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Depositional Controls, Distribution, and
Effectiveness of World’s Petroleum Source Rocks

By G.F. Ulmishek' and H.D. Klemme?

Abstract

Six stratigraphic intervals representing a third of
Phanerozoic time contain petroleum source rocks that have
provided more than 90 percent of the world’s discovered
original reserves of oil and gas. The six intervals are
(1) Silurian (generated 9 percent of the world’s reserves),
(2) Upper Devonian-Tournaisian (8 percent of reserves),
(3) Pennsylvanian-Lower Permian (8 percent of reserves),
(4) Upper Jurassic (25 percent of reserves), (5) middie
Cretaceous (29 percent of reserves), and (6) Oligocene-
Miocene (12.5 percent of reserves). This uneven distribution
of source rocks in time displays no obvious cyclicity, and the
factors that controlled the formation of source rocks varied
from interval to interval.

Three maps have been prepared for each interval in this
study: a plate tectonic map, a facies and structural form map,
and a petroleum source-rock map. The locations and
amounts of discovered petroleum reserves generated by
each interval’'s source rocks are shown on the latter two of
these maps. Analysis of the maps indicates that several
primary factors controlled the areal distribution of source
rocks, their quality, and their effectiveness (amounts of
discovered original oil and gas reserves generated by these
rocks). These factors are geologic age, paleolatitude of the
depositional areas, structural {morphotectonic) forms in
which the source rocks were deposited, and the evolution of
biota. The ages of maturation periods for these source rocks
demonstrate that the majority of discovered oil and gas is
very young; more than 80 percent of the world’s oil and gas
original reserves have been generated since Aptian time, and
nearly half of the world’s petroleum® has been generated and
trapped since the Oligocene.

Manuscript approved for publication January 25, 1990.

ys. Geological Survey, Box 25046, MS 940, Denver Federal
Center, Denver, CO 80225.

3GeoBasins Limited, RR1, Box 279B, Bondville, VT 05340.

$The term “petroleum” in this study includes oil, gas, and gas
condensate but does not cover natural bitumen and other solid and
semisolid derivatives of hydrocarbons.

INTRODUCTION

The sharply uneven areal and stratigraphic
distribution of oil and gas reserves in the world has drawn
the attention of petroleum geologists for decades (North,
1979 and 1980; Demaison and Moore, 1980; Curtis,
1980). In earlier times, this phenomenon was thought to
be a statistical quirk due to uneven exploration in
different parts of the world, which would diminish or
even disappear as exploration increased in frontier areas.
(See, for example, Levorsen and Berry, 1967). However,
during the last 20 years, it has become increasingly
obvious that the uneven concentration of oil and gas
reserves on any scale (global, continental, basinal) is not
a result of our imperfect knowledge, but a fundamental
fact of the petroleum geology. Although a few significant
regions in the world are as yet unexplored, the main
characteristics of the observed distribution of reserves
will remain.

Recent advances in organic geochemistry, espe-
cially in such areas as maturation of organic matter in
sedimentary rocks and oil-to-source rock correlation
techniques, have opened up new areas of research.
Although the degree of accuracy varies, it is now possible
to relate most oil and gas reserves to specific source rocks
and to date the periods when the source rocks began to
generate oil and/or gas. Thus, the combined effectiveness
of oil and gas generation from source rocks and the
entrapment and preservation of reservoir pools can be
quantitatively measured as the amount of oil and gas that
is preserved in the sedimentary fill of a petroleum basin.
Such a study on the quantitative distribution of oil source
rocks was first attempted by North (1979 and 1980).

In general, the best quantitative measure of
resources is that of total original resources of oil and gas
in place (discovered and undiscovered). In this study,
however, our primary measure is barrels of oil equiv-
alent (BOE) of discovered, original, conventionally
recoverable oil and gas reserves, separated into oil and
gas where appropriate. For many basins, the quantities of
oil and gas in place are difficult to obtain; neither these
quantities nor the recovery factors are usually reported.

Introduction 1



Likewise, estimates of undiscovered resources are very
subjective and vary significantly as calculated by different
authors; their use in this study would only increase the
amount of uncertainty. We did not consider uncon-
ventional resources of extra heavy oil and bitumen,
although they certainly reflect the richness of source
rocks, because we consider the mode of formation of
these deposits to be, in most cases, very different from

that of conventional fields.
Figure 1 shows the effectiveness of source rocks of

different ages, as expressed in percents of the world’s
original oil and gas reserves (in barrels of oil equivalent,
BOE) produced by these source rocks. Percent numbers
in figure 1 represent a summation of petroleum reserves
basin-by-basin (shown in table 2 and on the lithofacies
and structural form maps). It is obvious that the
statistical distribution of effective source rocks in the
stratigraphic column is quite uneven. Six stratigraphic
intervals appear to include an overwhelming majority of
the world’s effective oil and gas source rocks. These
stratigraphic intervals are (1) Silurian (Llandoverian-
Pridolian), (2) Upper Devonian-Tournaisian (Frasnian-
Tournaisian), (3) Pennsylvanian-Lower Permian
(Bashkirian-Kungurian), (4) Upper Jurassic (Callovian®-
Tithonian), (5) middle Cretaceous (Aptian-Turonian),
and (6) Oligocene-Miocene. These stratigraphic intervals
represent only 35.2 percent of Phanerozoic time, but they
have generated 91.5 percent of the original reserves of
world oil and gas (which total about 2,200 billion BOE).
This unevenness of source-rock distribution is sharper if
one includes time of deposition of unmetamorphosed
Proterozoic strata, the upper part of which (Vendian,
Infracambrian, Eocambrian) is widely present in the
sedimentary cover of many cratonic areas.

METHODS

Data Base

The purpose of this paper is to identify and
quantify the main factors controlling the depositional
setting, preservation, and effectiveness of hydrocarbon
source rocks belonging to the six most important
stratigraphic intervals. Maps constructed for each of the
six stratigraphic intervals (geologic time slices) illustrate
(1) dominant tectonic environments on the continental
margins, (2) basic lithofacies composition of the
sedimentary sequence, (3) morphic types (structural
forms) of the sedimentary basins at the time of source-
rock deposition, (4) quantities and areal distribution of
the original reserves of petroleum derived from source

4Altl'nough most U.S, stratigraphers place the Callovian in the
Middle Jurassic, it is here included in the Upper Jurassic, as is done in
the U.S.S.R. and most of Europe.

2 Effectiveness of World’s Petroleum Source Rocks

rocks of the particular stratigraphic interval, and (5)
distribution of source rocks by their geochemical types
and their current degrees of maturation. Where possible,
arcas where source rocks have been destroyed by post-
depositional geologic processes (such as deformations or
metamorphism) are indicated. Plate-tectonic recon-
structions of AM. Ziegler and his associates in the
University of Chicago (Scotese and others, 1979; Ziegler
and others, 1982) are used as base maps. The Mollweide
equal-area projection of the maps significantly distorts
the shape of geographic areas; however, it is very
convenient for our purposes because it permits simple
measurement of areas covered by various rock types.
Where necessary, the base maps are modified to show
microcontinents that caused deformation at continental
margins when they docked with large continental masses.

Data from hundreds of publications on regional
geology have been used in construction of the maps. We
have not referenced publications on regional tectonics
and lithology of the rock units used for preparation of
tectonic and lithofacies maps. Such data are highly
generalized on our maps, and an interested reader can
find these data in numerous publications on regional
geology. Many of the structural forms of basins shown on
the lithofacies and structural form maps are taken from
the same publications on the regional tectonics and
structural development of petroleum basins. Many of
these data are referred to in table 1 and in the text. For
many other areas, we interpreted structural forms using
various published cross sections and maps.

Our main concern was to document petroleum
source rocks in all basins whose reserves were used for
quantitative calculations. We focused on basins in which
source rocks in any of the six principal stratigraphic
intervals accounted for more than 1 percent of all
reserves generated from that interval worldwide. Many
basins had source rocks in more than one interval that
met this criterion. The basins selected for each
stratigraphic interval are listed in table 1. A short
description of source rocks of the main petroleum basins
is provided in later sections of the text. The degree of
certainty of source-rock identification for various basins
varies widely. In-depth studies using modern oil-source
rock correlation techniques are available for most major
petroleum basins. The source of the most complete
analysis of each basin is cited. We tried to refer to recent
publications that, in turn, refer to and use results of
earlier studies. Commonly, the same publications also
indicate major reservoir formations that contain
presently known oil and gas reserves.

Documentation of source rocks is, in general,
significantly poorer for small producing basins and for
nonproductive areas (potential source rocks) than for
major petroleum basins. Detailed geochemical studies
have been conducted in some of them, primarily in the
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Figure 1. Distribution of effective source rocks through geologic time, in percent of world’s original petroleum reserves

generated by these rocks. Percent numbers are derived from summation of original petroleum reserves, in barrels of oil
equivalent (BOE), of basins shown on the lithofacies and structural forms maps of the six principal stratigraphic intervals.
Reserve data for other intervals are approximated from a review of the main basins containing source rocks in these intervals.
Separation of the reserves into oil and gas is approximate (=1 percent).

United States, Canada, and other developed countries.
However, in many small basins, the relation of petroleum
fields to specific source-rock formations remains a
matter of interpretation based on broad geologic
analysis. For some of these, we have made our own
interpretations; for others, we accepted the published
interpretations. Identification of potential source rocks in
nonproductive areas is based on lithologic characteristics
of sedimentary sections. Primarily, black-shale
formations enriched by kerogen types I or II (Tissot and
Welte, 1984) and rocks significantly enriched by coaly
organic matter (in excess of 2 percent) were classified as
potential source rocks.

The original discovered reserves of petroleum
include cumulative production and remaining identified
reserves. Data on the cumulative production are rather
firm and are widely reported in trade, government, and
other special publications. Identified reserves are, in

general, less certain. They are trustworthy and well
reported for the United States (Dolton and others, 1981),
Canada (Podruski and others, 1988; Procter and others,
1984), Australia (Forman and others, 1988), the North
Sea (Ziegler, 1980), and some other world regions where
reserves have been tallied field by field. Remaining and
original petroleum reserve amounts in other basins of the
world were compiled during the last 10 years by
participants of the World Energy Resource Program
(WERP) in the U.S. Geological Survey. The primary
data that WERP relied upon were foreign government
publications (for example, Indian Petroleum and
Petrochemical Statistics), published and unpublished
assessments of major oil companies (for example, Exxon
Corporation, 1982; Roadifer, 1986) and the publications
of separate researchers (Riva, 1988; Tanzil, 1985; Ivan-
hoe, 1985; Nehring, 1978). An important source of data
was the field file of Petroconsultants S.A. (Geneva).

Methods 3
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Table 1. Major productive basins containing source rocks of the six main petroleum-generating intervals

Basin or Structfral Source-rock Dominant Principal

kerogﬁn Main reservoirs Reference
province form formation type maturation stage

Basins having Silurian source rocks

Arabian-Iranian Platform Gahkum and Tabuk Fms; 11 Khuff Fm (Permian); carbo- Late Permian-— Ala and others, 1980;
graptolitic shales. nate and clastic rocks. Triassic. al-Laboun, 1986.

Erg Oriental, Platform Silurian graptolitic 11 Cambrian through Triassic Cretaceous —-———--= -— Tissot, Espitalie, and

Erg Occidental. shales. sandstones. others, 1984; Balducchi
and Pommier, 1970;
Magloire, 1970.

Permian, Platform Silurian marine I1 Silurian carbonate rocks —— Pennsylvanian-Early Jones and Smith, 1965.
Anadarko. shales. Permian.

Michigan--—-—--— Circular Niagaran Fm, off-reef II Silurian carbonate rocks —-— Late Cretaceous— Gardner and Bray, 1984.

sag. carbonate rocks. Early Tertiary(?).
Basins having Upper Devonian-Tournaisian source rocks

Volga-Ural, Platform Domanik Fm and I1 Middle Devonian sandstones, Late Permian-— Zhuze and others, 1975;
Timan-Pechora, facies equivalents; Lower Carboniferous sand- Triassic. Ashirov and others,
North Caspian. marine shales and stones, Upper Devonian- 1981; Ulmishek, 1982;

carbonate rocks. Middle Carboniferous 1988.
carbonate rocks.

Alberta --—-————- Platform Duvernay, Ireton, and II Upper Devonian carbonate Middle Cretaceous-— Parsons, 1973; Porter
Exshaw Fms; marine rocks. Late Tertiary. and others, 1982,
shales.

Anadarko, Platform Woodford Shale; I1 Silurian—-Devonian Pennsylvanian-Early Landes, 1970; Hill, 1971;

Permian. marine shales. carbonates. Permian. Campbell and others,
: 1988; Jones and Smith
1965.

Appalachian —--- Platform Chattanooga Shale; II Devonian sandstones ———----— Pennsylvanian— Landes, 1970; Ray, 1971.
marine shales. Early Permian.

Williston, Circular New Albany Shale, 11 Devonian—-Pennsylvanian Late Cretaceous-— North, 1985; Barrows and
Michigan, sag. Antrim Shale, sandstones and carbonates. Early Tertiary(?). Cluff, 1984; Meissner,
Illinois. Bakken Fm. 1984 .

Pripyat, Rift ---  Upper Devonian- I1 Upper Devonian carbonate Pennsylvanian- Chaykovskaya and Volik,
Dnieper—-Donets. Tournaisian marine rocks (Pripyat), Carbon- Early Permian. 1986; Il'inskaya and

shales and iferous—Lower Permian Kulayeva, 1979.
carbonate rocks. clastic rocks (Dnieper-
Donets).
I1lizi -~-—————- Platform Upper and Middle I1 Devonian~Carboniferous Middle Cretaceous —— Tissot, Espitalie, and

Devonian marine
shales.

sandstones

others, 1984; Aliyev
and others, 1979.
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Table 1. Major productive basins containing source rocks of the six main petroleum-generating intervais—Continued
Dominant
Basin or Structyral Source-rock Principal
kerogsn Main reservoirs Reference
province form formation type maturation stage
Basins having Pennsylvanian-Lower Permian source rocks
Anadarko, Foredeep Pennsylvanian- 11 Pennsylvanian-Permian Late Permian- Adler, 1971; Hartman and
Permian. (SE), Guadalupian sandstones and carbonate middle Cretaceous. Woodard, 1971; Jones
rift basinal facies, rocks. and Smith 1965; Camp-
(NW). marine shales. bell and others, 1988.
Southern North Foredeep Westphalian coal 11X Rotliegend (Lower Triassic-Middle Ziegler, 1980.
Sea. measure. Permian) sandstones. Jurassic.
North Caspian —— Circular Carboniferous-Lower 11 Carboniferous—-Lower Permian Late Permian- Fomkin, 1985; Krylov and
sag. Permian basinal carbonate rocks. Triassic. Nekhrikova, 1987.
facies, marine shales
and carbonate rocks.

Bighorn, Powder Linear Phosphatic shale I1 Pennsylvanian—-Permian Late Cretaceous- Claypool and others,
River, Wind sag. members of the sandstones. Early Tertiary. 1978; Stauffer, 1971;
River, Uinta, Phosphoria Fm; Cannon, 1971; Peterson
Piceance. marine shales. and Smith, 1986.

Vilyuy =——————-— Circular Permian continental 111, Permian to Cretaceous Jurassic-Early Cherskiy, 1986.

sag. clastic rocks. coal sandstones. Cretaceous.
Sichuan -—————- Platform Yangxin Fm; 11 Permian-Lower Triassic Middle Cretaceous —- Huang, 1984; Wang and
argillaceous carbonate rocks. others, 1983; Li and Li
limestones. [1984].
Cooper —-—-—==---— Rift —— Gidgealpa Group 111, Permian sandstones Middle Cretaceous —-- Kantsler and others,
(Permian); coal coal 1984,
measure.
Basins having Upper Jurassic source rocks
Arabian-Iranian Linear Hanifa, Diyal/Dukhan, 11 Arab Zone (Upper Jurassic) Late Cretaceous Ayres and others, 1982;
sag. and Sargelu Fms; and Shuaiba (middle and Late Tertiary. Klemme, 1984; Alshar-
marine shales, Cretaceous) carbonate han, 1987; Alsharhan
marls, and rocks. and Kendall, 1986;
limestones. Murris, 1980; Koop and
Stoneley, 1982.
West Siberian —— Circular Bazhenov Fm; marine 11 Neocomian deltaic Late Cretaceous— Stasova, 1977; 1vantsova,
sage. siliceous shales sandstones. Early Tertiary. 1969; Kulikov, 1979;
and carbonate rocks. Kontorovich and others,
1975.

North Sea, Linear Kimmeridgian Shale, I1 Middle Jurassic sandstones, Early Tertiary -—---= Ziegler, 1980; Cooper and

Greenland Sea. sag. marine siliceous Upper Cretaceous-Lower Barnard, 1984; Goff,
shales. Tertiary chalk and 1984; Baird, 1986.

sandstones.
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Table 1. Major productive basins containing source rocks of the six main petroleum-generating intervals—Continued

) Dominant
Basin or SttuctYral Source-rock kerogsn Main reservoirs Principal Reference
province form formation type maturation stage
Basins having Upper Jurassic source rocks—-Continued

Gulf of Mexico Circular Kimmeridgian- II Upper Jurassic carbonate Middle Cretaceous Salvador and Green, 1980,
(Gulf Coast, sag. Tithonian marine and Lower Cretaceous (Gulf Coast); Peterson, 1983, 1985;
Reforma—-Cam- shales and clastic rocks (Gulf Late Tertiary. Salvador, 1987; Oehler,
peche, Tampico- carbonate rocks. Coast); Cretaceous reefs, 1984.

Chicontepec). Eocene-Miocene sandstones.

