 
carbon preserved, amounts of marine versus terrigenous organic matter, and from carbon-isotope studies (P. A. 

Scholle and M. A. Arthur, unpub. data). Time scale from van Hinte (1976). 
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FIG. 3—Average and maximum values or organic carbon plotted by stage from sediments of Cretaceous age 
recovered during Legs 1,11,12,14,43,44,47, and 48 of Deep Sea Drilling Project in North Atlantic Ocean. Dashed 
curve represents average values; figures denote number of analyses. Stars are maximum values for a given stage. 

plotted by stage for the Cretaceous, which is the 
most reaUstic way to present the data, if perhaps 
not the most illustrative of events on a shorter 
time scale. High average values and high maxi
mum values are present during Hauterivian, Ap-
tian-Albian, Cenomanian, and Coniacian Stages 
within both limestone and shale sequences. Low
est average values occur in Berriasian-Valangini-
an, Barremian, and Campanian-Maestrichtian. 
The Cenomanian average (1.0 wt. %) is the high
est and reflects the very rich but brief Cenomani-
an-Turonian event (OAE 2, Fig. 2). The averages 
for most stages, which are derived primarily from 
samples of Cretaceous deeper pelagic ocean 
floors, are greater than averages of bo3i modem 
samples taken from continental shelves, slopes, or 
rises and the Cenozoic samples from DSDP cores 
(Mclver, 1975; Dow and Pearson, 1975). Campa
nian-Maestrichtian averages are similar to those 

for recent pelagic sediments and reflect the pro
found change in oceanic circulation conditions 
during the Late Cretaceous. Clearly, the Early to 
middle Cretaceous values are unusual. The high 
values are not directly related to changes in sedU-
mentation rate. Calcidation of organic carbon ac
cumulation rates confirms the general trends 
shown here (e.g., Tucholke and Vogt, 1979). The 
geochemistry and origin of the organic matter in 
Early to middle Cretaceous sediment require 
much more study. Investigations of some North 
Atlantic material (e.g., Berger and von Rad, 1972; 
Dow, 1977; Habib, 1978; Tissot, 1978) suggest 
substantial contributions of terrestrial organic 
matter derived from higher plants to the Creta
ceous pelagic ocean. As Schlanger and Jenkyns 
(1976) pointed out, the mid-Cretaceous transgres
sions ". . . resulted in the submergence of low-
lying coastal plains that were being rapidly popu-
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lated by dense forests of newly-arrived angio-
sperms." This plant material passed to the oceans 
through river systems in the Early Cretaceous 
northern North Atlantic (e.g., Jansa and Wade, 
1975). The same factors might have influenced 
parts of the South Atlantic (Scientific Staff, Leg 
40, 1975; Natland, 1978). Some North Atlantic 
black shales (Berger and von Rad, 1972; Deroo et 
al, 1978a, 1978b) owe their high organic carbon 
contents to marine plankton. 

Two general models have been proposed to ac
count for the unusual development and distribu
tion of organic carbon-rich sediment on many 
shallow and deep ocean floors during the Early 
and middle Cretaceous: (1) the classic anaerobic, 
restricted basin model using the present configu
ration of the Black Sea or the Pleistocene Medi
terranean Sea as an example (Fig. 4A; Ryan and 
Cita, 1977); and (2) the expanded oxygen-mini
mum model (Fig. 4B; Schlanger and Jenkyns, 
1976; Fischer and Arthur, 1977; Thiede and van 
Andel, 1977) using modem examples from west-
em margins of continents in subtropical latitudes 
(e.g., offshore Peru-Chile and India-Pakistan; von 