North Caucasus, Linear Khodzhaipak Fm; Upper I1 Upper Jurassic limestones, Late Tertiary -~—~-—- Akramkhodzhayev and Egam-

Amu-Darya. sag. Jurassic rocks Cretaceous sandstones berdyev, 1985; Maksimov
below salt layer; and limestones. and others, 1986;
marine shales and Krylov, 1979; Semashev,
limestones. 1983; Chakhmakhchev and

others, 1987; Seregin
and others, 1982.
Basins having middle Cretaceous source rocks
Arabian-Iranian Linear Kazhdumi Fm; marine 11 Asmari limestone (Miocene), Middle-late Tertiary Hull and Warman, 1970;
sag. shales and Burgan delta (early- James and Wynd, 1965;
limestones. middle Cretaceous). Dunnington, 1958, 1967;
Ala and others, 1980;
Murris, 1980; Koop and
Stoneley, 1982.
Maracaibo -—~——- Linear La Luna Fm; marine II Eocene-Miocene sandstones Late Tertiary ————— Zambrano and others,
sag. shales and 1972; Blaser and White,
limestones. 1984.

East Venezuela, Linear Querecual and La Luna 11 Eocene-Miocene sandstones Late Tertiary --——-——- Hedberg, 1950; Krause,
Middle Magda- sag. Fms; marine shales 1988; McCollough and
lena, Llanos and limestones. Padfield, 1985;
Oriente. Zumberge, 1984.

Alberta, Foredeep Mannville marine II1 Cretaceous sandstones ————— Late Tertiary —----—— Parsons, 1973; Moshier
Overthrust, shales and and Waples, 1985.
Green River. equivalents.

Gulf Coast —---- Circular Marine shales -—--—-—- 11 Cretaceous carbonates and Late Tertiary ———-——- Rainwater, 1971;

sag. sandstones. Holcomb, 1971.

Amu~Darya, North Linear Aptian-Albian marine 11 Cretaceous sandstones ————— Late Tertiary ———-—- Arkhipov and others,
Caucasus, sag. shales. 1979; Mirzoyev and
Crimea. Dzhaparidze, 1979;

Shestopal, 1979; Maksi-
mov and others, 1987.
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Table 1. Major productive basins containing source rocks of the six main petroleum-generating intervals—Continued
Basin or Structyral Source-rock Dominant Principal
Y kerogﬁn Main reservoirs Reference
province form formation type maturation stage
Basins having middle Cretaceous source rocks-—Continued
South Atlantic Rift/ Upper Neocomian—-Aptian I, II Cretaceous sandstones and Late Cretaceous-— Ponte and others, 1980;
basins. linear lacustrine and carbonates; Tertiary Early Tertiary. Clifford, 1986; Lehner
sag. marine shales; Turo- sandstones. and De Ruiter, 1977.
nian marine shales.
West Siberia Circular Pokur Fm (Albian- 111, Albian-Cenomanian Immature —--—-—-——————— Nesterov and others,
(northern). sag. Cenomanian); coal sandstones. 1978; Rice and
continental Claypool, 1981;
clastic rocks. Kortsenshteyn, 1970;
Grace and Hart, 1986.
North Slope ----  Foredeep ' HRZ shale, Hue Shale; I1I Cretaceous sandstones ——--—- Late Cretaceous-— Carman and Hardwick,
marine shales. Early Tertiary. 1983; Molenaar and
others, 1987; Bird
and Magoon, 1987.
Songliao =————-- Linear Qingshankou and I Cretaceous deltaic Late Cretaceous-— Yang and others, 1985;
sag. Nenjiang Fms; deep sandstones. Early Tertiary. Zhou, 1985; Yang, 1985.
lacustrine shales.
Basins having Oligocene-Miocene source rocks
East Venezuela- Foredeep Oficina Fm and equi- IIL Miocene-Pliocene sandstones Late Tertiary —-——-—- Michelson, 1976; Blaser
Trinidad, valents, deltaic (west), and White, 1984,
Maracaibo. and prodeltaic II
shales. (east)
Niger Delta -~—-——~ Delta -- Akata and Agbada Fms; I1I1, Upper Tertiary deltaic Late Tertiary ———-—- Ejedawe and others, 1984;
deltaic shales. coal sandstones. Nwachukwu and Chukwura,
1986; Bustin, 1988.
Mackenzie Delta- Delta —— Tertiary deltaic I1I1 Upper Tertiary deltaic Late Tertiary —--——-— Snowdon, 1980; Snowdon
shales. sandstones. and Powell, 1982.
Mahakam Delta —— Delta -—- Miocene deltaic 111, Upper Tertiary deltaic Late Tertiary —--——--— Combaz and de Matherel,
shales. coal sandstones. 1978.
Californian Rift ——  Monterey Fm; diatoma- II Upper Tertiary sandstones Late Tertiary —————— Graham and Williams,
basins. ceous shale. and shales. 1985; Crain and
others, 1985.
Gulf Coast and Half sag Tertiary marine and I11 Tertiary sandstones —————-— Late Tertiary and Tipsword and others,
Mississippi and deltaic shales. immature. 1971; Dow, 1978; Rice
Delta. delta. and Claypool, 1981.
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Table 1. Major productive basins containing source rocks of the six main petroleum-generating intervals—Continued
Basin or StructYral Source-rock Dominant . X Principal
A . kerogﬁn Main reservoirs . Reference
province form formation type maturation stage
Basins having Oligocene-Miocene source rocks——Continued
Indonesian Rift ~——-- Pematang Brown Shale I Upper Tertiary sandstones Late Tertiary --————- Kingston, 1979;
basins. and Banuwati Shale, Robinson, 1987;
lacustrine shales. Gordon, 1985.
Talang-Akar Fm, flu- I1I,
viodeltaic shales. coal

North Kalimantan Delta --- Miocene deltaic III Upper Tertiary sandstones Late Tertiary —-—-———— ASCOPE, 1981.
(Baram Delta). shales.

North China, Rift -—--- Lacustrine shales —-- I Upper Tertiary sandstones, Late Tertiary ———-—— Lao and Gao, 1984; Li
Biyang, Sinian carbonate rocks. Desheng and others,
Nanxiang, 1984; Zha, 1984; Huang
Jianghan. and others, 1984; Tong,

1980; Li Chunju and
others, 1984.
South Caspian ——  Circular Maykop Series and II Pliocene sandstones ———-— Late Tertiary ——-——--— Ali-Zade and others,
sag. middle Mioocene 1975; Korchagina and
marine shales. Zeynalova, 1986.
North Caucasus Foredeep Maykop Series and II Upper Tertiary sandstones Late Tertiary ——-—--- Burlakov and others,
middle Miocene 1987; Shcherbakov and
marine shales. others, 1983; Chepak
and others, 1983.
Suez ——m———————— Rift —-=—-— Rudies Fm; II Cretaceous to Miocene Late Tertiary ------ Kholief and Baroket,
marine shales. sandstones and 1986.
carbonate rocks.

Carpathian Foredeep Menelitic Shale, I1I Upper Tertiary sandstones Late Tertiary ———--- Paraschiv and Olteanu,
(Ploiesti and marine shales. 1970; Gavrish, 1985.
western
Ukraine).

1Structural form that controlled deposition of source rocks.
Of Tissot and Welte (1984).




Approximately 80 percent of world reserves, listed field
by field, have been examined from geologic and
engineering points of view by W.D. Dietzman and his
colleagues with the U.S. Energy Information Admin-
istration. Some of their studies have been published in a
series of reports (U.S. Department of Energy and U.S.
Geological Survey, 1979; U.S. Energy Information
Administration, 1983a, b, c). Together with other
members of the World Energy Resource Program, we
analyzed available assessments of the world’s remaining
petroleum reserves. For the countries that consider
petroleum reserves to be classified information (such as
the US.S.R. and China), we made a basin-by-basin
assessment of reserves based on available petroleum
geology and production data. Our group’s assessments of
identified reserves were reported by C.D. Masters and
others (1987) on a country basis, although the original
assessments were developed by basins. Original reserve
numbers that we have accepted for all basins of interest
are listed in table 2. The basins listed here are those
whose source rocks account for more than 1 percent of
reserves generated from at least one of the six principal
stratigraphic intervals.

The assignment of original oil and gas reserves to a
specific source rock was not a problem for most basins,
where only one source-rock formation had generated all
or nearly all of the petroleum. Some petroleum basins,
chiefly the largest ones such as the Arabian-Iranian,
West Siberian, and Greater Permian basins, contain
more than one source-rock formation. However, in
almost all cases, the main parts of reserves generated by
each source-rock formation are areally and/or
stratigraphically separated; thus each formation’s
contribution may be evaluated based on the same reserve
data that were used to assess the basin’s reserves.
Petroleum reserve numbers shown on the maps are
rounded to the nearest whole percent. Values
corresponding to 1 percent vary from 1.75 X 10° BOE on
the Pennsylvanian-Lower Permian and Upper Devo-
nian-Tournaisian maps to 6.4 X 10° BOE on the middle
Cretaceous map. We believe that for the majority of
basins, the precision of our reserve assessment falls into
these ranges. However, some inaccuracies were
unavoidable considering the global nature of the study.
We believe that these possible inaccuracies have very
little, if any, effect on the main conclusions resulting from
this study.

Classification of Petroleum Basins

Several petroleum basin classifications based on
tectonic principles have been proposed in recent years
(Bally and Snelson, 1980; Sokolov, 1980; Bois and others,
1982; Klemme, 1971, 1980, 1983; Kingston and others,

Table 2. Original petroleum reserves of major productive
basins shown on the maps

Original
Basin or province petroleuT

reserves
Arabian-Iranian 730
West Siberian 240
Gulf Coast, Mississippi Delta—————mw-—- 120
Volga-Ural 66
Maracaibo 62
Reforma-Campeche, Vera Cruz,

Tampico-Chicontopec, Gulf of Mexico-—- 56
Permian 53
Anadarko 50
North Caucasus, Amu-Darya, Crimea-——-—- 50
East Venezuela, Middle Magdalena,

Llanos Oriente 48
Alberta 46
North Caspian 42
Erg Oriental, Erg Occidental, Illizi--—— 38
Niger Delta 37
Northern North Sea 35
Californian basins 31
Southern North Sea 30
North Slope 20
Indonesian basins 19
South Caspian 18
South Atlantic basins 14
Pripyat, Dnieper-Donets 12
Appalachian 11
Songliao 9.5
Rocky Mountain basins 9
Timan-Pechora 9
Green River, Overthrust 7.5
North Kalimantan 7.5
Suez 7
North China, Biyang, Nanxiang, Jianghan 5.5
Illinois 5.5
Williston 5
Mackenzie Delta 5
Vilyuy 4.5
Sichuan 4
Carpathian basins (Ploesti, western

Ukraine) 3
Mahakam Delta 3
Michigan 2.5
Cooper 1

lBillions of barrels of oil equivalent.

1983; and others). These classifications differ from one
another primarily in their varied emphasis on such
factors as geodynamic regimes, basin structural profiles,
positions of the basins on continents, and tectonic stages
in basin development. In this study we use the
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classification of Klemme that is shown in figure 2. This
classification is considerably modified from Klemme’s
previous (1980) classification; however, a detailed
description of it is beyond the scope of this paper. The
classification is based on (1) the position of a basin within
major geotectonic areas (cratons, accreted zones, and
convergent and divergent margins) and (2) the sequence
of structural forms that reflects the basin’s tectonic
evolution. The plate tectonic setting largely determines a
basin’s geologic history and results in a specific basin
structural profile. Structural expressions of basins in
different stages of their development strongly affected
the deposition of source rocks within the basin. The
subsequent tectonic history of a basin (overlying
structural forms) controlled maturation of the source
rocks, formation of hydrocarbon pools, and their
preservation or destruction.

Tectonic Maps

A tectonic map for each of the selected time
intervals (part A on pls. 1-6) shows the main
characteristics of the tectonic regime on the continental
margins. Two main geotectonic processes, divergence
and convergence of crustal plates, gave rise to passive and
active continental margins. Several principal features of
the active margins significantly affected the structural
(morphotectonic) forms of depositional basins along the
margins, and these forms in turn controlled the nature of
sedimentation. Oceanic volcanic arcs separated fore-arc
and back-arc basins and supplied abundant volcanic
material to the associated sediments. Transverse and
longitudinal rifts and median (intermontane) basins
commonly formed following the development of
continental magmatic arcs along B-subduction zones
(Bally and Snelson, 1980). Also shown on the active
margins are the docking of microcontinents onto the
large continental massifs and continent-to-continent
collisions. Both processes resulted in deformation at the
margins, orogenies, the formation of rifted basins as
relaxation features at trailing edge of the collision zones,
and the development of foredeeps.

Passive margins are characterized by widespread
rifting followed by the formation of morphologically
varying sags over rifts. Large, thick deltas that formed
along these margins created an environment highly
favorable for the generation and entrapment of
hydrocarbons. Of these, only the late Mesozoic and
Tertiary deltas have been preserved; older ones were
destroyed by subsequent tectonic activity. Young deltas
are also known from active margins, where they are

mainly found along marginal seas. The tensional regime

along the margins of these seas is rather similar to that of
passive margins in that both extensional rifting and
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wrench rifting occur. This tensional episode, however, is
ephemeral in the geologic history of active margins;
therefore, the associated deltas are preserved only along
the Cenozoic margins.

Additional features shown on each tectonic map
include the region of sedimentation and, for the two
youngest stratigraphic intervals, the area of oceanic crust
formed during the immediately preceding time period
(Early Cretaceous for the middle Cretaceous and latest
Cretaceous—early Tertiary for the Oligocene-Miocene

map).

Lithofacies and Structural Form Maps

The lithofacies and structural form maps (part B
on pls. 1-6) illustrate the general facies for the
stratigraphic intervals. Three facies are distinguished
herein: dominantly marine, dominantly continental, and
mixed marine and continental lithofacies. The degree of
simplification stems from the global nature of the study,
the relatively large stratigraphic range of each interval,
and the broad requirements of the analysis. However,
this simplified version of the facies composition
correlates with the character of petroleum source rocks
as shown on the source-rock maps.

Most basins in the course of their development
passed through different tectonic stages. These tectonic
stages are expressed as successive structural (archi-
tectural, morphotectonic) forms. Taken together,
structural forms constitute a basin’s structural profile,
which is diagnostic of each basin type. Generalized basin
profiles are shown in figure 2. Basin types are not shown
on the maps; however, the structural forms that existed
during the corresponding stratigraphic interval are
indicated. These structural forms controlled the
deposition of source rocks, their thickness, and their
areal extent. A given structural form (for example, rifts)
might exist in a number of areas during a specific time
interval, but then variations in the subsequent tectonic
histories of the areas can cause the form to be
incorporated into the profiles of several different basin
types. This subsequent tectonic history of each area
affects the burial and maturation of source rocks, and
their destruction. Thus, the tectonic history controls the
effectiveness of source rocks as suppliers of oil and gas to
reservoirs. The number of basic structural forms is rather
restricted, although the dimensions and depths of
individual structures can vary significantly. The basic
structural forms shown on the maps are platforms, rifts,
circular sags, linear sags, half sags, foredeeps, and deltas
(depocenters). Wherever evidence was insufficient to
show whether a sag is circular or linear, the structure was

. merely designated a sag. All other structural forms

invariably have distinct morphologic differences.
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Figure 2. Basin classification scheme used in this report. The classification is based on the position of a basin
within major geotectonic areas (shown by shading in column 3) and the sequence of structural forms that reflects
the basin’s tectonic evolution (shown in column 2).
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Each structural form is characterized by the
morphology of a sedimentary body deposited in the
structure. Platforms are characterized by areally large
sheets of relatively thin sedimentary rocks on cratons and
less commonly on accreted zones (epi-platforms). The
strata dip very gently toward the ocean. Linear sags are
strongly elongated depressions with gently sloping limbs.
They are most commonly formed over single rifts.
Circular sags are commonly larger than linear sags. They
usually overlie branching rift systems (randomly
oriented). Circular sags also include structures devel-
oped over basaltic windows in continental crust (small
ocean basins) filled with sediments. Half sags are
asymmetric sedimentary bodies composed of the
seaward-prograding wedges of clastic rocks and
carbonate bank sediments. They formed on passive
continental margins or at the edges of rifted continental
blocks in marginal seas. Rifts are linear, commonly
rather narrow horst-and-graben depressions bounded by
deep-seated faults. They are developed on cratons, in
accreted zones, and sometimes in orogenic belts. A
foredeep is an asymmetric trough developed between an
orogenic belt and a foreland that is largely filled with
molasse deposits derived from the orogen. The deepest
part of the trough is shifted toward the orogen, which in
turn is thrust upon sedimentary rocks of an earlier
foredeep stage. Deltas (depocenters) in this study are
very thick sedimentary bodies located on the continental
margins (commonly along a triple junction). Some deltas
are similar to half sags, but because of great sedimentary
loading, deltas usually develop a partially closed central
sag. Half sags, on the contrary, are generally open to the
ocean. Other deltas may be structurally confined (for
example, the Po Delta). .

The structural form and lithofacies maps also show
the approximate outlines of the present-day petroleum
basins that contain discovered oil and gas generated by
source rocks of the mapped stratigraphic interval. These
basins are numbered and listed on the maps. Oil and gas
may be confined to rocks of the same stratigraphic
interval or may have migrated to rocks of other parts of
the section. The amount of original oil and gas reserves
(calculated in barrels of oil equivalent, BOE) is shown as
a percentage of all oil and gas generated worldwide by
source rocks of the same stratigraphic interval and
trapped in the discovered fields. In basins where the
discovered reserves equal less than 1 percent, the
reserves are designated as minor (M). The maps also
record the amount of discovered original reserves
generated by source rocks of a given stratigraphic
interval in each of the structural forms that controlled
deposition of these source rocks.
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Source-Rock Maps

Source-rock maps of each stratigraphic interval
(part C on pls. 1-6) show the character and maturity of
petroleum source rocks. The basis for distinguishing
petroleum source rocks from non-source rocks was the
reported amount and quality (kerogen type) of organic
matter and, where available, oil-source rock correlation
information. The source rocks shown on the maps
include both those that generated reserves in discovered
fields (effective source rocks) and those that did not
(potential source rocks). The latter group includes those
source rocks that for different geologic reasons either did
not generate petroleum or produced petroleum
accumulations that have since been destroyed. In
addition, the reserve occurrence data from the structural
form and facies maps are shown on the source-rock
maps. The numbers (in percentage points) document the
effectiveness of hydrocarbon generation, entrapment,
and preservation. (On the source-rock maps, the
numbers relate to areas of source-rock distribution
rather than to basins and structural forms.)