Stackelberg, 1972). Some form of the oxygen-
minimum expansion model (Fig. 4B) seems to ac
count for conditions in many ocean basins during 
the Early and middle Cretaceous. These basins 
include those of the Indian and Pacific Oceans 
and parts of the young South Atlantic and North 
Atlantic Oceans in which oxygenated sediment 
was deposited at greater paleodepths than most of 
the coeval anoxic sediment in these basins. How
ever, anoxic or near-anoxic conditions may have 
existed periodically over the entire basin floor in 
the North Atlantic (Scientific Staff, Leg 43, 1975; 
Ryan and Cita, 1977; Arthur and Natland, 1979; 
Tucholke and Vogt, 1979) and the South Atlantic 
(Scientific Staff, Leg 40, 1975; Natland, 1978); 
the Black Sea model might therefore apply to 
some basins in which a pronounced density strati
fication existed, due mainly to strong salinity 
stratification (Ryan and Cita, 1977; Arthur and 
Natland, 1979). 

The increase in areal extent and thickness of 
water layers characterized by oxygen deficits in 
the Early and middle Cretaceous oceans is prob
ably related to both climatic and tectonic factors. 
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FIG. 4—Basin models. A, Idealized restricted anoxic basin of Black Sea type (see Degens and Ross, 1974). Waters 
are anoxic below oxygenated surface layer about 200 m thick. Organic-rich, dark sediment is deposited over entire 
basin floor. Model may apply to much of Early Cretaceous South Atlantic Ocean and possibly to Barremian-Albian 
North Atlantic Ocean. B, Idealized oxygen-minimum zone in present ocean (off India and Pakistan; modified after 
von Stackelberg, 1972; Thiede and van Andel, 1977). During Aptian-Albian and Cenomanian-Turonian oceanic 
anoxic events, oxygen deficits may have intensified in expanded oxygen-minimum zones in Pacific, Indian, and 

North Atlantic Oceans. 
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Oceanic paleotemperatures were relatively high 
during the Cretaceous and probably reached an 
optimum in Aptian-Albian time, perhaps as late 
as the early Cenomanian (Dou^as and Savin, 
1975; see also summary and sources of data in 
Fischer and Arthur, 1977). Equable climates and 
low latitudinal thermal gradients would have led 
to sluggish circulation and therefore slow renewal 
of oxygen to deep water masses (Arthur, 1976; 
Fischer et al, 1977). These factors, coupled with 
lower initial oxygen solubiUties due to warmer 
high-latitude ocean waters or more saline middle 
latitude waters which probably sank to become 
deeper waters during the Cretaceous, greatly re
duced the overall oxygen flux to deep water mass
es. In some basins a stable salinity-dominated 
stratification may have persisted. Thus, marine 
organic matter from the upper water layers and 
terrestrial organic matter from deltaic sources (es
pecially in the northern North Atlantic Ocean) 
could not be oxidized so effectively as is possible 
today in most oceanic intermediate water masses. 
Significant oxygen deficits developed with conse
quent preservation of much larger amounts of or
ganic matter in marine sediments. 

Some basins, such as the North Atlantic and 
South Atlantic Oceans, were relatively narrow 
during the Cretaceous and deep circulation may 
have been tectonically restricted by sills in some 
areas. During the late Barremian to Albian 
oceanic anoxic event, input of terrestrial land-
plant organic matter to the North Atlantic prob
ably had a significant effect on oxygen deficits. 
The brief but intense Cenomanian-Turonian 
event (OAE 2) may be related to a sudden over
turn of nutrient-enriched, oxygen-depleted bot
tom waters, and consequently high surface pro
ductivity, which resulted from the onset of 
improved deep circulation at that time, or to 
some event which provided exceptional vertical 
stabihty to the water column at that time. 

Major transgressions (Vail et al, 1977),' which 
coincided with, and perhaps contributed to the 
development of the major oceanic anoxic events 
(Fig. 2), helped to spread anoxic waters over some 
shelf areas so that Cretaceous organic-rich sedi
ments interfinger with shelf, slope, and deeper ba
sin sediment in many areas (Fig. 1). Large 
amounts of organic matter were preserved in 
North Atlantic deep-marine sediments of Hauter-
ivian age as well. The abundant organic matter 
was probably due to pronounced transport of ter-

SThe sea-level curve for the Cretaceous of Vail et al (1977) is 
not used in this paper. We recognize the limitations of such a 
curve, the local variations that can occur, and have used 
Hancock's (1975) curve for a model because it shows relative 
sea level changes in regions of interest. 

restrial organic matter into the deeper basins 
through some delta systems (Jansa and Wade, 
1975; Einsele and von Rad, 1979; von Rad and 
Arthur, 1979). 