All source rocks are subdivided into those with
predominant types I and II kerogen (oil-prone) and those
containing predominant type III kerogen and coal,
according to classification of Tissot and Welte (1984).
The main petroleum-generative fraction of coal is also
represented by type III kerogen. Where both kerogen
groups dominate different parts of the same stratigraphic
interval, the more important group responsible for the
petroleum occurrence is shown. In most cases, source
rocks with types I and II kerogen appear to be more
important. One of the few exceptions is Pennsylvanian
coal of northwestern Europe, which has generated much
more trapped petroleum than have the younger Zech-
stein black shales and carbonates with type II kerogen. In
nonproductive areas, primarily black-shale formations
enriched by type II kerogen and rocks significantly
enriched by coaly organic matter (in excess of 1.5-2
percent) were classified as potential source rocks.

All source rocks are subdivided into those that
have attained or surpassed maturity and those that are
still immature, Overmature source rocks are grouped
with mature because they are still capable of generating
gas, although overmaturation certainly decreases
hydrocarbon potential. Additionally, overmature source
rocks did generate oil and gas earlier in their geologic
history, which may have migrated to shallower parts of
the section and may still be preserved there. Source rocks
whose generative potential has been destroyed by
subsequent tectonic processes (strong deformation
and/or metamorphism) are also shown on the maps. In
some areas these destroyed source rocks could have
contributed at an earlier time to discovered reserves. An
example is the deformed middle Cretaceous source rocks



of the coastal mountains in Venezuela. Before their
deformation, these rocks generated hydrocarbons that
migrated laterally into the giant heavy-oil accumulations
of the Orinoco belt.

CONDITIONS OF DEPOSITION OF
MAJOR SOURCE ROCKS

Silurian (Plate 1)

The main tectonic events of the Silurian were the
closing of the Iapetus Ocean and the collision of the
North American and European continents, forming the
Caledonian orogen. Passive tectonic regimes prevailed
on the opposite sides of the collided continents. An
extended seaway, the Proto-Tethyan Ocean,” was first
defined at this time; it separated the northern group of
continents from the passive northern margin of Gond-
wana. The subduction of oceanic crust, the widespread
formation of volcanic arcs, and the accretion of micro-
continents took place along the western Pacific margin,
along the Urals, north of the Siberian craton, and around
the Kazakh group of microcontinents. The Pacific margin
of North America had a passive-margin tectonic regime.

Among structural forms, platforms strongly
dominated on the Proto-Tethyan passive margins of the
North American, European, and Gondwana continents.
Circular and linear sags were common in the continental
interiors. The main rifts of Silurian age (initiated already
in Ordovician time) were those in the Canadian Arctic, in
the Timan-Pechora region of the northeastern Russian
craton, on the Taimyr Peninsula, along the Tornquist line
in central Europe, and in a chain of basins in central
Australia. Foredeeps developed on the American side of
the closing Iapetus Ocean.

Marine rocks, as measured from the map, cover 73
percent of the total Silurian depositional area.’ The
strata were deposited over extensive platforms along the
continental margins. Toward the continental interior
regions, they pass into mixed marine and continental
sections, with the continental rocks being mainly Upper
Silurian.

5The application of the names Proto-, Paleo-, and Neo-Tethys
in this study follows the usage of the colloquium on Tethyan mountain
chains held during the 26th International Geological Congress
(Aubouin and others, 1980).

°“Depositional area” in this study designates the area covered
by preserved rocks of a particular age. Paleogeographic environments
for areas where sedimentary rocks of this age have been truncated were
not reconstructed because of the significant uncertainties involved in
such reconstructions.

Organic-rich graptolitic shales are characteristic
source rocks of the Silurian System. Organic matter in
these shales is composed primarily of type II kerogen,
much of which was derived from planktonic fauna
(graptolites, tentaculitids). Later in geologic history,
organic matter derived from animals was never as
dominant as it was in the Silurian. This unusual genesis of
organic matter resulted in a somewhat abnormal
composition of kerogen: it is rich in non-hydrocarbon
compounds, especially those containing nitrogen, and
poor in hydrogen (Bazhenova, 1986). Graptolitic
sediments were widely deposited on platforms of the
northern margin of Gondwana. They abruptly passed
landward into organic-lean sediments of the nearshore
facies. Most of the margin is shown on the map to be
located in the temperate and subpolar climatic zones at
40°-50° south. In later geologic times, the main
depositional areas of type II kerogen were located in
significantly lower latitudes. The dominance of animal-
derived organic matter in graptolitic shales may be
responsible for this difference. However, some plate
tectonic reconstructions suggest a more northern
position of the northwestern Gondwana margin in the
Silurian (Smith and others, 1981; Van der Voo, 1988).

The northern group of continents was located
mainly in the tropical zone. Around these continents,
carbonate sedimentation predominated on shallow-water
platforms. Deposition of graptolitic shales was chiefly
restricted to deep-water environments, whose distri-
bution was controlled by actively subsiding structures,
commonly rifts. Along the Proto-Tethyan margin of
these continents and on the Siberian craton, the grap-
tolitic shales were probably deposited on platforms; but
many of these areas are now highly deformed, and their
Silurian structural profiles are rather uncertain.

Organic-rich Silurian source rocks with high-
quality type II kerogen cover 42 percent of the total
Silurian depositional area. The contribution of
petroleum from these source rocks to the world’s
discovered oil and gas is nevertheless moderate. This
relatively low productivity results largely from post-
depositional destruction. About two-thirds of the Silu-
rian source rocks have been strongly deformed and
metamorphosed due to the splitting of continental slices
from the northern Gondwana margin and their accretion
onto the Tethyan margin of Eurasia. In addition,
sedimentary strata were strongly deformed and partly
metamorphosed in most of the Silurian rifts during the
Hercynian tectonic event.

Silurian graptolitic shales account for 9 percent of
the world’s hydrocarbon reserves. Most hydrocarbons
generated from Silurian rocks (85 percent) are gas,
because of the deep occurrence and overmaturation of
the source rocks. All these source rocks were deposited
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in parts of the platforms that have been preserved from
destruction south and north of the belt of Tethyan
deformations. The main part of the reserves generated by
Silurian source rocks is on the platforms of northern
Gondwana.

Silurian source rocks are well identified in the Erg
Oriental and Erg Occidental basins of north Africa
(Tissot, Espitalic, and others, 1984). These basins
contain 20 percent of the petroleum reserves generated
by Silurian strata. There, oil and gas from Lower Silurian
to lowermost Devonian organic-rich graptolitic shales
has charged reservoirs in underlying Cambrian and
Ordovician strata, in overlying Lower Devonian strata,
and in Triassic strata that unconformably overlie the
Paleozoic rocks (Balducchi and Pommier, 1970;
Magloire, 1970). Although maturation of source rocks
began as early as the Paleozoic (especially on the
southwest), most preserved petroleum was generated
during Cretaceous time.

Although Silurian source rocks are not well studied
in the Arabian-Iranian basin, they are the most probable
source for gas in carbonate and basal clastic units of the
Permian Khuff Formation. The Khuff contains 74
percent of Silurian generated petroleum under a cap
rock of Permian and Triassic evaporite. The primary
source rocks are dark-brown to black graptolitic shale of
the Silurian Gahkum Formation in the Fars province of
Iran (Ala and others, 1980) and similar shale of the
Silurian Qusaiba Member of the Tabuk Formation in the
Tabuk basin south of Jordan (al-Laboun, 1986). In the
vicinity of the Qatar-South Fars arch, the Silurian source
rocks are apparently absent due to Hercynian uplift and
truncation. Paleostructural reconstructions suggest that
some migration may have occurred before Permian time.
However, the main migration of reservoired gas took
place after deposition of the Permian and Triassic evapo-
rite cap rock, at the time when the Silurian source was in
the gas window. We speculate that, during Jurassic time,
gas migrated into ancient salt-capped traps, which merely
served as “way stations.” Much later this gas remigrated
into fold traps that were formed in Upper Permian rocks
of the Zagros belt during Cenozoic time. The gas also
filled block-uplift traps on the craton (Northwest Dome,
Ghawar, and other structures); the growth of these traps
was strongly enhanced by tectonic activation during the
same time.

Silurian graptolitic shales deposited on a platform
of southern North America contributed small quantities
to gas reserves of the Permian and Anadarko basins
(Hill, 1971) and to petroleum reserves of the Michigan
basin (Gardner and Bray, 1984). Small oil and gas
accumulations probably generated by Silurian source
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rocks are known in southeastern Turkey and in the
Timan-Pechora basin of the U.S.S.R. (Vasserman and
others, 1977). However, source rocks in the latter may be
of Ordovician age.

Upper Devonian-Tournaisian (Plate 2)

Collision of the Euroamerican continent with
northern Africa in the Late Devonian closed the central
segment of the Proto-Tethyan Ocean. The resulting
Acadian and Variscan deformations, volcanism, and
accumulation of thick molasse deposits continued well
into Carboniferous time. North of the collision zone,
continuous adjustment along the older Caledonian belt,
beginning in the Early Devonian, resulted in widespread
rifting of the Old Red continent. East and west of the
collision zone, the remaining parts of the Proto-Tethys
were bounded by passive margins on the south and active
subducting margins on the north. The circumpacific
accretion zone first formed in the Devonian and persisted
through the remainder of geologic history. Deformation
along this zone, widespread continental and oceanic arc
volcanism, and repeated accretion of microcontinental
blocks and other alien terranes became prominent
features of Pacific margins at this time. The clockwise
rotation of Siberia and the northwestern drift of the
already accreted Kazakh continent resulted in gradual
narrowing of the Uralian and Irtysh-Zaysan (Ob-Zaysan)
oceans. Other microcontinents (like, for example, South
Kara) that are now deeply buried under younger rocks of
the West Siberian basin could have existed in this region.
Rifting and splitting of northern and southern China and
the Scythian-Turanian microcontinent (or a group of
continental blocks) from northeastern Gondwana
initiated opening of the Paleo-Tethyan Ocean.

Structural forms that controlled Late Devonian—
Tournaisian deposition are diverse. Platforms and
gentle circular sags were common in inner parts of
continents and on forelands landward of the active
margins. Half sags developed along the southern margin
of the opening Paleo-Tethys. Foredeeps formed in the
back of continental magmatic arcs along the Pacific
margin, in the Hercynian collision zone, and on the
Canadian Arctic Archipelago. Rifts, some of them
accompanied by basic volcanism, were widespread in the
northern group of continents.

Marine rocks formed over approximately half of
the depositional area of Late Devonian-Tournaisian
time. One third of this area was overlain by rocks of
mixed marine and continental origin, with continental
rocks more common in the upper parts of sections than in
the lower parts. Wholly terrestrial rocks are restricted to
14 percent of the depositional area and consist chiefly of
alluvial units formed along the shorelines of epi-
continental seas and in rifts of the Old Red continent.



Source rocks of Late Devonian-Tournaisian age
consist largely of organic-rich siliceous shale, marl, and
limestone with dominant type II kerogen. This
association of rocks is often called the black-shale facies.
During Late Devonian-Tournaisian time, this facies was
mainly deposited on platforms and in cratonic circular
sags in the course of a widespread marine transgression.
In contrast to the unusual high-latitude origin of Silurian
source rocks, structural platforms of this interval were
located in the tropical and temperate zones (0°-45°
latitude). They occupied extensive forelands landward of
active tectonic margins. Source rocks covered 21 percent
of the entire Upper Devonian-Tournaisian depositional
area. Areally, approximately 70 percent of the source
rocks were preserved, but 30 percent have been
destroyed by metamorphic processes.

Eight percent of the world’s original petroleum
reserves were generated by Upper Devonian—-Tournai-
sian source rocks; 80 percent of the reserves generated
from the interval are oil. Basins of the eastern margin of
the Russian craton (Volga-Ural, Timan-Pechora, North
Caspian) contain much of the petroleum of this interval.’
The principal source rock for these basins is the
Domanik Formation, which is composed of organic-rich
(organic carbon to 20 percent), marine, black, siliceous
shale and limestone with type II kerogen (Zhuze and
others, 1975; Ashirov and others, 1981; Ulmishek, 1982).
Although migration of immature oil may have started in
the Carboniferous (Ulmishek, 1988), the main matu-
ration stage and the main migration accompanied the
deposition of Hercynian molasses (Upper Permian—
Triassic). The oil was expelled into both underlying
Middle Devonian and overlying Carboniferous and
Lower Permian rocks as well as into adjacent reefs. Oil
dominates in the reserves of petroleum of the Timan-
Pechora and Volga-Ural basins. Giant gas-condensate
accumulations of the North Caspian basin are sealed by
the Kungurian salt cap.

Organic-rich, dominantly sapropelic (type II kero-
gen), bituminous black shales of the North American
craton are rather similar to the Domanik source-rock
facies of the eastern Russian craton. At least two-thirds
of original petroleum reserves in Alberta are derived
from these Upper Devonian and Lower Mississippian
source rocks (Duvernay, Ireton, Exshaw, and Bakken
Formations) (Parsons, 1973; Porter and others, 1982).

7[arge gas-condensate and oil reserves of the North Caspian
basin have been generated by a condensed black-shale section of Late
Devonian through Early Permian age. In this paper, we assign one-half
of these reserves to the Upper Devonian-Tournaisian interval and
those remaining to the Pennsylvanian~Lower Permian interval.

s

Although some maturation and migration of hydro-
carbons may have occurred in the Jurassic, most
migration commenced with the formation of the
Cretaceous foredeep.

Organic-rich black shales are widespread in the
basins on the southeastern margin of the North
American craton. They are present among deltaic and
prodeltaic facies of the Chemung Formation and among
prodeltaic and platform marine facies of the Chattanooga
Shale in the Appalachian basin. They also compose the
platform marine Woodford Shale in the Greater Ana-
darko and Greater Permian basins. These black shales
are the principal source rock of the Appalachian basin
and are the secondary sources in the Anadarko and
Permian basins (Landes, 1970; Hill, 1971; Ray, 1971).
Maturation of these shales probably commenced in late
Paleozoic time.

In some of the craton interior basins of North
America, South America, and northern Africa, Upper
Devonian-Tournaisian black shales deposited in circular
sags are proved to be the major source rocks (North,
1985). These include the bituminous New Albany Shale
of the Illinois basin (Barrows and Cluff, 1984), the
Bakken Formation shale of the Williston basin (Meiss-
ner, 1984), and the Antrim Shale of the Michigan basin.
Somewhat less organic-rich shales of this age are known
in the Barreirinha Member of the Curua Formation in
the Amazon basin (Mosmann and others, 1986) and in
the Upper Devonian section of the Illizi subbasin of the
Erg Oriental basin in north Africa (Tissot, Espitalie, and
others, 1984; Aliyev and others, 1979).

The time of maturation and migration of
hydrocarbons from Upper Devonian source rocks of the
Michigan and Illinois basins is uncertain. These black
shales at their present depth are at maturation levels that
indicate either that they were once buried 3,000 to 5,000
feet deeper than their present depth, or that a regional
thermal event produced geothermal gradients sig-
nificantly higher than those of today. The most probable
time intervals of maturation and migration are Late
Cretaceous and Early Tertiary in the Williston basin,
Late Permian to Jurassic in the Amazon basin, and
Permian to Late Cretaceous in the basins of north Africa.

Organic-rich Upper Devonian and lowermost
Carboniferous rocks deposited in a rift are the main
source for petroleum in the Pripyat and Dnieper-Donets
basins of the Russian craton. In the Pripyat basin, well-
studied Upper Devonian source rocks are black shales
and limestones with the average organic carbon content
of 2 percent (Chaykovskaya and Volik, 1986). Tournai-
sian shale and carbonate rocks with organic carbon
contents of 0.7-3 percent are probably the main source
for hydrocarbons in the Dnieper-Donets basin (Iinskaya
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and Kulayeva, 1979), although Upper Devonian and
younger Carboniferous rocks may have generated some
oil and especially gas (Vitenko and others, 1985).

Pennsylvanian-Lower Permian (Plate 3)

The collision of western Gondwana with North
America and Europe continued into the Pennsylva-
nian-Early Permian and resulted in the Hercynian orog-
eny, during which the Mauritanian, Ouachita-Marathon,
Alleghenian, and Variscan fold belts formed, strike-slip
faulting was widespread, and orogenic molasses were
deposited in foredeeps and intermontane depressions.
Another series of major tectonic events took place to the
east. Collision of the Kazakh and Siberian continents
with the eastern margin of the Russian craton resulted in
formation of the short-lived Laurasian supercontinent.
The collision was accompanied by volcanism on
continental margins and intense deformation in the
Uralian and Irtysh-Zaysan fold belts. Subduction under
the southeastern margin of Laurasia closed the Proto-
Tethyan Ocean, as the North China continent (including
the Tarim block) and a number of microcontinents
docked with Laurasia. These microcontinents are now
incorporated into the Alpine fold belts and the accreted
zones north of them. The eastern arm of a new Tethys
(the Paleo-Tethyan Ocean), surrounded by passive
continental margins, was now opened south of the
collision zone. An outer subduction zone existed offshore
from the North American Pacific margin, but the
continental edge, along the marginal seas between this
zone and the continent, had a passive tectonic regime.
Rifting, commonly associated with strike-slip move-
ments, was fairly active on all continents, especially in
southern North America.

The Pennsylvanian-Lower Permian depositional
area is nearly equally divided into three parts covered by
marine, continental, and mixed facies. Marine
sedimentation characterized the Arctic passive margin of
Laurasia and the passive margins of Paleo-Tethys.
Continental facies covered large areas in the polar and
glaciated subpolar zones landward from the continental
margins. Mixed facies including abundant paralic rocks
predominated on active margins and in the zones of the
Hercynian deformation (except for the Urals, where
terrestrial sedimentation commenced in Late Permian
time).

Structural platforms of Pennsylvanian-Early Per-
mian time occupied the large areas on continents and
along the passive margins of Gondwana and northern
Laurasia. Rifting was active during Permian time,
especially in zones along which the Neo-Tethys was later
opened and the breakup of Gondwana occurred. Fore-
deeps were most abundant in the belts of the Hercynian
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orogeny. A series of wrench rifts, transverse to the
collision suture, is found in southern North America;
such rifts are less common along other active margins.

The character and distribution of Pennsylvanian—
Lower Permian source rocks differ significantly from
those in the older Paleozoic stratigraphic intervals. For
the first time, sedimentary rocks with type III kerogen
and especially coals became an important source of
hydrocarbons. These deposits cover more than one-half
of the area that contains source rocks in the Pennsyl-
vanian-Lower Permian section and are responsible for
more than 20 percent of the hydrocarbons generated by
this section. Rifts and foredeeps were the major
structural forms that controlled source-rock deposition,
and platforms were much less important than they had
been previously. The great accumulations of orogenic
molasses, the deep burial of source rocks, and the coaly
nature of organic matter in a number of basins resulted
in a predominance of gas over oil. Almost two-thirds of
discovered hydrocarbons that have been generated by the
Pennsylvanian-Lower Permian section are gas. Another
reason for the dominance of gas in reserves is probably
the exceptionally wide distribution of evaporites among
Permian rocks (fig. 3). The evaporites constitute perfect
cap rocks that seal 60 percent of generated hydrocarbons
and prevent the escape of gas.

In high latitudes, where evaporite seals are absent,
gas derived from the widespread coal deposits (fig. 3)
could form only local accumulations retained by shale
caps in especially favorable conditions, as for example, in
the Vilyuy basin.

Pennsylvanian-Lower Permian source rocks have
generated 8 percent of the world’s discovered
hydrocarbon reserves. More than half of the reserves are
concentrated in the greater Anadarko and greater Per-
mian basins® of the south-central United States. We
estimate that about 75 percent of hydrocarbons
discovered in these two basins have been generated by
Pennsylvanian, Lower Permian, and lowermost Upper
Permian rocks. Much of the oil and gas migrated into
dominantly salt-capped carbonate and clastic reservoirs
of Late Permian age (Adler, 1971; Hartman and Wood-
ard, 1971). These sapropelic source rocks with dominant
type II kerogen were deposited in a combined structure
consisting of a foredeep on the southeastern basin
margin and a rift/sag duplex over older platform
sequences on the basin’s northwestern cratonic margin.
Maturation and migration of oil and gas began during
Late Permian-Triassic time.

8Source rocks in the lower part of the Upper Permian section
of the Permian basin are included in calculations because their
contribution to the hydrocarbon reserves (probably relatively small)
cannot be separated from that of the underlying rocks.
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Figure 3. Distribution of evaporites and coals in the Pennsylvanian-Lower Permian stratigraphic interval.

Almost one-fifth of hydrocarbon reserves gener-
ated by the Pennsylvanian—-Lower Permian-stratigraphic
interval are concentrated in the southern North Sea
subbasin, and these predominantly consist of dry gas. The
gas has been generated by the thick Westphalian (middle
Upper Carboniferous) coal measure deposited in the
Hercynian (Variscan) foredeep (Ziegler, 1980); it is
reservoired in Lower Permian sandstones under the
Zechstein salt cap. Maturation and migration began in
the early Mesozoic and continued into the Tertiary.
Overmaturation of coals occurring now at depths as great

as 5-6 miles has resulted in a high content of nitrogen in
many gas fields. Small reserves of gas condensate and oil
have been generated by the Kupferschiefer and Stink-
schiefer black shales with type II kerogen and are reser-
voired in Zechstein carbonates.

Large gas condensate and oil reserves of the North
Caspian basin probably have been generated by deep-
water basinal facies of Late Devonian through Early
Permian age deposited in a circular sag. Middle
Carboniferous to Lower Permian black shales and marls
are not well studied by geochemical methods because
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they are deeply buried. However, these rocks average 1-2
percent organic carbon in marginal sections and as much
as 6 percent in sections more remote from provenance
areas (Fomkin, 1985). Hydrocarbon accumulations
occur in reefs and carbonate banks overlain by thick
Kungurian salt. The main stage of maturation and
migration took place during Late Permian-Triassic time,
when thick, primarily continental clastic sediments were
deposited over the salt formation. The basin is still poorly
explored, and its share of the reserves generated by
Pennsylvanian-Lower Permian rocks may be expected to
substantially increase in the future.

The Lower Permian Phosphoria Formation has
been the source of about 40 percent of the hydrocarbons
found in the Rocky Mountain basins of northern Utah,
northwestern Colorado, Wyoming, and south-central
Montana. There, phosphatic shale members of the Phos-
phoria, enriched by type II kerogen, were deposited on
the eastern flank of a linear sag on a platform margin that
gradually rose eastward into western Wyoming and
Montana and eastern Idaho (Stauffer, 1971; Cannon,
1971; Peterson and Smith, 1986). It is believed that
maturation of these source rocks and migration of
hydrocarbons commenced with Cretaceous burial about
125 Ma and ceased before the Laramide orogeny at 65
Ma (Claypool and others, 1978). Owing to continuity of
carrier beds, petroleum could migrate laterally over a
distance of some 240 miles into eastern Wyoming
TESEIVOirs.

Permian continental clastic rocks that include coal
beds are the main proved source rocks for large gas fields
found within these same rocks and in younger rocks of
the Vilyuy basin of East Siberia (Cherskiy, 1986). The
rocks were deposited in a structural sag developed over a
Devonian rift. The east side of the sag was opened to the
continental slope prior to the Late Jurassic-Early
Cretaceous Verkhoyansk orogeny, Maturation and
migration of petroleum in the eastern part of the basin
may have begun as early as the Triassic. However, the
main generation of gas was in Jurassic to Early
Cretaceous time (Cherskiy, 1986).

The Lower Permian Yangxin black and gray
argillaceous micritic limestones are the main source of
gas in the Sichuan basin of southern China (Huang,
1984). The limestones were deposited over a relatively
deep but open platformal shelf during a widespread
marine transgression (Wang and others, 1983; Li and Li
[1984]). The gas is contained mainly in Permian and
Lower Triassic reservoirs. The early maturation and
migration probably took place during Jurassic and
Cretaceous time. The source rocks reached a stage of
overmaturity, and much of the oil was transformed into
gas after the Late Cretaceous Yanshanian orogeny in the
adjacent Longmenshan Mountains and the resulting
deposition of thick molasses.
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Judging from recent geochemical studies, the
Upper Carboniferous marine black-shale facies was the
principal source for oil in the Karamay field of the
Junggar basin of western China (Lin, 1984). A recent oil
discovery in the northeastern part of the basin probably
had the same source.

Permian coal is a source for gas, gas condensate,
and small amounts of oil in fields of the Permian through
Lower Cretaceous section of the Cooper subbasin of the
Great Artesian basin of Australia. The coal-bearing
sequence formed in a rift and reached maturity during, or
soon after, the deposition of the thick Cenomanian
section. In the deep Nappamerri trough, however, the
coal beds matured earlier, in Early Cretaceous time
(Kantsler and others, 1984).

Upper Jurassic (Plate 4)

{

The microcontinents that split off from northern
Gondwana gradually closed the Paleo-Tethys in front of
them as they drifted northward. The Neo-Tethyan Ocean
was opened between the microcontinents and the passive
margin of Gondwana. Volcanic rocks were common in
both continental and oceanic arcs along the northern
active margin of the closing Paleo-Tethys. Passive
continental margins formed along both sides of the
opening Neo-Tethys. The southeastern movement of
Africa relative to North America resulted in the opening
of the western arm of the Neo-Tethys. The two parts of
the ocean were connected via relatively narrow basins
underlain by oceanic crust (Ligurian and Vardar oceans).
Later, the western part of the Neo-Tethys was
incorporated into the spreading system of the Atlantic.
Rifting in Gondwana resulted in opening of the oceanic
crust between Africa on one side and India and Mada-
gascar on the other. All of the circumpacific margin had
an active tectonic regime, which included volcanism and
the accretion of microcontinents, both especially
pronounced along the western margins of both Americas.

Triassic and Jurassic time is characterized by
widespread rifting commonly associated with basic vol-
canism. In many regions, rifting continued into the Late
Jurassic. In other areas (such as western Siberia and the
North Sea), rifting was terminated earlier and linear and
circular sags formed over the rifts during Late Jurassic
time. The main rift systems developed in zones of
weakness along which, in later geologic times, the
breakup of Gondwana and the separation of North
America and Eurasia took place. Several rift troughs
formed east of the continental magmatic arcs of South
America; these rifts now underlie Cenozoic foredeeps.

An extensive Late Jurassic marine transgression,
which reached its culmination in the Oxfordian and
Kimmeridgian, resulted in the abundance of marine
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rocks. Marine rocks cover 61 percent of the Upper
Jurassic depositional area. They were largely formed
along Tethyan continental margins, in Arctic regions, and
in extensive epicontinental basins of Europe and western
Asia. Continental rocks covered 22 percent of the
depositional area. They formed in intracontinental basins
of a variety of tectonic types and they are especially
characteristic of basins in China. Remaining depositional
areas contain mixed marine and continental rocks; the
latter are most common in lower and upper parts of the
Upper Jurassic section.

The distribution of Late Jurassic structural forms
reflects the regional tectonic regimes. Rifts and especially
linear and circular sags that developed over Triassic and
earlier Jurassic rifts are very characteristic. Half sags
surrounded the opening Neo-Tethys. Platforms are not
common, but are present in the interiors of inundated
cratons. Foredeeps are rather unusual for this interval,
which had no significant orogenies; they are chiefly
restricted to basins in eastern Asia and western Canada.

Source rocks with type II kerogen are charac-
teristic of the Upper Jurassic; they are present over
three-quarters of the area that contains source rocks of
this interval, and they extend much farther from the
equatorial climatic zone into subpolar and polar latitudes
than they had in either of the upper Paleozoic intervals
discussed above. The confinement of the source rocks to
certain structural forms also contrasts with that of older
intervals. The majority of the rocks were deposited in
relatively deep, silled marine basins in large linear and
circular sags. Source rocks that contain type III kerogen
and coal are not abundant in the interval. They are chiefly
restricted to high paleolatitudes and are nearly absent
from the tropical and temperate zones. Their absence in
low paleolatitudes is probably due to the arid climatic
conditions of the time indicated by the abundance of
evaporites and red beds in the Alpine fold belts, the
Middle East, the southern Rocky Mountains, and many
other localities.

Upper Jurassic source rocks cover 27 percent of
the area of deposition; most (90 percent) have not been
destroyed by subsequent metamorphism. These source
rocks were highly effective; they have generated 25
percent of the original petroleum reserves of the world,
and 74 percent of the petroleum they have generated is
oil. The largest share of petroleum reserves from this
interval (46 percent) is located in the Arabian-Iranian
basin. Upper Jurassic source rocks of the basin include
the lower Kimmeridgian Hanifa and Diyal/Dukhan
sapropelic bituminous marls and Bathonian to Oxfordian
bituminous black shale and limestone of the Sargelu
Formation (Ayres and others, 1982; Klemme, 1984;
Alsharhan, 1987; Alsharhan and Kendall, 1986). These
source rocks were deposited in the Basrah-Lurestan and
Dezful basins, both separated from the ocean by the

Surmeh carbonate platform (Koop and Stoneley, 1982).
These structures, described as “intrashelf basins” and
“deeper shelf” by Murris (1980), are classified here as
linear sags. Oil that was generated by the source rocks is
contained in Upper Jurassic calcarenitic and oolitic Arab
Zone reservoir rocks and middle Cretaceous rudistid and
algal reefs and mounds of the Shuaiba Formation.
Maturation of the source rocks and migration of the
petroleum involved two phases: (1) early to middle
Cretaceous long-distance lateral migration from the
Sargelu source rocks to the Arab Zone, and (2) vertical
migration from the Hanifa and Diyal/Dukhan source
rocks to the Arab Zone and the Shuaiba Formation after
the initial Late Cretaceous collision of Arabia with Asia.
That collision resulted in the deposition of molasse and
the deep burial and maturation of the source rocks. In
this area, an ideal juxtaposition of prolific source rocks,
excellent reservoir rocks, and good seals (Hith evaporite
for the Arab Zone and Nahr Urm shales and marls for
the Shuaiba Formation) resulted in the generation and
preservation of giant oil reserves.

Highly organic-rich (organic carbon content more
than 10 percent), black siliceous shale of the Bazhenov
Formation of Volgian age is the main petroleum source
for the very large oil reserves of the central West Siberian
basin (Stasova, 1977; Ivantsova, 1969) and possibly for a
part of the gas reserves in the northern areas of the basin
(Grace and Hart, 1986). Oil occurs mostly in the Neoco-
mian deltaic reservoirs that overlie source rocks in the
Middle Ob region. Bituminous Bazhenov shale that
contains type II kerogen was deposited in a deep-water
silled basin in a large circular sag that formed over an
extensive Triassic rift system (Kulikov, 1979). The main
stage of maturation of source rocks occurred during
deposition of the thick Upper Cretaceous—lower Tertiary
section (Kontorovich and others, 1975).

Organic-rich, sapropelic black shale of Late Juras-
sic (Kimmeridgian) age in the North Sea (Viking graben,
Central graben, and Trondelag platform) is a
stratigraphic and facies analog to the Bazhenov shale of
West Siberia. The Kimmeridgian shale was deposited in
a linear sag overlying the Triassic to Middle Jurassic rift
sequence. Major hydrocarbon reserves are found in
Middle Jurassic deltaic sandstones of the rift and in
uppermost Cretaceous-lower Tertiary chalk and
sandstone (Ziegler, 1980; Cooper and Barnard, 1984).
Peak petroleum generation occurred in the early Tertiary
(Goff, 1984; Baird, 1986). Migration of oil and gas has
continued to the present, probably in pulses from
compartments with abnormally high fluid pressure in the
source shale (Hunt, 1988).

In the Gulf Coast, Reforma-Campeche, and
Tampico-Chicontepec provinces around the Gulf of
Mexico, Kimmeridgian-Tithonian organic-rich shale
containing dominant type II kerogen was deposited in a
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circular sag above extensive salt deposits of Callovian age
(Louann and Isthmian Formations), which in turn were
underlain by Triassic rifts (Salvador and Green, 1980;
Peterson, 1983, 1985; Salvador, 1987). The shale
achieved maturation in middle Cretaceous time in the
Gulf Coast province and in the late Tertiary in the other
two provinces. In the Gulf Coast, the petroleum migrated
updip, into Upper Jurassic carbonate and Upper Jurassic
and Lower Cretaceous clastic reservoirs. In the
Reforma-Campeche province, reservoir rocks are Cre-
taceous rudistid carbonate rocks, Paleocene carbonate
breccia, and possibly Miocene sandstones. Salt tectonics
played an important role in formation of traps. The
petroleum migrated into Cretaceous rudistid reefs and
reef talus in the Tampico area and into Eocene
sandstones in the Chicontepec area.

Upper Oxfordian-Kimmeridgian black bituminous
shale and limestone of the Khodzhaipak Formation
underlying thick Kimmeridgian-Tithonian salt is the
major source for gas, gas condensate, and oil in fields in
the Amu-Darya basin in Soviet Central Asia
(Akramkhodzhayev and Egamberdyev, 1985). These
deep-water facies rocks were deposited in a linear sag
over the Triassic (or Permian) through Early Jurassic rift
system (Maksimov and others, 1986). Petroleum
migrated into Upper Jurassic reefs capped by salt and
into Neocomian and Aptian sandstones in areas where
the salt cap pinches out (Krylov, 1979; Semashev, 1983).
The main stage of maturation was achieved in late
Tertiary time during deposition of the Alpine molasse
(Seregin and others, 1982), although rocks in the deepest
parts of the basin could have matured earlier. Other
basins in foredeeps of the Alpine fold belt of the southern
US.S.R. also have deep-water Oxfordian and Kim-
meridgian shale and carbonate rocks beneath Tithonian
salt deposits. In most areas these rocks are poorly known
because of their very deep occurrence. Probably, they are
the major source for large reserves of oil in the Mesozoic
section of the Groznyi area north of the eastern Cauca-
sus, one of the sources for the East Kuban depression
north of the central Caucasus (Chakhmakhchev and
others, 1987), and one of the sources for the Afghan-
Tadzhik basin (Safranov and others, 1983).

Significantly smaller petroleum reserves generated
by Upper Jurassic source rocks are known in the Neu-
quen and San Jorge basins of Argentina, the Great
Artesian basin and Northwest Shelf of Australia,
offshore northeastern North America, Morocco, and the
North Slope of Alaska. In the latter region, the amount of
petroleum from the Upper Jurassic source cannot be
separated from the amount generated by Triassic and
older Jurassic rocks. Presumably, the Upper Jurassic
contribution is relatively small because of truncation of
these rocks toward the major petroleum accumulations.
Recent data indicate that Upper Jurassic basinal marl
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characterized by type II kerogen is the main source for
petroleum produced in the Vienna basin (Ladwein,
1988). Maturation was achieved after the Late
Cretaceous-Paleogene overthrusting during deposition
of the Neogene molasse.