EARLY TO MIDDLE CRETACEOUS RUDIST 
BUILDUPS AS STRATlGRAPfflC TRAPS 

The Early and middle Cretaceous were times of 
widespread development of carbonate platforms 
along subsiding continental margins in tropical to 
temperate latitudes (Fig. 5). These platforms were 
the sites of deposition of a variety of carbonate 
facies, especially reefs or banks composed mainly 
of rudists. The rudists, which thrived during Cre
taceous time and died out at the end of the Creta
ceous (Newell, 1972; Pomerol, 1975; Wilson, 
1975), were a group of moUusks with partly ara-
gonitic shells that lived in a variety of shallow-
water environments and were capable of con
structing wave-resistant structures which could 
act as a reef core. Such Cretaceous reefs have 
been described from shelf or platform edges 
(Mexico and the Gulf Coast; Enos, 1974); areas 
that lay inland of the shelf edge (Texas Gulf 
Coast; Rose, 1963; Griffith et al, 1969; Bebout 
and Loucks, 1974); on platforms such as the Ba
hamas (Bryant et al, 1969), the Blake escarpment 
(Sheridan et al, 1969; Scientific Staff, Leg 44, 
1976), several western North Atlantic Deep Sea 
Drilling sites (Scientific Staff, Leg 43, 1975), 
Spain, southern France, and the Saharan Atlas 
(see Pomerol, 1975, for a review); the Periadriatic 
region (Carbone et al, 1971; D'Argenio, 1974; 
D'Argenio et al, 1975; Polsak et al, 1970; Israel 
(Schneidermann, 1970; Bein, 1976); elsewhere in 
the Middle East (Henson, 1950; Dunnington, 
1958; Wilson, 1975), and through much of the 
north-central Pacific where such buildups formed 
on now-drowned seamounts and guyots (Mat
thews et al, 1974). 

Early and middle Cretaceous times were char
acterized by two main episodes of rudist build
ups. The first major buildup period, the Urgonian 
of European literature, lasted from Barremian 
through early Aptiau. This buildup includes the 
Cupido Formation in Mexico, and the Shgo in 
Texas (review of others in Pomerol, 1975). Lo
cally, reefs continued to build into late Aptian 
time. During a minor regression the Aptian was 
locally characterized by clastic influx; a subse
quent marine transgression (Fig. 2) led to the 
drowning of many platforms during the middle to 
late Aptian. For example, in the Gulf Coast and 
Mexico, Pearsall, La Pena, and Otates shales were 
deposited during the late Aptian. The second pe
riod of maximum development of buildups oc-
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FIG. 5—Known distribution of Cretaceous rudist-coral reefal buildups (mainly from Newell, 1972, Coates, 1973), 
plotted on Cretaceous continental reconstruction of Smidi et al (1973). 

curred during Albian-Cenomanian time. Buildups 
during this period include the El Abra reefs in 
Mexico, the Stuart City-Edwards trend in Texas 
(which was drowned at the end of Albian time) 
and the rudist reefs on guyots and seamounts of 
the western Pacific which also were drowned by a 
post-Cenomanian transgression (Matthews et al, 
1974). Locally, rudist reefs lasted through the ear
ly Turonian, for example, in Israel (Bein, 1976). 
Regressions periodically exposed the tops of 
many of the reefal buildups (as in the El Abra 
Formation of Mexico; Sotomayor, 1954; Guz
man, 1967). In general, the post-Cenomanian rise 
in sea level led to the drowning of many carbon
ate platforms and the deposition of capping pe
lagic marine shales of varying thickness over the 
reef complexes. However, duration of buildup, 
exposure, and burial events differ from one re
gion to another because of the varied tectonic set
tings and timing of tectonic events, subsidence 
rates of shelf edges and platforms, and proximity 
to terrigenous clastic sources. The latitudinal ex
panse and widespread distribution of these car
bonate platforms and rudist reefs during Early 
and middle Cretaceous times are probably related 
to extremely warm, equable climates, warm sea-
surface temperatures and high sea-level stands 
which produced broad shelf areas, particularly in 
low latitudes (Tethyan, Atlantic, and Indian 