Middle Cretaceous (Plate 5)

The Paleo-Tethyan Ocean was finally closed during
Neocomian time, although continental volcanism along
the suture continued well into the middle Cretaceous.
The subduction zone and associated magmatic arcs along
the southern margin of Eurasia shifted to the southern,
previously passive margins of the accreted microconti-
nents. The breakup of Gondwana had already begun in
the Late Jurassic and Neocomian, as can be seen from
the occurrence of oceanic crust of this age between
southern Africa and Antarctica. Areas of Upper
Jurassic-Neocomian oceanic crust are also known in the
western arm of the Neo-Tethys, in the Gulf of Mexico,
and in the southeastern Mediterranean. Formation of the
oceanic crust in the Black and Caspian Seas probably also
began during this time.

The breakup of the Gondwana continent
progressed substantially during the middle Cretaceous.
The South Atlantic began to open in Aptian or early
Albian time. The Indian subcontinent separated from
Gondwana in the Late Jurassic and began its fast drift
northward, narrowing the eastern Neo-Tethys and
opening the Indian Ocean at its trailing margin. The
breakup resulted in formation of extensive new passive
margins on the edges of the separated continental blocks.
Rifting occurred between Antarctica and Australia and
between North America and Europe preceding the Late
Cretaceous—early Tertiary separation of these continents.
The North Slope of Alaska collided with the accreted
terrane to its south, thereby completing the opening of
the Canada basin in the Arctic. The circumpacific sub-
duction zone continued to operate, resulting in the
accretion of a number of terranes and in volcanism on the
active margins, which was most intense in northeastern
Asia.

Middle Cretaceous sedimentation occurred during
a gradually proceeding marine transgression that
reached its maximum in Turonian time. The
transgression covered all the passive continental margins
and penetrated far into most continents. Marine and
mixed marine and continental facies were dominant;
continental sediments were deposited only in the isolated
intracontinental depressions in South America, Africa,
and eastern Asia.

Structural forms of the middle Cretaceous interval
are diverse. Linear and circular sags continued to
develop over Late Jurassic sags and over some of the



Late Jurassic rifts. Half sags were formed along the
passive margins of the separated continents of Gond-
wana. Platforms developed chiefly in the internal parts of
continents covered by epicontinental seas. Foredeeps
formed in many of the Chinese basins (a result of the
thrust faulting of the Yanshanian orogeny), in the
northern Rocky Mountains, and along the north margin
of the Brooks Range in Alaska. Rifts were not abundant
in the middle Cretaceous, although some of them are
known on the margins of the North Atlantic, in southern
South America, and in southern Australia.

Potential source rocks of middle Cretaceous age
are present in 27 percent of the depositional area. The
character of these rocks differs significantly from those of
the Upper Jurassic stratigraphic interval. Source rocks
with types I or II kerogen are less abundant than those
that contain kerogen type IIL In high latitudes type III
kerogen and coal are much more common than they were
in the Upper Jurassic; type I kerogen was deposited
locally in lakes. Rocks containing marine type II kerogen
are almost exclusively confined to the Tethyan seaway.
They were deposited mainly as relatively deep-water
basinal facies in silled linear and circular sags. Source
rocks with continentally derived type III kerogen and
coal are found mostly in half sags and linear sags that
formed along the newly created passive continental
margins, in foredeeps, in some gentle sags, and over
interior platforms. Effective middle Cretaceous source
rocks are characterized by all three types of kerogen;
most were deposited in linear and circular sags.

A large share of the world’s oil and gas reserves (29
percent) has been generated by source rocks of middle
Cretaceous age. Significantly, despite the widespread
occurrence of type III kerogen and coal, the contribution
of this kerogen type to discovered reserves is only
moderate. The only place it has made a major
contribution is in the giant reserves of dry gas in the
Cenomanian reservoirs of northern West Siberia,
beneath the Turonian shale cap reinforced by
permafrost. This gas very likely originated biogenically
from coaly organic matter of the Albian-Cenomanian
Pokur Formation (Nesterov and others, 1978; Rice and
Claypool, 1981). Its mechanism of accumulation was
unique: gas from formational water repeatedly froze into
hydrates during glacial epochs, and then was liberated by
melting during interglacial stages (Kortsenshteyn, 1970).
This mechanism effectively extracted gas dissolved in
underground water. Some input of thermogenic gas from
deeply buried Jurassic(?) rocks is possible (Grace and
Hart, 1986), but probably was not important.

More than half of petroleum reserves generated by
middle Cretaceous rocks are located in the Arabian-
Iranian basin. The petroleum is concentrated in two main
areas. Giant oil and gas reserves are present in
Oligocene-Miocene reservoirs in an area 200 miles long

and 60 miles wide in frontal ranges of the Zagros
Mountains (Hull and Warman, 1970; James and Wynd,
1965). The main reservoir is fractured Asmari limestone,
which is productive under the Gach Saran (Fars) salt and
anhydrite seal in the foredeep folds formed by collision
along the Neo-Tethyan suture. The middle Cretaceous
Kazhdumi Formation—an ammonite-bearing, organic-
rich shale and a subordinate argillaceous limestone
deposited in a linear sag—is the source for Asmari oil
and gas (Dunnington, 1958; Ala and others, 1980). It
seems probable that the initial vertical migration of
hydrocarbons from the Kazhdumi Formation was into
Upper Cretaceous carbonate units (“way stations”) and
that the oil and gas later remigrated into Asmari
limestones, after folding and fracturing (Young and
others, 1977; Ala, 1982). Detailed analyses of the
regional relations of these source, reservoir, and cap
rocks are provided by Murris (1980) and Koop and
Stoneley (1982). ,

The Burgan delta is another area of the Arabian-
Iranian basin where a giant hydrocarbon accumulation
was generated by middle Cretaceous source rocks. The
productive reservoirs are eastward-prograding deltaic
sandstones of early middle Cretaceous age (Dunnington,
1967; Ala and others, 1980). Maturation of middle
Cretaceous source rocks in the deepest parts of the basin
and migration of petroleum commenced in latest
Cretaceous time, but most source rocks reached maturity
only in middle to late Tertiary time.

Most oil in the Maracaibo basin of Venezuela is
proved to have been generated from organic-rich (type 11
kerogen) shale and limestone of the middle Cretaceous
La Luna Formation (Zambrano and others, 1972; Blaser
and White, 1984). The rocks were formed in an anoxic
environment in a linear sag near the continental edge.
Maturation of the organic matter began as early as the
Eocene in the northeastern part of the basin and
continues to the present. However, the main maturation/
migration stage occurred during late Miocene and Plio-
cene time (Blaser and White, 1984). The La Luna
stratigraphic and facies equivalent (Querecual For-
mation) covers the northern part of the East Venezuela
basin (Hedberg, 1950). This source rock was responsible
for the formation of the Orinoco heavy oil belt. It also
supplied oil to the recently discovered El Furrial giant (or
supergiant?) oil field and to other large fields discovered
in front of the northern thrust belt (Krause, 1988).
Maturation of the source rock and migration of oil
started in the Paleocene and continued to the present.
Further rapid growth of discovered oil reserves in this
region, which is highly probable, would significantly
change the distribution of petroleum reserves generated
by middle Cretaceous source rocks. Geochemical data
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indicate that the La Luna shale and marl have also
generated oil found in the Middle Magdalena basin
(Zumberge, 1984).

In the Alberta basin, a synorogenic clastic wedge of
the foredeep contains large petroleum reserves in Lower
and Upper Cretaceous sandstone reservoirs. The source
rock for this petroleum is middle Cretaceous marine
shale, which mostly contains type III kerogen (Parsons,
1973). This shale may also have been the source of the oil
that created the Athabasca tar sands, though this point is
still under debate (Moshier and Waples, 1985); other
likely sources are Triassic and Upper Jurassic rocks
(which were destroyed during the Laramide orogeny)
and Upper Devonian rocks.

Several other hydrocarbon-producing regions in
the world with smaller but substantial reserves were fully
or partly dependent on middle Cretaceous source rocks.
In the Gulf Coast basin, marine shale (type II kerogen)
deposited in a circular sag contributed significantly to
Cretaceous carbonate and sandstone reservoirs (Rain-
water, 1971; Holcomb, 1971). Middle Cretaceous rocks,
commonly Aptian-Albian marine shale (dominant type IT
kerogen), probably generated oil and gas in basins of the
northern Caucasus (Arkhipov and others, 1979; Mir-
zoyev and Dzhaparidze, 1979) and Crimea (Shestopal,
1979), and also may have contributed in the Amu-Darya
basin in Soviet Central Asia (Maksimov and others,
1987), although the connection of petroleum reserves
with these source rocks is not well proved by geochemical
data. Aptian euxinic marine shales (mixed types II and
ITI kerogen) are widespread in the southern Atlantic
(Tissot, Demaison, and others, 1984). The shales,
however, are not responsible for petroleum reserves in
rifted marginal basins of the Atlantic. Oil and gas in these
basins were generated from upper Neocomian-Aptian
lacustrine shales in rift sections and from Aptian basal
marine shales in sags developed over the rifts. The basal
black shales were formed before the opening of the
ocean. Both types of source rocks generated petroleum
in basins of the continental margin of Brazil (Ponte and
others, 1980). In basins of offshore west-central Africa,
source rocks are also present among Neocomian lacus-
trine shales (Clifford, 1986); however, the main source
rock is probably the lower Aptian euxinic black shale
phase that directly underlies the Aptian salt section
(Lehner and De Ruiter, 1977). This shale is absent over
many basement highs, but it is developed in depressions,
especially in the northern basins.

Petroleum reserves on the Alaskan North Slope
are thought to have been generated from several Triassic
to middle Cretaceous source-rock units (Carman and
Hardwick, 1983). The contributions of the individual
source-rock units are difficult to differentiate, so the
quantities assigned to various intervals should be
considered speculative. The shale of the middle to upper
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Cretaceous “high radioactive zone” (organic carbon up
to 12 percent) in the area of the Kuparuk field and the
Hue Shale of northeastern Alaska described by
Molenaar and others (1987) both contain mixed types II
and III kerogen (type III being more abundant). Where
mature, the Hue Shale is a good source rock for both oil
and gas (Bird and Magoon, 1987).

The Songliao basin in China is the largest
petroleum province that depends on nonmarine source
rocks (type I kerogen). Black shale (organic carbon as
high as 8-10 percent) of the middle Cretaceous Qing-
shankou and Nenjiang Formations gave rise to giant oil
accumulations in a large delta that filled the lake basin
(Yang and others, 1985). The shale was deposited in a
deep-lake environment in a linear sag that was formed
over the Jurassic—Early Cretaceous rift system (Zhou
and others, 1985). Peak generation and migration of oil
coincided with the growth of main structures during
latest Cretaceous—early Tertiary time (Yang, 1985).

Oligocene-Miocene (Plate 6)

Collision of the Indian subcontinent and the
Arabian Peninsula with southern Asia led to the closing
of the eastern Neo-Tethys and orogeny. The last remnant
of the Neo-Tethys was restricted to the eastern
Mediterranean, where the oceanic crust was being sub-
ducted under the Aegean volcanic arc. Rifting in the Red
Sea separated Africa from the Eurasian continent.
Passive margins surrounded the newly formed Indian
Ocean, except for the northeastern edge, where subduc-
tion of the Indian plate resulted in volcanism and
deformation in Southeast Asia.

The Atlantic Ocean, bounded by passive margins,
absorbed the western Neo-Tethys. Spreading along the
mid-Atlantic Ridge progressed into the Arctic Ocean
with formation of the Gakkel Ridge. Simultaneously,
spreading in the Canada basin ceased. At this same time,
the scparation of South America from the Antarctic
Peninsula opened the circumantarctic seaway and led to
the glaciation in Antarctica. Subduction of oceanic crust
under much of the eastern Pacific margin resulted in
volcanism, orogeny, and formation of foredeeps
landward of volcanic arcs. In the western Pacific,
Cretaceous subduction and continental volcanism gave
way to Tertiary rifting and the formation of marginal
seas.

General late Tertiary lowering of sea level, which
began in the late Oligocene, resulted in a comparatively
small depositional area during Oligocene-Miocene time.
Marine rocks were largely restricted to marginal seas of
the western Pacific, the Gulf of Mexico and Caribbean
Sea, and the Mediterrancan Sea and the connected
Alpine foredeeps. Marine sediments were also deposited



on all continental shelves, but most of the shelves were
relatively narrow. Toward continental interiors, marine
deposits pass into mixed marine and continental rocks,
with continental rocks becoming more abundant upward
in many of the sections. Continental sediments were
deposited in interior sags, in foredeeps unconnected with
the ocean, and in alluvial plains along the seashores.

Dominant structural forms of the Oligocene-
Miocene interval reflect global Alpine orogeny. Circular
sags in intermontane depressions and in deep troughs
with oceanic crust (eastern Mediterranean, Black Sea)
are characteristic of the interval, and foredeeps are
especially abundant. Half sags dominated passive
margins of continents. Linear sags, platforms, and rifts
are present but are neither abundant nor extensive. Many
deltas formed where passive continental margins were
crossed by older rifts. These deltas represent a type of
structure very important for petroleum production from
Tertiary rocks.

The marine regression of Oligocene-Miocene time
and the significant relief in many parts of the continents
resulted in deposition of source rocks different from
those of older stratigraphic intervals. Source rocks that
are characterized by types I and II kerogen occupy only
16 percent of the total source-rock area. Kerogen type II
dominates in some Alpine foredeeps, in the Suez basin,
and in California. Type I kerogen characterizes source
rocks of the rifted basins of eastern China and of some
back-arc basins of Indonesia. Source rocks with type III
kerogen are present in half sags, deltas, and many
foredeeps, and are responsible for about two-thirds of
original oil and gas reserves generated by this
stratigraphic interval. Type III kerogen has not been such
an important generator of oil in any other interval. Its
dominance in the Oligocene-Miocene interval is mainly
due to the petroleum-rich deltas, which are believed to
generate most of the oil and gas produced from their
sequences. In some instances, however, source rocks in
these sequences are poorly defined (as in the Niger
Delta, for instance; Bustin, 1988), and a deeper source
for oil and gas is possible.

Source rocks are present over a quarter of the
Oligocene-Miocene depositional area. The petroleum
generated by these source rocks is one-third gas and
two-thirds oil, and equals 12.5 percent of the world’s
original reserves. The Gulf Coast and Mississippi Delta
contain 34 percent of petroleum generated from this
interval. Source rocks containing humic organic matter
are abundant in the delta and in the Gulf Coast half sag.
Marine shale units that contain type III kerogen are
thought to be source rocks in the Gulf Coast (Tipsword
and others, 1971; Dow, 1978). However, their correlation
with hydrocarbons in fields is poorly defined.

In the Oficina area of the central East Venezuela—
Trinidad basin, the Oligocene-Miocene Oficina deltaic
shale, which contains type III kerogen, and the middle
Cretaceous Querecual sapropelic shale (La Luna
equivalent; now partially destroyed) supplied oil into
Miocene sandstones. In the eastern part of this basin,
pre-middle Miocene organic-rich prodeltaic shale (type
II kerogen) was the main source for petroleum in middle
and upper Miocene deltaic sandstones (Michelson,
1976). Good marine source rocks having mixed types II
and III kerogen (type III being more abundant) have
been identified in the lower Miocene section of the
Maracaibo basin (Blaser and White, 1984). Although
geochemical data indicate a dominant middle Cretaceous
(La Luna Formation) source for oil, a contribution from
the Eocene and Miocene sources to petroleum reserves
is probable in the deeper southeastern part of the basin.

The Oligocene-Miocene parts of the Akata and
Agbada Formations constitute most of the thermally
mature section of the Niger Delta. Type III kerogen and
coal in this section are believed to be the sources for rich
oil and gas fields (Nwachukwu and Chukwura, 1986;
Ejedawe and others, 1984). However, geochemical data
indicate very poor quality of the source rocks (Bustin,
1988) and suggest that a deeper, pre-deltaic source for
the oil is possible. More certainly, type III kerogen in
deltaic rocks is responsible for oil and gas reserves in the
Beaufort-Mackenzie basin of Canada (Snowdon, 1980)
and in the Mahakam basin of Borneo (Combaz and de
Matheral, 1978). In both areas, the resinite component of
the kerogen, which was derived mainly from the resin of
coniferous trees, is a significant source for oil (Snowdon,
1980; Shanmugam, 1985).

The bituminous, silicecous Monterey Formation
(Miocene) was deposited in wrench rifts of California.
This diatomaceous source rock gencrated giant oil
reserves of the region despite the small size of individual
basins (Graham and Williams, 1985; Crain and others,
1985). The Monterey Formation is one of a few examples
in which upwelling was probably important for deposition
of effective source rocks (Demaison and Moore, 1980).
Wrench rifts also controlled the deposition of Miocene
and Oligocene organic-rich lacustrine shales (Pematang
Brown Shale, Banuwati Shale) in several back-arc basins
of northeastern Sumatra and Java. These shales, which
contain type I kerogen, generated most of oil in this
region. Petroleum in the less productive Ardjuna and
Jutibarang basins of the same region was generated from
the fluviodeltaic, coal-bearing Talang-Akar Formation
(Oligocene-Miocene). These lacustrine and coal-bearing
source rocks provided the bulk of the petroleum reserves
of Indonesia (Kingston, 1979; Robinson, 1987; Gordon,
1985).
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The North China basin is the second richest basin
in China. Source rocks there are deep-lacustrine,
organic-rich shales that contain type I kerogen (Lao and
Gao, 1984; Li Desheng and others, 1984; Zha, 1984).
The source rocks occupy a number of relatively small
rifts beneath the Miocene-Pliocene sag. The precise
stratigraphic position of the source rocks in the Tertiary
section varies somewhat, but most of them are of Oligo-
cene age (Huang and others, 1984). Similar source rocks
of mainly Oligocene age are present also in the smaller
Biyang, Nanxiang, and Jianghan basins (Tong, 1980; Li
Chunju and others, 1984).