Ocean margins). The times of maximum buildup 
of rudist reefs and related facies coincide with the 
major oceanic anoxic events. UpwelUng of nu
trient-rich deep water during oceanic anoxic 
events may have stimulated the growth of the 
reefs. 

NATURE OF TRAPS IN RUDIST BUILDUPS AND 
RELATION TO SOURCE ROCK 

Good reservoir properties in rudist buildups 
can originate in several ways. Primary porosity is 
high (Wilson, 1975) in rudist banks and in the 
skeletal grainstones deposited in both fore-reef 
and back-reef high-energy settings (e.g., the Ap-
tian Thamama Limestone in the Rub al Khali ba
sin of Abu Dhabi produces from carbonate grain
stones and packstones; Harris et al, 1968). In 
quieter water, micritic mud may fill initial pore 
spaces in all but the rudist bank or framework (as 
in the El Abra Formation of Albian-Cenomanian 
age in Mexico; Enos, 1974), and early diagenetic 
submarine cementation may further reduce po
rosity (see for discussion Enos, 1974, and Wilson, 
1975). An important stage in the evolution of po
rosity in the rudist buildups occurred during pe
riodic subaerial exposure which resulted in leach
ing of aragonite and high-magnesian calcite by 
meteoric waters and the development of cavern
ous porosity and solution imconformities 
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(Schlanger, 1963; see Friedman, 1975, for a re
view of vadose and phreatic diagenesis of carbon
ate rocks). Examples are the El Abra limestone of 
Mexico in post-Cenomanian time (Golden Lane 
reef trend; Viniegra and Castillo-Tejero, 1970) 
and the upper Thamama limestone (rudist banks 
and shoals) of the Middle East near the Aptian-
Albian unconformity (Harris et al, 1968). Prolific 
oil production is known from such reservoirs. 
Some shelf-margin reef trends, such as the Stuart 
City trend of the Texas Gulf which was drowned 
at the end of Albian time, failed to develop such 
porosity. Most of the limited production there is 
known from dolomitized back-reef facies (Grif
fith et al, 1969). 

Reservoirs can also develop in sandstones 
stratigraphically equivalent to shoal-water car
bonate platforms bordering continental areas. Oil 
production is known from lagoonal and nonma-
rine sandstones landward of rudist reef trends of 
Barremian-Aptian age (Thamama Group) and of 
Albian-Cenomanian age (Wasia Formation) in 
Saudi Arabia (Wilson, 1975). These sands may 
have been deposited over platforms and banks 
during marine regressions. A similar model has 
been proposed for a Cretaceous setting along the 
North Atlantic margin of the United States (Mat-
tick et al, 1978). Meissner (1972) discussed this 
process in detail in a treatment of the facies of the 
Permian reef complex of New Mexico. 