Source rocks are poorly identified in the South
Caspian basin because of their deep burial in the very
thick (more than 12.5 miles) sedimentary section. The
main production is from the middle Pliocene deltaic
sequence of the Baku and West Turkmenia regions.
However, Pliocene rocks are organically very lean
(organic carbon 0.2-0.4 percent) (Ali-Zade and others,
1975). Additionally, they are immature to depths of
about 2.5 miles because of the low geothermal gradient
(Korchagina and Zeynalova, 1986). The most probable
source for the large oil and gas reserves of the basin is the
Oligocene-lower Miocene Maykop Series and possibly
some middle Miocene rocks. The marine Maykop Series
has been drilled only in the shallower parts of the basin
and in the adjacent North Caucasus region, where it is
composed of similar lithofacies. The average content of
dominantly sapropelic organic matter in Maykop shales
is rather high (organic carbon 1.3-1.4 percent), especially
in the lower part of the series, where the content of
organic carbon commonly exceeds 3.5 percent (Burlakov
and others, 1987). The presence of syngenetic oil pools in
fractured shale reservoirs of the series suggests its high
petroleum generation potential (Chepak and others,
1983; Shcherbakov and others, 1983). The Maykop
Series and overlying middle Miocene organic-rich marine
shales are the most probable source for the large, but
now almost depleted, reserves of naphthenic oil in the
Tertiary section of the Groznyi and Maykop areas in the
North Caucasus foredeep.

The lower Miocene Rudeis Formation, composed
of deep-water marine shales, is commonly believed to be
the source for oil and gas in the Suez rift basin of Egypt
(Petroconsultants, 1982; Kholief and Barakat, 1986).
However, deeper Upper Cretaceous and Eocene lacus-
trine shales may also be responsible for a part of the oil
reserves (Clifford, 1986). The petroleum pools are in
carbonate and clastic reservoirs of Cretaceous through
Miocene age. Oligocene organic-rich shale (menelitic
shale), which contains type II kerogen, is the main source
for petroleum in the Ploiesti area of Romania (Paraschiv
and Olteanu, 1970) and in the Carpathian foredeep of
the western Ukraine in the U.S.S.R. (Gavrish, 1985). A
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number of other oil and gas producing areas in which
petroleum was generated by Oligocene-Miocene rocks
are present around the world, but their reserves are
small.

MAIN FACTORS CONTROLLING
DEPOSITION AND EFFECTIVENESS OF
SOURCE ROCKS

Geologic Age

It is a rather common conception that the
qualitative diversity and abundance of petroleum source
rocks increased through geologic time from the Late
Proterozoic to the late Mesozoic and Tertiary. The
well-known peak in hydrocarbon reserves in upper Meso-
zoic and Cenozoic rocks (Bois and others, 1982; Raaben,
1986; see also fig. 8) is considered a basis for this point of
view. The evolution of life, and especially the
colonization of land by plants, supposedly provided large
additional amounts of organic matter to sediments that
were not available before the late Paleozoic. The
concept, however, seems to us to be only partially correct.
Figure 4 illustrates the areal distribution of potential
source rocks in the six analyzed stratigraphic intervals.
(Source-rock areas were measured from the maps.)
Obviously, no regular increase of depositional areas of
source rock from the Silurian to the Oligocene-Miocene
is observed. The maximum area of source rocks is in the
middle Cretaceous interval, and the second largest is in
the Silurian deposits despite the more complex tectonic
history of the latter. A significant increase in area of
rocks having type III kerogen and coal (which became
dominant in Tertiary time) is accompanied by a decrease
of area overlain by rocks containing kerogen types I and
IL. Because rocks with type I kerogen are rare and are not
significant in the overall balance (having provided, by our
estimation, approximately 2.7 percent of the original
reserves of world petroleum), the relation shown in
figure 4 may be interpreted as the gradual elimination of
marine environments favorable for deposition of facies
enriched by sapropelic (type II kerogen) organic matter,
primarily the black-shale facies.

Therefore, the exceptionally large oil and gas
reserves generated by the Upper Jurassic and middle
Cretaceous stratigraphic intervals result not only from
the widespread availability of source rocks but also from
such other factors as preservation of source rocks, their
late maturation, and preservation of petroleum. Figure 5
shows the relative areas of once-deposited source rocks
that have been destroyed by deformation and meta-
morphism. Nearly two-thirds of Silurian source rocks,
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Figure 4. Relative areal extent of petroleum source rocks,
in percent of the total source-rock area for the six principal
stratigraphic intervals, The areas are measured from the
petroleum source-rock maps.

deposited mainly on wide platform margins of Gondwana
and southern Euroamerica, have been destroyed by the
subsequent splitting of northern Gondwana, by
Hercynian through Tertiary accretion of Gondwana
blocks onto Eurasia, and by the Hercynian collision of
northern Gondwana with Euroamerica. Silurian grap-
tolitic source rocks were also destroyed in a number of
Caledonian rifts that were deformed during the
Hercynian tectonic stage. The amount of destroyed
source-rock area diminishes progressively through
younger ages and is nearly zero for the Oligocene-
Miocene interval. When the destroyed areas are
subtracted, the areal extent of source rocks appears to
expand from the Silurian to the middle Cretaceous and
then decrease in the Oligocene-Miocene because of the
worldwide marine regression.

Figure 6 shows the areal extent of two groups of
source rocks (those with kerogen types I and II and those
with kerogen type III and coal) for the six stratigraphic
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Figure 5. Relative areas of deposited and destroyed
(deformed, metamorphosed) source rocks, in percent
of the total source-rock area of the six principal
stratigraphic intervals. The areas are measured from
the petroleum source-rock maps.

intervals considered in this paper versus the effectiveness
of source rocks (amount of generated petroleum
reserves) for the same intervals. Both the area of source
rocks for the intervals and the petroleum reserves
generated by the rocks are normalized to 100 percent for
easier comparison. The chart demonstrates that despite
the significant amounts of oil and gas generated by
kerogen type III and coal, this kerogen type is less
effective than kerogen types I and II. The percentage of
oil and gas reserves generated by kerogen types I and II
is larger than the corresponding percentage of total
source-rock area for all stratigraphic intervals except for
the Upper Devonian-Tournaisian, in which the value is
slightly lower. The ratio between the corresponding
percentages ranges from 0.77 to 1.73. This relation
contrasts with that for type III kerogen and coal, in which
this ratio varies from 0 to 0.56. The higher petroleum-
generation efficiency of kerogen types I and II is well
known from experimental geochemical studies and mass
balance calculations (Hunt, 1979; Kontorovich and
others, 1975). Our data show that this result is also
statistically correct for geologic environments despite the
fact that organic matter in source rocks almost always
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contains a mixture of kerogen types. However, usually
one type of kerogen is predominant or at least more
abundant, and, therefore, plays the main role in
petroleum generation,

Figure 6 suggests that the statistically evaluated
effectiveness of older source rocks per unit of preserved
area is only slightly smaller than that of younger (Meso-
zoic and Cenozoic) source rocks. Most probably, this
relation is due not to the lower quality of older source
rocks but to the poorer preservation of oil and gas in
older basins. In addition, Silurian and Upper Devonian—
Tournaisian source rocks have been deposited over the
wide platformal areas, some parts of which were not
involved in basin subsidence (some areas of northern
Gondwana, for instance). Kontorovich and others

SOURCE ROCKS
WITH KEROGEN

(1986), by analysis of 100 petroleum basins of different
ages, also show that the richness (amount of petroleum
reserves per unit of rock volume) of Paleozoic and
younger basins is statistically similar.

The oil-prone character of kerogen types I and II
and the essentially gas-prone character of kerogen type
III and coal are also well known from experimental
geochemical data. The statistical verification of this
difference in geologic environments is reflected in figure
7. For the Paleozoic stratigraphic intervals, the
quantitative relation of oil versus gas reserves generated
by kerogen types I and II appears random. This relation
clearly depends on the degree of kerogen maturation in
the major petroleum basins. The dependence of oil or gas
predominance on the degree of maturation is especially
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Figure 6. Relative areal extent of preserved source rocks versus their effectiveness. The
effectiveness is measured in amounts of original petroleum reserves generated by these source
rocks (shown on the lithofacies and structural forms maps). The total area of preserved source rocks
of the six principal stratigraphic intervals and the total original reserves of petroleum generated by
these source rocks are both normalized to 100 percent.
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Figure 7. Oil versus gas reserves generated by source rocks with kerogen types I and Il and those with kerogen type ill and
coal. The reserve amounts are expressed in percent of original petroleum reserves (based on barrels of oil equivalent)

generated by source rocks of each stratigraphic interval.

pronounced for Paleozoic source rocks because the main
reserves generated from these rocks are concentrated in
only a few major basins. For example, nearly three-
quarters of the petroleum reserves generated from Silu-
rian rocks are found in the Arabian-Iranian basin, where
the source rocks are overmature and the dominant type
of petroleum is gas. In contrast, Upper Devonian—
Tournaisian source rocks of the North American and
Russian cratons are mainly in the oil window, and most
petroleum is oil. For the Mesozoic and Cenozoic
stratigraphic intervals, the overmaturation problem is
statistically less acute and petroleum reserves generated
by kerogen types I and II are distributed in a larger
number of basins. In these reserves, the share of oil
significantly exceeds that of gas, as could be expected
from the geochemical properties of the kerogen. In
original reserves of petroleum generated by kerogen
types I and II of all principal stratigraphic intervals, the
amount of oil is more than twice the amount of gas.
Quite a different relation bctween oil and gas in
original petroleum reserves is observed for source rocks
with dominantly humic type III kerogen and coal.
Although such rocks had appeared already in Late
Devonian-Tournaisian time, the Chu-Sarysu basin in the
Kazakh Republic of the U.S.S.R. is the only area of the
world where Upper Devonian-Tournaisian rocks of this
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type have generated small amounts of reserves (Li and
others, 1982), and these are mainly gas. Beginning in
Pennsylvanian-Early Permian time, type III kerogen and
coal became a significant generator of petroleum.
However, through the middle Cretaceous, type III kero-
gen and coal yielded mainly gas with comparatively little
oil. Only in the Oligocene-Miocene did type III kerogen
become an important source of oil in original petroleum
reserves. We shall discuss this interesting change in
generative potential of type III kerogen later.

The petroleum reserves generated by various
stratigraphic intervals from the Late Proterozoic through
the Neogene are compared with petroleum reserves
entrapped in the same stratigraphic intervals in figure 8.
In this chart, we combined the Oligocene-Miocene
stratigraphic interval with the overlying Pliocene through
Holocene deposits. Data were insufficient to assign
discovered oil and gas reserves to these intervals
separately. In addition, the amount of petrolcum reserves
generated by Pliocene and younger sediments is trivial.
Oil reserves in basal Frasnian clastic rocks (Pashiy
horizon) of the Volga-Ural province were assigned to the
Lower-Middle Devonian interval because they constitute
a single reservoir formation with Middle Devonian
sandstones. Petroleum reserves that occur in the lower
Upper Permian section of the Greater Permian basin
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Figure 8. Original petroleum reserves generated versus those trapped in Upper Proterozoic through Quaternary strata. Total
world’s original reserves of petroleum are normalized to 100 percent. Reservoir formations of major petroleum basins are

indicated in table 1.

(United States) were calculated together with the
reserves of the Pennsylvanian-Lower Permian interval
because they belong in a single reservoir sequence.
Vertical redistribution of generated petroleum in
the stratigraphic succession is obvious from the chart. Of
the six principal generating intervals, only two contain
reservoirs for more petroleum than have been generated
by these same intervals. The large reserves in the Penn-
sylvanian-Lower Permian reservoirs, we infer, are
explained by the exceptional role of widespread Permian
evaporites (fig. 3), which sealed oil and gas generated
from rocks of this and older stratigraphic intervals. The
youngest interval also contains more original petroleum
reserves than have been generated by Oligocene-
Miocene source rocks. This result is partly due to large
reserves in the Pliocene strata (as in the Gulf Coast and
the South Caspian basin, for instance) that were
aggregated in these calculations with the reserves of the
Oligocene-Miocene interval. The four other principal
stratigraphic intervals, although rich in entrapped oil and
gas, contain less petroleum than was generated by rocks
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of those same intervals. In contrast, stratigraphic inter-
vals poor in source rocks, such as the Upper Permian—
Middle Jurassic and Neocomian intervals, contain large
oil and gas reserves.

The direction of vertical migration of hydrocarbons
generated by the six principal source-rock intervals and
the stratigraphic position of the receiving reservoirs are
shown in figure 9. Each number is a percentage of the
world’s original petroleum reserves entrapped in a
corresponding stratigraphic unit and assigned to a source
rock in one of the six principal stratigraphic intervals. The
numbers in diamond shapes represent the portion of
petroleum trapped in the generating interval. The
numbers in circles represent the vertically migrated
portion of petroleum.

Of course, migration into stratigraphically higher
or lower strata does not necessarily correspond to actual
upward or downward movement in all geologic
situations. For example, in rifts, reservoir rocks on horsts
were commonly filled by flow updip and through faults
from younger source rocks in adjoining grabens.
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Stratigraphically downward but structurally upward
vertical migration commonly occurred along uncon-
formities. These unconformities separate two successive
structural forms, such as a sag over a rift, and are
conduits for migrating oil and gas. In less tectonically
disturbed structural forms, such as platforms and various
sags, the stratigraphic and physical directions of vertical
migration are usually consistent. Because these simpler
structural forms contain the bulk of world’s oil and gas
reserves, we consider migration into older and younger
stratigraphic units as being approximately equivalent to
downward and upward migration, respectively.

As is obvious from figure 9, upward migration
dominates. However, the migration into older rocks is
also common for the stratigraphic intervals from the
Silurian through the middle Cretaceous. Very little
migration into older rocks is recorded for the Oligocene-
Miocene interval. Such migration does occur locally, but
the amount of petroleum involved is small. A good
example is the Sinian (Upper Proterozoic) carbonate
reservoirs in the “buried hill” structures of the North
China basin, which are filled with petroleum that
originated in onlapping Tertiary source rocks (Fei and
Wang, 1984).

There is a principal geologic difference between
the upward and the downward migration of petroleum.
The vertical distance of upward migration is limited only
by the presence of a reliable regional seal. Oil and gas
commonly transit thick sections of rocks before being
trapped beneath a seal. In the Volga-Ural province, for
example, oil generated from Upper Devonian rocks
(Domanik Formation) is found in all units of the
overlying thick (5,000-10,000 feet) Upper Devonian
through Upper Permian stratigraphic succession. In
contrast, downward migration is always short-distance
and reaches only as far as the reservoirs directly
underlying the source rocks. This difference in the
distances of vertical migration upward and downward
reflects the different driving mechanisms of the
migration: abnormally high fluid presscre in source rocks
for the downward migration and mainly buoyancy
(beyond the source rock) for the upward migration.

The characteristics of the upward and downward
migration resulted in a specific stratigraphic range of
petroleum productivity in each basin. In general, a
productive sequence connected with one or more source
rock units is restricted by a regional seal at the top and
includes a reservoir rock unit directly underlying the
source rock, at the bottom. A productive sequence
commonly includes unconformities that are important
conduits for migration of oil and gas. Therefore,
productive sequences are very different from tectono-
stratigraphic sequences, which reflect the major tectonic
stages in basin development. A productive sequence in a
petroleum basin, or in a laterally isolated part thereof,
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was called an independent petroleum system (IPS) by
Ulmishek (1986). The independence of a petroleum
system is understood in the sense that the distribution of
oil and gas in the system resulted from the generation,
migration, entrapment, and preservation of hydro-
carbons within this system and was not affected by
processes occurring outside the system.

The vertical separation of a basin into IPS’s may be
exemplified by northern West Siberia. The lower system
comprises Jurassic source rocks and the Aptian shale
regional seal that controls very large accumulations of
thermogenic gas condensate and smaller oil pools in
Neocomian sandstone reservoirs. The upper IPS includes
the Albian and Cenomanian Pokur Series, which was a
source for biogenic dry gas. The gas is trapped in
sandstones under the Turonian shale regional cap rock.
The sealing capacity of Turonian shale is enhanced by
permafrost and related gas hydrates.

A good example of the horizontal separation of a
petroleum basin into IPS’s is found in the North China
(Huabei-Bohaiwan) basin. The basin consists of eleven
Eocene-Oligocene rifts that are overlain by Neogene sag
rocks. Source rocks of the Oligocene Shahajie and
Dongying Formations occur in the separate rifts, each of
which is an IPS. Large oil reserves have been discovered
in these formations, in the underlying Kongdian
Formation, and in basement rocks (Zhang, 1985).

The Arabian-Iranian basin also exemplifies the
controlling role of IPS’s in the distribution of oil and gas
reserves. At least four systems are present. Each contains
a source rock, a reservoir rock, and a regional seal, and
each had its own specific mechanism of migration and
entrapment. Silurian graptolitic black shale generated
gas that migrated into unconformably overlying Permian
and Triassic carbonate and clastic reservoir rocks. The
reservoirs are capped by an extensive evaporite seal of
Triassic age. This combination of source rock, reservoir
rock, and seal forms a regional, stratigraphically limited
IPS. The IPS has not been charged from other source
rocks and has not leaked hydrocarbons outside the
system.

Upper Jurassic bituminous black shale of the
Arabian-Iranian basin generated petroleum that
migrated into Kimmeridgian carbonate reservoirs
capped by Tithonian evaporites. This is also a regionally
extensive, stratigraphically limited IPS. The third
stratigraphically limited system of moderate areal extent
has been charged by petroleum generated from Aptian
bituminous shale. The reservoir rocks are Aptian
sandstones capped by the Albian shale. Aptian black
shale was also the major source rock for Oligocene-
Miocene fractured carbonate reservoirs under Miocene
salt and anhydrite in the Zagros foredeep. Probably,
petroleum originally migrated into Upper Cretaceous
rocks (“way stations”) and later remigrated into Tertiary



carbonate rocks after the late Tertiary folding. This
combination of source, reservoir rock, seal, and traps
represents an IPS of a wide stratigraphic range and a
moderate, orogenically limited areal extent. The concept
of IPS’s has much in common with the generative basin
concept of Demaison (1984). However, the IPS concept
stresses the importance of regional seals and emphasizes
generation, entrapment, and preservation of oil and gas
in an essentially isolated fluid system.