Fore-reef talus sheets and cones consisting of 
rudist reef debris may also have sufficient poros
ity to act as reservoirs. The Poza Rica trend of 
Mexico may be such a situation (Enos, 1974; Wil
son, 1975), although there has been some debate 
about whether its origin was as a fore-reef talus 
pile or as a separate reef trend in front of the 
Golden Lane (Bametche and lUing, 1956; Coo-
gan et al, 1972). Reservoir properties have result
ed from dolomitization and fracturing. No similar 
fore-reef talus accumulation is known from the 
Stuart City trend of the Texas Gulf, although 
only sparse data from drilling are available (Wil
son, 1975). Fore-reef talus accumulations com
monly interfinger with basinal pelagic limestones 
and shales in a seaward direction. The impor
tance of an interfingering relation between source 
beds and reservoir has been noted by Klemme 
(1975), who pointed out that in 42% of oil fields 
(excluding Middle East) source beds interfinger 
with the reservoirs. During the Early and middle 
Cretaceous rudist reef-building episodes, basinal 
deposits were primarily dark, organic-rich lime
stones and shales. The Aptian-Albian Nahr Umr 
shales and similar formations of the Middle East, 
the Early Cretaceous (Neocomian-Cenomanian) 
TamauUpas Limestone, and the Cenomanian-Tu-

ronian Agua Nueva Formation of Mexico are 
dark, relatively organic-rich basinal facies sus
pected of being the source rocks for much of the 
production in these areas. In Israel (Bein, 1976) 
Albian-Turonian rudist shelf-margin buildups are 
associated laterally with organic-rich shales. In 
the Provence region of France organic carbon-
rich black shales of the Aptian-Albian Vocontian 
Trough facies are bounded on the north and 
south by shelf carbonate rocks. In quarries at St. 
Annes, Provence, black and pyritic, organic car
bon-bearing grainstones and shales interfinger 
with Cenomanian rudist fore-reef debris. Poten
tial source rocks and reservoir rocks of Early and 
middle Cretaceous age are widespread and may 
be stratigraphically connected where known from 
shelf margins and platforms along ancient passive 
continental margins. Grow and Markl (1977) and 
Sheridan (1974, 1976) interpreted seismic profiles 
as showing Cretaceous reefs interfingering with 
Cretaceous back-reef and basinal sediments along 
the Atlantic shelf margin. These reefs should 
make outstanding targets for future drilling and 
production in similar tectonic and paleogeo-
graphic settings as yet not fully explored. 

SEQUENTIAL DEVELOPMENT OF A 
REEF-RESERVOIRED GIANT OIL FIELD 

A generalized model of the development of 
Cretaceous shelf-edge rudist carbonate buildups 
and the subsequent development of impermeable 
caprocks can be combined with present knowl
edge of the mode of accumulation and areal dis
tribution of organic carbon-rich basinal sediment 
during Early to middle Cretaceous time to con
struct one simplified scheme for potential reser
voir development within rudist reef complexes 
(Fig. 6A to E). 

Rudist reefs or banks and related facies devel
oped over widespread areas on subsiding shelf 
edges and marginal platforms in tropical and 
temperate latitudes (Fig. 5). These zones of reef 
growth were unusually broad during Early Creta
ceous time due to warm, equable climates. A gen
eral transgressional trend of the sea during Hau-
terivian through early Cenomanian time (Fig. 2; 
Hancock, 1975; Vail et al, 1977) also encouraged 
the expansion of shallow-water reef habitats. 

During late Barremian through Albian time 
(OAE 1; Fig. 6A) dark, organic carbon-rich sedi
ment was deposited over much of the ocean floor, 
particularly in the North Atlantic basin. This un
usual development of organic carbon-rich sedi
mentary facies occurred under the influence of 
expanded and intensified oxygen deficits in inter
mediate and deep water masses. Oxygen deficits 
probably resulted from a combination of factors. 
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including sluggish deep circulation due to very 
low latitudinal thermal contrasts and enhanced 
salinity stratification, tectonic restriction of nar
row ocean basins (e.g., North Atlantic and South 
Atlantic), and high rates of input of terrigenous 
organic matter to the oceans from large deltaic 
systems (e.g., northern North Atlantic). The oxy
gen-minimum zone in intermediate water masses 
of various oceans intensified and deepened; at 
times, the entire water column in the Early Creta
ceous North Atlantic Ocean may have been anox
ic. These anoxic or near-anoxic water masses im
pinged on slopes and deeper basinal regions. 
Thus, fore-reef talus deposits of rudist reef associ
ations could interfinger with dark, organic-rich 
basinal facies on slopes and into the basin form
ing an essential plumbing link between source 
bed and the reef reservoir (Fig. 6A). Development 
of these facies relations continued from at least 
late Barremian through Albian time, perhaps in
terrupted by a short-term Aptian regression (Fig. 
2). During early to middle Cenomanian time, re
gression exposed the reefs to vadose and phreatic 
diagenesis, enhancing potential reservoir charac
teristics. At that time most reef growth ceased 
and the circulation of fresh water through the car
bonate complexes allowed development of major 
secondary porosity and permeability through 
leaching of aragonite and high-magnesian calcite 
(Fig. 6B). During this regressive phase sands 
mi^t have been deposited over part of the lime
stone terrane. During late Cenomanian time a 
new pulse of sea-level rise allowed new reefs to 
develop over the solution unconformity (Fig. 6C). 
As sea level continued to rise during late Ceno
manian through late Turonian time a second 
oceanic anoxic event occurred (OAE 2; Fig. 6D). 
Organic carbon-rich beds could have been depos
ited locally within the rudist bank or reef itself 
owing to upward excursions of the oxygen-mini
mum zone either through prolonged upwelling of 
anoxic waters over the reef or by rapid transgres-
sive pulses which could carry the top of the oxy
gen-minimum zone over the entire shallow-water 
complex. This relation is especially characteristic 
of the extremely organic-rich sediment of the Ce-
nomanian-Turonian oceanic anoxic event (OAE 
2, Fig. 6D). A late Turonian regression (not em
phasized by Vail et al, 1977, but recognized by 
Hancock, 1975) following the major transgression 
in late Cenomanian through late Turonian time 
resulted in a second subaerial exposure of the 
many shallow-water carbonate complexes. In 
some places this regression was followed by pro-
gradation and deposition of carbonate and silici-
clastic sands and silts from lagoonal areas over 
the main carbonate buildup. These, then, could 

act as additional reservoirs or as main reservoirs 
should secondary reef porosity be minimal. Con
tinued transgression during Late Cretaceous time 
led to burial of the slope and shelf sequences un
der a cap of fine-grained pelagic Umestones and 
mudstones (Fig. 6E). In many areas subsidence 
continued and no further reefal development oc
curred. Thus the entire reef complex was sealed 
by fine-grained sediment. This transgressive epi
sode lasted through the Late Cretaceous. TTie 
model developed thus far indicates that source 
rocks (basinal black shales), conduits (fore-reef 
talus and calcareous turbidites), and potential res
ervoirs (reefs with high porosity) could be linked 
stratigraphically. We recognize, however, that the 
stratigraphic plumbing could have been broken 
by shelf-edge faulting (Sheridan, 1974; Fig. 10) or 
shelf-edge erosion (Grow and Markl, 1977; Fig. 
5). Further, even though the stratigraphic connec
tion between source and reservoir is necessary it 
is not sufficient for the formation of a giant field. 
The proper combination of burial depth and geo-
thermal gradient is necessary for the maturation 
of hydrocarbon from original organic carbon in 
the source rocks (e.g., Connan, 1974). 