Paleolatitudes

A warm, moist climate, characteristic of low to
moderate paleolatitudes, supported abundant organic
life and is believed to be a favorable factor for deposition
of source rocks (Grunau, 1983). Generally, our data
confirm this point of view; 66.4 percent of the total
source-rock area of the six principal stratigraphic
intervals was located in the tropical and temperate paleo-
climatic zones, less than 45° north or south of the
paleoequator. Only 33.6 percent of the source-rock area
was at paleolatitudes greater than 45° (subpolar and
polar zones). The causes of this distribution are not
obvious and most probably are not connected with
exclusively biologic factors. Marine tropical waters are
very favorable for high diversification of life forms but
not necessarily for large biomass and a correspondingly
large supply of organic matter into sediments. Deposition
of black-shale facies was usually facilitated by extreme
abundance of a very few species, commonly blue-green
(cyanobacteria) and green algae. In general, organic-rich
marine rocks contain a poorer, less diversified fauna than
adjoining organic-lean normal marine rocks; this
relationship was well shown, for example, for Paleozoic
rocks of the Siberian craton (Bazhenova, 1986). On land,
extremely high productivity is characteristic of tropical
rain forests. However, peat bogs and other
accumulations of organic material are very uncommon
there because of the high rate of decomposition of
organic matter (Nikonov, 1959; Bates, 1960). An
explanation for the abundance of source rocks in low
paleolatitudes was proposed by Bois and others (1982),
Parrish (1982), and North (1985). They suggest that
conditions were favorable for formation of anoxia in the
Mesogea Ocean (Tethys). For most of Phanerozoic
geologic history, this ocean was located in low paleo-
latitudes and was significantly isolated from oxygenated
polar waters by latitudinal continental barriers.

The areal distribution of potential source rocks by
paleolatitudinal zones, as measured from the source-
rock maps of the six principal stratigraphic intervals, is
shown in figure 10. Paleozoic source rocks with kerogen
types I and II, except for those of the Silurian interval, are
almost exclusively confined to the low paleolatitudinal

zones. The presence of a large Silurian source-rock area
in higher paleolatitudes, as discussed above, may result
from the incorrect interpretation of the position of the
northern Gondwana margin. Alternatively, the depo-
sition of Silurian source rocks in high paleolatitudes
might result from the dominance of graptolitic organic
matter in that interval. The paleoecology of graptolites is
poorly known; planktonic forms of these animals
probably flourished in both cold and warm waters (Erdt-
mann, 1982).

Beginning with the Upper Jurassic interval, source
rocks with kerogen types I and II became noticeably
more common in high paleolatitudes. However,
significantly larger source-rock areas still remained in the
tropical and temperate zones. Source rocks deposited in
high paleolatitudes are especially abundant in the Upper
Jurassic. Black-shale facies of this age cover large areas
of West Siberia, the Barents and North Seas, and the
Sverdrup basin. Widespread deposition of black-shale
facies in high latitudes during the Mesozoic contradicts
the concept of Bois and others (1982), Parrish (1982),
and North (1985). As discussed above, their concept
connects favorable conditions for anoxia and resulting
black-shale deposition with the east-to-west elongation of
the Tethyan Ocean. Yet, beginning in the Jurassic, the
Tethys reached its greatest latitudinal extent as a result of
the splitting of northwestern Gondwana and Laurasia.
The partial shift of black-shale facies into higher
latitudes, which is especially significant in the Upper
Jurassic interval, could be caused by the development of
favorable structural forms in the northern subpolar
regions, as will be discussed below.

A very different areal distribution is characteristic
for source rocks that contain dominant type III kerogen
and coal. These source rocks are absent in the Silurian
interval and appear only in minor amounts in the Upper
Devonian-Tournaisian at low paleolatitudes. Evidently,
during the initial stage of their expansion, terrestrial
plants were mainly or exclusively confined to the tropical
and subtropical climatic zones. In the Pennsylvanian—
Lower Permian interval and in the Mesozoic intervals,
the latitudinal distribution of humic organic matter (type
III kerogen and coal) in source rocks is opposite to that
of sapropelic organic matter. The largest depositional
areas of potential source rocks with type III kerogen and
coal were located in high latitudes, in the subpolar and
polar climatic zones. However, during Tertiary time,
source rocks containing type III kerogen and coal were
again deposited mainly in the tropical and temperate
paleoclimatic zones. This reverse shift of source-rock
deposition was mainly due to the formation of large
deltas in which type III kerogen dominates. It should be
noted that the described areal distribution of source
rocks with type III kerogen and coal is more conjectural
than that given for kerogen types I and II because the
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Figure 10. Relative areal distribution of source rocks of the six principal
stratigraphic intervals by paleolatitudinal zones. Source-rock areas are measured
from the petroleum source-rock maps. Source-rock area of each stratigraphic

interval is normalized to 100 percent.

identification of potential source rocks in nonproductive
areas is more subjective. Many lithologies contain
moderate amounts of terrestrially derived organic
matter; in most cases, however, we designated as
potential source rocks only coal-bearing formations or
rocks significantly (in excess of 2 percent) enriched by
dispersed coaly organic matter.

A comparison of the areal extent of both
designated groups of source rocks with their effectiveness
(amounts of generated oil and gas reserves), in low and
high paleolatitudes, is presented in figure 11. To facilitate
the comparison, both the total oil and gas original
reserves generated by source rocks of the six principal
stratigraphic intervals and the total areal extent of these
source rocks were normalized to 100 percent. Areas of
destroyed source rocks were subtracted from
calculations. The chart reveals a prominent feature: only
for source rocks with kerogen types I and II, deposited in
low paleolatitudes, does the effectiveness (in comparable
units of measurement) greatly exceed the areal extent. In
contrast, the effectiveness of the three other groups of
source rocks is much lower than their areal extent. The
result could be expected for both paleogeographic
groups of source rocks with kerogen type III and coal; as
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was shown above, the effectiveness of these source rocks
is statistically lower than that of rocks containing kerogen
types I and II. But the quality of kerogen types I and I in
source rocks that were deposited in high latitudes does
not explain their low effectiveness. This quality is
commonly very good, as is demonstrated by the Upper
Jurassic Bazhenov Formation of West Siberia—one of
the most efficient source rocks in the world. The higher
effectiveness of source rocks with kerogen types I and IT
in low latitudinal zones is connected with two factors
other than the quality of source rocks. The first of them
is commonly high reservoir capacity due to the wide
development of reefs and other carbonate reservoir
rocks. Reservoirs in low latitudes include both carbonate
and siliciclastic rocks. In polar and subpolar regions,
however, only siliciclastic rocks are potential reservoirs,
and many of them are characterized by “dirty” lithology.
Another important factor is the large areal extent of salt
and anhydrite in low paleolatitudes. These evaporite
rocks commonly overlay large basinal areas, providing
excellent regional seals. A comparable special cap rock in
northern latitudes is permafrost, but only in northern
West Siberia is it known to seal large gas reserves.
In the geological record, permafrost is an ephemeral



PALEOLATITUDES

0-45° 45-90°
EFFECTIVE- EFFECTIVE -
EXTENT | NEss EXTENT | NESS

SOURCE ROCKS

17.

WITH KEROGEN 6 12.5
TYPES | AND I :::::}:::::::::1
SOURCE ROCKS 20.6 231

WITH KEROGEN S 10.4 8.7
TYPE lll AND COAL m m

EXPLANATION
Areal extent, percent of total Effectiveness, percent of
source rock area of six g petroleum reserves

principal intervals

generated by six principal
intervals

Figure 11. Relative areal extent versus effectiveness of source rocks by paleolatitudinal
zones. The effectiveness is measured in amounts of original petroleum reserves generated by
source rocks. Both total area of source rocks of the six principal stratigraphic intervals and total
petroleum reserves generated by these source rocks are normalized to 100 percent.

phenomenon; unlike evaporites, it has controlled the
migration and the preservation of petroleum only for
short periods during recent time. Black-shale facies with
type II kerogen, carbonate reservoir rocks (especially
reefs), and overlying evaporites were commonly
juxtaposed and genetically related. This common
association resulted in a high endowment of oil and gas.
No such genetic and spatial connection has been found
between siliciclastic reservoir rocks, seals, and source
rocks with type III kerogen and coal. That is why the
effectiveness of these source rocks, whether deposited in
low or high paleolatitudes, does not differ significantly.

Structural Forms

Structural (morphotectonic) forms reflecting
tectonic stages in basin development significantly
affected source-rock deposition. The structural regime
controlled relief in and near areas of deposition, the
distribution of sources of clastic material, and the rates of

subsidence and sedimentation. Figure 12 demonstrates
the effectiveness of source rocks that were deposited in
various structural forms represented in the six principal
stratigraphic intervals. As seen from the chart, three
structural forms out of the seven distinguished in this
study are responsible for the bulk of oil and gas reserves.
Source rocks that have been deposited in these three
structural forms—platforms, circular sags, and linear
sags—provided 77.7 percent of original reserves
generated by the six principal stratigraphic intervals. The
four other structural forms together provided only 22.3
percent of the original reserves of petroleum.

The effectiveness of the two groups of source rocks
(those with kerogen types I and II and those with kerogen
type III and coal) varies differently among the structural
forms. The effectiveness of source rocks with humic (type
IIT and coal) kerogen varies relatively little in different
structural forms, whereas the analogous variation for
source rocks with kerogen types I and II is very
significant. Petroleum reserves generated by type I kero-
gen are not large; in our assessment, they constitute
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approximately 2.7 percent of the original reserves of
world petroleum. Therefore, we conclude that structural
forms controlled primarily the deposition of source rock
with type II kerogen: that is, dominantly black-shale
facies. These facies were deposited chiefly and, since the
late Paleozoic, probably exclusively under anaerobic and
dysaerobic conditions. Over geologic time, as reflected in
figure 12, these conditions have occurred preferentially
on platforms and in circular and linear sags, less
commonly in rifts and foredeeps, and never in deltas and
half sags. '

The distribution of original petroleum reserves that
have been generated from source rocks deposited in
various structural forms during each of the six principal
time intervals is shown in figure 13. The chart reveals an
interesting feature: for each of the time intervals, source
rocks that generated the bulk of petroleum reserves were
deposited in only one or two structural forms. Even more
important is that each structural form controlled
deposition of effective source rocks only during one or
two time intervals. Deposition of effective source rocks
on platforms occurred preferentially in the Silurian and
Late Devonian-Tournaisian time intervals. Very few
effective source rocks were deposited in other structural
forms during these times. During the Mesozoic (Late
Jurassic and middle Cretaceous intervals), the principal
sites for deposition of effective source rocks were linear
and circular sags; other structural forms were relatively
unimportant. Half sags and deltas only gave rise to
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source rocks during the Oligocene-Miocene interval. The
bulk of effective source rocks in rifts and foredeeps were
deposited during the Pennsylvanian-Early Permian and
Oligocene-Miocene time intervals, which correspond to
the climaxes of the Hercynian and Alpine orogenies.

The preference of effective source rocks for rifts
and foredeeps during the Pennsylvanian-Early Permian
and the Oligocene-Miocene probably had a dominant
tectonic cause. Rifts and foredeeps were the only
structures that experienced active subsidence during the
orogenic events. Thus, these structures accumulated
both black-shale facies (where the subsidence rate
exceeded the rate of sedimentation) and coaly clastic
sediments (where the sedimentation rate was higher).
Slowly subsiding platforms and linear and circular sags
(except for very deep basins with oceanic crust, such as
the North Caspian basin) were commonly overwhelmed
by orogenic molasses. In such circumstances, these
platforms and sags rarely were favorable for formation of
organic-rich rocks.

The relocation of effective source-rock deposition
from platforms in the early and middle Paleozoic to
circular and linear sags in the Mesozoic and to half sags
and deltas (depocenters) in the Cenozoic most probably
was not caused by a single controlling factor. One of the
factors was the tectonically controlled preservation of
structural forms and associated source rocks during
geologic history. Structural forms that were developed on
the Silurian and Late Devonian plate margins, such as
rifts, foredeeps, half sags, deltas, and many circular and
linear sags, were deformed during subsequent tectonic
events. Deformed structural forms of Pennsylvanian—
Late Permian and Mesozoic ages are principally limited
to half sags and deltaic depocenters, but some rifts and
foredeeps were also subjected to destructive defor-
mation. For the Oligocene-Miocene time interval,
however, the whole spectrum of structural forms has
been preserved everywhere except for a few areas of
presently active plate margins. However, tectonic
developments do not completely account for the changed
role of various structural forms in source-rock deposition
through time. We believe that another important cause
of this change was the evolution of life on the earth.

Biologica! Evolution

The significance of biological evolution for the
genesis of oil and gas is poorly understood. In the great
majority of publications concerning paleogeographic and
paleostructural conditions of source-rock deposition, the
evolution of biota, although acknowledged in principle, is
treated in very general terms. The event most commonly
referred to is the development of higher plants on the
land in the middle Paleozoic, which resulted in the
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Figure 13. Effectiveness of source rocks deposited in various structural forms within each of the six
principal stratigraphic intervals, in percent of original petroleum reserves generated by source rocks of
the six intervals. The reserve amounts are calculated and are related to specific structural forms from
data shown on the lithofacies and structural forms maps.

appearance of coal and terrestrially derived organic
matter as new sources for oil and gas. The minimal
attention given to paleobiological problems by petroleum
geologists and geochemists probably results from the fact
that organic matter in marine sediments was chiefly
derived from single-cell phytoplankton during all of
geologic history. It is believed that the major groups of
phytoplankton (especially cyanobacteria), once they had
appeared, were essentially immutable and that their basic

chemical composition has changed little from at least
Late Proterozoic time (Guseva and others, 1981; Stew-
art, 1983). Black-shale facies of different ages have a
surprisingly monotonous geochemistry, and through the
ages their organic matter has been derived mainly from
the same groups of phytoplankton, particularly cyanobac-
teria (blue-green algae) and green algae (Parparova and
others, 1986). However, very few publications have
specifically dealt with the changes in the paleogeographic
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environments of organic-matter accumulation that
resulted from the evolution of the biosphere
(Biilow, 1959; Davitashvili, 1971; Eremenko and
others, 1986). We will discuss here those evolutionary
problems that might account for the changes in paleo-
geographic and paleostructural settings of source-rock
deposition and that are apparent from our maps. These
changes and the major evolutionary events discussed
below are summarized in figure 14.

Two biological principles are important in
interpreting source-rock deposition. First, every ecologic
community, since at least the Late Proterozoic, consisted
of three basic groups of organisms: producers,
consumers, and decomposers (Bates, 1960). Producers
(photosynthetic plants) synthesize organic matter from
inorganic substances and provide the ultimate food base
for the two other groups. Consumers (animals) eat the
organic matter and are themselves organized into food
chains. Much of organic matter on the land and some in
the sea is not consumed in the food chains. The
remaining organic matter is subjected to aerobic and
anaerobic bacterial decomposition (decomposers). The
bacterial decomposition, especially anaerobic, does not
result in complete oxidation of organic matter. More

TYPICAL CONDITIONS OF

stable components of this organic matter, such as lipids,
tend to accumulate in sediments. In certain cases,
bacteria themselves provide a significant share of the
accumulated organic material (Tissot and Welte, 1984).
In general, the loss of organic matter in anaerobic
decomposition is rather small; in some assessments, it
does not exceed 35 percent (Parparova and others,
1986). In the aerobic aquatic environment, the role of
bacterial decomposition is restricted, and the bulk of
organic matter is consumed by the metazoan population
(Degens and Mopper, 1976). .

The second principle is that the amount of organic
matter buried in marine sediments depends little on the
rate of bioproduction. This amount is controlled mainly
by the balance between organic matter production and
destruction (the latter includes consumption and
decomposition). In many highly bioproductive areas,
such as upwelling zones, the amount of organic matter

buried in sediments is very low. (For example, see”

Hubert and others, 1977.) The inorganic oxidation of
organic matter, compared with biological destruction, is
highly inefficient and probably never has played a
significant role in the aquatic environments. Therefore,
the amount of accumulated organic matter depends
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Figure 14. Changes in typical conditions of source-rock deposition through Phanerozoic time and major events of biological

evolution that affected these changes. SL, sea level.

36 Effectiveness of World’s Petroleum Source Rocks



mainly on the activity of consumers and decomposers. At
present, this activity is regulated exclusively by the
availability of oxygen, but it probably was not so during
carlier stages of geologic history.

In terrestrial environments, aerobic bacterial
decomposition of organic matter is more important than
in the aquatic environments. Much of the terrestrial
bioproduction (wood, for example) is not digestible for
most animals and is decomposed by bacteria and sapro-
phytic plants. In a sense, the terrestrial biosphere is
underdeveloped because the evolution of consumers has
not reached the point at which nearly all of the available
food resource is utilized.

Conditions favorable for formation of marine
organic-rich rocks in the Late Proterozoic and early
Paleozoic differed from those that existed in later
geologic times. Most probably, this difference was related

-to the level of biological evolution reached by both
consumers and decomposers. In addition to the deep-
water basinal facies deposited primarily in rifts (which
were mostly destroyed by later deformation and meta-
morphism), organic-rich source rocks of Late Protero-
zoic and early Paleozoic age were widely formed in
shallow seas on the cratons. These were commonly
deposited not only under anaerobic conditions but also in
dysaerobic and aerobic environments.’