The composition and maturity of organic mat
ter within the Cretaceous "black shale" sequence 
have been studied in several Deep Sea Drilhng 
Project sites in the Atlantic Ocean. In general, the 
black shales have been sampled at depths of 
burial less than 1,200 m. Consequently, most sam
ples are thermally immature (Deroo et al, 1978a, 
1978b; Dow, 1978a, 1978b; Kendrick et al, 1978a, 
1978b); however, most of these researchers agree 
that parts of the Early Cretaceous organic car
bon-rich sections in many DSDP sites are good 
potential petroleum source rocks. Dow (1978b) 
and Cardoso et al (1978) have suggested that the 
top of the petroleum-generating zone lies between 
1,250 and 1,600 m in the western North Atlantic, 
on the basis of extrapolation of vitrinite reflec
tance data. Therefore, Early Cretaceous sedimen
tary sequences beneath the present upper conti
nental rise and slope may be buried deeply 
enough to have generated some hydrocarbons. In 
the eastern North Atlantic basin, shallow igneous 
intrusions of Miocene age have caused minor pe
troleum generation in mid-Cretaceous black 
mudstones (Dow, 1978a). Erdman and Schomo 
(1978) have even controversially suggested that 
liquid petroleum generation is well advanced in 
some of the Early Cretaceous samples they exam
ined from the Blake-Bahama basin in the western 
North Atlantic in opposition to the conclusions of 
Dow (1978b) and others. Foresman (1978) stated 
that thermal diagenesis has resulted in generation 
of some gas and oil during an early maturation 
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phase in organic carbon-rich Cretaceous mud-
stones after as little as 1,000-m burial in the deep
er South Atlantic Ocean. He predicted that signif
icant amounts of hydrocarbons may have been 
generated in more deeply buried stratigraphic 
equivalents nearer the African continental mar
gin. The large amounts of terrigenous organic 
matter in Early Cretaceous sediments of parts of 
both the North Atlantic and South Atlantic sug
gest a high probability of gaseous hydrocarbon 
occurrence under the proper conditions (e.g., 
Dow, 1978b). 

CONCLUSIONS 

The abundance of Mesozoic and in particular 
Cretaceous oil is, in part, due to the spatial and 
temporal coincidence of organic carbon-rich 
source rocks laid down during oceanic anoxic 
events and the widespread buildups of shelf-edge 
rudist reef and associated limestones. Both the 
oceanic anoxic events and the reef buildups were 
the result of widespread warm equable climate— 
a point strongly emphasized by Irving et al 
(1974). The oil generated within organic carbon-
rich source beds was trapped within shelf-edge 
and platform reefs connected to the source beds 
by fore-reef deposits. Major Cretaceous trans
gressions and regressions influenced these build
ups and enhanced reservoir porosity. Prime reef 
targets he in the interval occupied by middle to 
Upper Cretaceous strata. Trailing edges or pas
sive continental margins are areas where reef res
ervoirs and basinal source rock are likely to be 
present. 

Rudist buildups on shelf edges and marginal 
platforms were widely distributed through the 
Tethyan belt (Fig. 5). It is likely that significant 
buildups are present in the buried Atlantic mar
gins of both North America and northwest Afri
ca. Cretaceous black shales are known from 
much of the North Atlantic and petroleum pros
pects along the buried Cretaceous shelf margin 
may be great. Cretaceous carbonate-platform 
edges may lie seaward of the present shelf edge, 
now beneath the upper continental slope off the 
eastern coast of the United States. For example, 
reefs are exposed and have been dredged and 
drilled on the edge of the Blake Plateau (Sheridan 
et al, 1969; Scientific SUff, Leg 44, 1976), and 
other reefs have been recognized beneath the up
per slope in seismic profiles as far north as the 
Baltimore Canyon (Grow and Markl, 1977; Mat-
tick et al, 1978). Similar carbonate paleoshelf-
edge highs may exist beneath the outer shelf of 
parts of northwest Africa (e.g., Lehner and de 
Ruiter, 1977). Sediment thicknesses are greatest 
beneath the upper continental rise, slope, and 

outer shelf (e.g., Emery and Uchupi, 1972, p. 
220), and thermal gradients may have been high 
enough to allow maturation of hydrocarbons 
within the Lower Cretaceous section (e.g., Rob
erts and Caston, 1975) at depths exceeding 2 to 3 
km in these regions (using estimates of Phillipi, 
1965, and Tissot et al, 1974, for the limits of hy
drocarbon generation). Because much of the or
ganic matter preserved in the Lower Cretaceous 
section in the North Atlantic may be derived 
from terrestrial (higher plant) sources (e.g., Berger 
and von Rad, 1972; Habib, 1978; Tissot, 1978) 
gas may form the major portion of recoverable 
hydrocarbons. 
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