Stromatolitic dolomites, which were deposited
under undoubtedly aerobic conditions in shallow water,
are important source rocks in the Upper Proterozoic,
although organic-rich black shales are also known (for
example, in the Grand Canyon area of Arizona; Reynolds
and others, 1988). Unlike Phanerozoic dolomites,
stromatolitic dolomites are characteristically richer in
organic matter and bitumen than the underlying and
overlying shales. Dolomite of the Sinian Denying
Formation was the source for large gas pools in the
Sichuan basin of China (Tang and Zhang, 1984). Algal
dolomite of the Starorechensk Formation (Upper
Proterozoic) in the north-central part of the Siberian
craton was the only possible source for the large
Rossokhin bitumen deposit in underlying sandstone
(Klubov, 1983). Dolomite of the Riphean (upper
Proterozoic) Kaltasin Formation of the eastern Russian
craton is believed to be a source for oil shows in drill
holes (Lagutenkova and Chepikova, 1982).

Widespread deposition of organic-rich sediments
on platforms.continued into the early Paleozoic. These

*In the present-day seas, the following ranges of oxygen
content, in milliliters per liter, characterize environmental zones: less
than 0.01, anaerobic; 0.01-1.0, dysaerobic; more than 1.0, aerobic
(Byers, 1977). The oxygen content in ancient seas was probably less,
owing to the lower concentration of oxygen in the atmosphere.
However, the relative positions of the zones and their effects on the
ecologic communities were similar to those of the present.

platforms may have been slightly deeper than those of the
Late Proterozoic, but they were open to the ocean, for no
evidence of structural or sedimentary barriers exists. The
organic-rich rocks contain some benthic organisms, many
of which are eurytropic and might be able to withstand
dysaerobic, but not anaerobic, conditions over the
bottom. Examples are numerous and we shall mention
only a few:

(1) The Middle Cambrian to Tremadocian alum
shales were deposited over large areas of western Fen-
noscandia in a shallow sea of the then stable craton
(Andersson and others, 1985). These black radioactive
shales with organic carbon content as high as 20 percent
locally contain brachiopods and trilobites. However,
widespread lenses of organically very rich carbonate
rocks (stinkstones) contain abundant and diversified ben-
thic fauna. The absence of bioturbation in the adjoining
shales and the continuation of fine lamination from
shales into stinkstone lenses suggest that the anoxic/oxic
interface was at, or very close to, the bottom surface. The
preservation of organic matter in the fossiliferous stink-
stones indicates low activity of the consumer population.

(2) The Lower and Middle Cambrian Kuonam
Formation and its stratigraphic and facies analogs overlie
an area of about 300,000 square miles in the northern
and eastern parts of the Siberian craton. The formation is
mainly composed of black and dark-brown clayey and
siliceous limestones with beds of black shale. All rocks
contain abundant organic matter (type II kerogen), some
as much as 25 percent. On the west, the black-shale facies
passes into archaeocyathan and algal limestones that
form a barrier reef 15 miles wide (Zhuravleva, 1985). A
giant evaporitic basin, 1,250 miles wide, was located west
of the barrier reef. The Kuonam Formation contains
abundant trilobites but is devoid of archaeocyaths
(Bazhenova, 1986). Large benthic trilobites (Paradox-
ides) and brachiopods (Linnarssonia) are present in
black shales together with probably pelagic trilobites
(Miomera) (Pel'man, 1982). Paradoxides are especially
abundant in small (commonly only 1.5 X 3 feet) limestone
lenses among black-shale facies. These lenses also
contain abundant brachiopods of the genus Arcotretidae
(filter-feeders) and sponge spicules. The black-shale
facies were deposited on a shelf open eastward to the
ocean, probably under dysaerobic to aerobic conditions.
The depth of the shelf was not great, as the Kuonam
Formation is underlain and overlain by shallow-water
variegated limestones with a rich benthic fauna (Bakh-
turov, 1985).

(3) Kukersite is probably the best studied black-
shale facies of Ordovician age. This facies overlies an
area of about 40,000 square miles in the Baltic region of
the U.S.S.R. south of the Fennoscandian shield. The
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content of organic carbon in the black calcareous shales
reaches 30 percent and more. The black shales contain an
abundant and diversified shelly fauna commonly buried
in live position, remnants of benthic algae, and, rarely,
worm burrows. The depositional environment is
interpreted as a relatively shallow but hydrologically
quiet shelf with well-oxygenated bottom waters (Fomina,
1959; Raudsepp, 1959). Analogous Ordovician organic-
rich facies are widespread on the North American and
Australian cratons (Jacobson and others, 1988). The
organic matter was mainly derived from the benthic alga
Gloeocapsamorpha prisca, which probably formed mats
on the sea bottom.

(4) Organic-rich graptolitic shales of Ordovician
and Silurian age were deposited in diverse conditions
ranging from deep-water marine basins of geosynclines
and rifts to shallow-water platforms on cratons. In deep-
water basins, such as the Hazen rift of the Franklinian
geosyncline in northern Canada, anoxic conditions
dominated and a rare shelly fauna is present as redepos-
ited occurrences (Trettin, 1978). On many platforms
where planktonic graptolites are dominant, as in the
Baltic region, for example, some eurytropic thin-shelled
brachiopods such as Paterula are nevertheless common
(Surlyk, 1980; Sokolowski, 1970). Very thin, laterally
discontinuous layers of graptolitic shales occur in the
Ordovician section of the eastern part of this region
among light-colored shallow-water limestones (Geode-
kyan and others, 1976). Abundant trilobites are reported
in Ludlovian graptolitic shales of the Podlyas depression
in Poland (Tomczykowa and Tomczyk, 1971). Pelecy-
pods occur with graptolites in Ordovician strata of the
Taimyr Peninsula in Russia (Nikiforova and Obut, 1965).
Small brachiopods, pelecypods, and ostracodes are
abundant in Llandoverian graptolitic shales of the
Siberian craton (Tesakov and others, 1986). Chitinozo-
ans and pelecypods are reported in Silurian organic-rich
graptolitic facies in the Kufrah basin of Libya (Turner,
1980). However, none of these graptolitic shales include
a rich stenotropic shelly fauna. Dysaerobic or alternating
dysacrobic and anaerobic conditions were, probably,
most characteristic for the environments of graptolitic
black-shale deposition.

(5) The Frasnian (Upper Devonian) Domanik
Formation extends over hundreds of thousands of square
miles of the Russian craton’s eastern margin from the
Barents Sea to the Caspian Sea. The formation is
typically 70-130 feet thick and consists of dark-brown to
black clayey and siliceous limestones with interbeds of
marl and thin-bedded calcareous shale. The content of
organic carbon is largest in the shale (to 20 percent), but
the limestones are also organically rich (3—6 percent).
The shale generally contains only pelagic fauna
(goniatites, tentaculitids) and is devoid of bioturbation.
The limestones, however, in addition to pelagic forms,
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contain thin-shelled brachiopods (Liorhynchus and Lin-
gula), small pelecypods (Buchiola and Pterochaenia), and
ostracodes (Entomazoe) (Mirchink and others, 1965).
The ostracodes and Pterochaenia were probably epi-
planktonic (sargassoid fauna). The rest of the fauna was
probably benthic, indicating dysaerobic conditions,
probably, with short anaerobic intervals during
deposition of shale. The sea was not very deep (probably
not more than a few tens of meters) because, in many
areas, the Domanik Formation is underlain and overlain
by undoubtedly shallow-water rocks including reefs.

(6) Upper Devonian-Lower Mississippian black-
shale facies of the North American craton were
deposited in conditions grading from anaerobic to dys-
aerobic. The areal distribution of these conditions was
probably controlled by the varying water depth and the
local hydrologic circulation. Mostly the depth of the sea
did not exceed several tens of meters (McCollum, 1988);
the shales are commonly overlain by shallow-water rocks.
A lack of bottom life and complete anoxia were
characteristic for the Middlesex Shale in the deeper
Appalachian ‘basin (Byers, 1977; Russell, 1985) and
mostly also for the Antrim Shale in the Michigan basin
(Gutschick, 1987). In contrast, a dysaerobic depositional
model has been developed for the organic-rich
Mississippian Delle Phosphatic Member (Woodman
Formation) of the Deseret basin in Utah and adjacent
States (Sandberg and Gutschick, 1979, 1984). Poor,
sparse benthic fossils and signs of bioturbation indicate
dysaerobic rather than anaerobic conditions in a number
of other localities: in the Ohio Shale near Lake Erie
(Broadhead and others, 1982), in the Grassy Creek and
Blocher Shales of the Illinois basin (Bergstrom and
others, 1980), in the Duvernay Formation of Alberta
(Stoakes, 1980), and in the Bakken Formation of North
Dakota (Webster, 1984).

The described characteristic examples indicate
typical depositional environments of organic-rich marine
rocks during Late Proterozoic through middle Paleozoic
time. A very shallow-water carbonate, even reefal,
aerobic environment of deposition was characteristic for
the late Proterozoic. The concentration of organic carbon
in Upper Proterozoic stromatolitic dolomites is not very
large; usually it ranges from 0.5 to 1 percent. This low
concentration may be due to the relatively high
sedimentation rate of these dolomites and the resulting
dilution of organic matter. Since Cambrian time, marine
organic-rich rocks have not been formed in this
environment. Cambrian and Ordovician black-shale
facies were evidently deposited on slightly deeper shelves
that had open connections with the ocean. The difference
in sea depths from adjoining organic-lean reefal facies
could be very small, as exemplified by the Kuonam
Formation of the Siberian craton. The depositional
environment ranged from anaerobic and dysaerobic



(alum shales) to aerobic (kukersite). Where present, the
anaerobic zone commonly was very thin, as indicated by
numerous lenses of fossiliferous stinkstone among alum
shales. Significantly, the anoxicity did not essentially
control the organic richness of rocks; for example,
kukersite, deposited in aerobic conditions, commonly
contains organic carbon in excess of 30 percent. The
deposition of the black-shale facies on slightly deeper
open shelves continued during the Silurian and Devo-
nian, but it no longer occurred under aerobic conditions.
However, it continued to occur quite commonly in the
dysaerobic environment.

The deposition of black-shale facies in the present-
day seas occurs only in the anoxic environment (Demai-
son and Moore, 1980). Metazoan consumers and aerobic
bacterial populations utilize organic matter until the

* - available oxygen supply is exhausted. In the anoxic zone,

sulfur bacteria reduce sulfates, creating poisonous
hydrogen sulfide. The deposition of abundant organic
material under aerobic and dysaerobic conditions during
Late Proterozoic to middle Paleozoic time indicates low
activity of both consumers and decomposers, which did
not fully utilize oxygen and organic matter as the
available energy source. The efficiency of this utilization
was probably restricted by the level of evolutionary
development reached by consumers and decomposers.
The Ediacara deposit of Australia is a
demonstrative example of inefficient consumption of
organic matter in Late Proterozoic time. The deposit is
famous for the Precambrian soft-bodied fauna that
occurs in shallow-water siliciclastic rocks (Glaessner,
1966). The rocks were deposited in an oxygenated,
moderately turbulent environment. The excellent
preservation and abundance of the soft-bodied Ediacara
fauna indicates the absence or scarcity of carrion-eating
animals. Especially surprising is the fact that such
animals as medusids could be buried in the sediment
before decomposition, which in analogous present-day
conditions occurs in about 10 days (Gall, 1983). The
preservation of soft bodies in Phanerozoic rocks is
exceedingly rare and occurs only in very special cases.
Partly this rarity is explained by higher activity of
burrowing infauna in the Phanerozoic than in the latest
Precambrian (Droser and Bottjer, 1988). However, even
in the environments in which the burrowing activity was
suppressed or absent (such as black-shale facies and
other fine-laminated marine rocks), impressions of soft-
bodied animals are rare. Since the discovery of the
Ediacara fauna, similar Precambrian fossils have been
found in many locations of the world: in Africa, North
America, West Europe, and the U.S.S.R. (Sokolov, 1979;
Fedonkin, 1987). Both the absence of the scavengers and
very low activity of the heterotrophic bacterial population
account for the worldwide preservation of these fossils.

Very little is known about the evolution of bacteria,
although their fossils are known from rocks as old as the
Archean (Schopf and Walter, 1983). It is often supposed
that bacteria as well as autotrophic prokaryotes reached
their high diversification early and changed little from
that time (Bates, 1960; Stewart, 1983). All fossil bacteria
found in rocks as old as Early Proterozoic have modern
morphologic analogs (Hofmann and Schopf, 1983).
However, Davitashvili (1971) showed that the expansion
and diversification of bacteria should follow the evolution
of other life forms and their expansion into new
ecological niches. The evolution of bacteria could have
proceeded through improvement in the efficiency of
physiological functions rather than through morphologic
changes (Tappan, 1980). Some data seemingly support
this point of view. Degens and Mopper (1976) found that,
even at present, the physiological activity of microbes in
deep waters is about two orders of magnitude slower
than their activity in shallow-water environments. The
chemical mechanism for this suppressed activity is not
clear; changes in the chemical structure of organic
substances at great pressure may be involved. In any case,
the fact may be interpreted as a demonstration of the
continuous evolution of bacteria in adjusting to the
high-pressure conditions at greater depth. The very good
preservation of chitinous exoskeletons and even of pro-
teinaceous skeletons of graptolites indicates relatively
low efficiency of decomposers in the early Paleozoic
(Kozlowski, 1966; Berry, 1987). The absence or rarity of
graptolite fossils in the coral-bearing carbonate facies
may result from their poor preservation rather than from
a primary absence (Berry, 1962). The destruction of
graptolite skeletons may have been caused not only by
mechanical disintegration but also by high microbial
activity in the well-aerated carbonate biotopes. Chitin
does not accumulate in modern sediments, although its
annual biological production is estimated to be several
billion tons (Tasch, 1973). Chitin in sediments is
decomposed by enzymes secreted by the chitinoclastic
bacteria. It seems probable that during early Paleozoic
time, these bacteria were absent outside the well-aerated
biofacies environments:.

The evolutionary history of worms and other soft-
bodied burrowing deposit feeders is another
insufficiently studied area of paleobiology (Robison,
1987). The fossil record is mainly restricted to tubes and
jaw apparatus (scolecodonts) of polychaete annelids.
Annelids are known from Precambrian strata and
reached high diversification as early as the Cambrian
(Glaessner, 1976). However, studies of ichnofossils
provide some data on the evolutionary trends of
burrowing infauna. A major increase in infaunal trace-
fossil diversity and intensity of bioturbation occurred
during the earliest Cambrian (Crimes and Anderson,
1985). However, these changes in abundance and
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diversification of trace fossils are recorded mainly in very
shallow-water facies. Droser and Bottjer (1988), in their
study of Cambrian strata of the Great Basin in the United
States, showed that the intensity of bioturbation
diminished greatly in deeper water sediments. Highly
bioturbated sediments of the inner shelf (above mean
storm-wave base) pass into contemporaneous,
significantly less bioturbated sediments of the well-
oxygenated but slightly deeper middle shelf (between
mean and maximum storm-wave base). Colonization of
deeper water environments by burrowing infauna, its
diversification, and its efficiency in utilizing food (by
improvement of feeding patterns) all increased very
slowly from the Paleozoic into the Tertiary (Seilacher,
1977).

At present, worms play an outstanding role in the
consumption of organic matter in the upper layer of
sediments. Some observations suggest that burrowing
worms pass a sediment to the depth of 2 feet through
their digestive tracts twice a year (Davitashvili, 1971).
Modern deposit-feeding worms, especially polychaete
annelids and nematodes, tolerate widely varying oxygen
concentrations. These benthic invertebrates remain
active when the oxygen level drops below 1.0-0.5
milliliters per liter and the shelly fauna disappears
(Rhoads and Morse, 1971). However, data on lower
Paleozoic black-shale facies suggest that the ecology of
ancient worms could have been different. A good
example is the Upper Devonian Domanik Formation of
the eastern Russian craton. Thin (often measured in
centimeters) layers of bituminous black shale devoid of
any signs of bioturbation are overlain by limestone beds
that are also enriched by organic matter and that contain
both planktonic and benthic shelly fossils. Reducing
conditions inside the earlier deposited mud obviously
precluded the penetration of burrowers into it, although
a sufficient amount of oxygen was present in bottom
water during deposition of the limestone. A rapid
alternation of organic-rich black shale with greenish-gray
organic-lean shale was described in the Antrim Shale of
the Michigan basin (Gutschick, 1987). Each layer is only
several centimeters thick but, nevertheless, the traces of
burrowing are recorded only in the very thin uppermost
portion of each black-shale layer. It seems likely that
during the early and middle Paleozoic, deposit-feeding
worms were more vulnerable to poorly oxygenated
conditions than eurytropic shelly filter feeders. Low
activity of the burrowing infauna strongly favored the
preservation of organic matter in freshly deposited
sediments.

Zooplankton and zoobenthos supplied a part of the
organic matter in many black-shale facies of early and
middle Paleozoic age. An especially important role
probably belonged to planktonic and sessile graptolites
and tentaculitids. A significant admixture of the zoogenic
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component is believed to result in the high content of
nitrogen and sulfur and the somewhat low content of
hydrogen in kerogen of many lower and middle Paleozoic
black shales (Fayzullina and others, 1986; Zhuze and
others, 1975; Bazhenova, 1986). The large biomass of
these primary consumers resulted from the short food
chains due to the poor development and low efficiency of
predators. Since the middle Carboniferous, the zoogenic
component has not played an important role in organic
matter deposited in marine conditions.

As we've noted, the depositional environments of
organic-rich sediments changed gradually from Late
Proterozoic through middle Paleozoic time. The very
shallow-water, probably nearshore, well-oxygenated
environment of deposition was characteristic of those
sediments during Late Proterozoic time. The still rather

shallow-water environments varying from aerobic to

anaerobic dominated the deposition of organic-rich
sediments in the early Paleozoic. Dysaerobic to
anaerobic environments on slightly deeper but open
marine shelves were typical of the deposition of these
sediments during middle Paleozoic time. Shallow-water
open marine shelves are characteristic for the platforms
and this explains why platforms contain the bulk of
effective source rocks in the studied Silurian and Upper
Devonian-Tournaisian intervals. Of course, black-shale
facies were also deposited in Paleozoic deep-water
stagnant basins, but these source rocks were mainly
destroyed during the Caledonian and Hercynian tectonic
events,

The deposition of sediments rich in organic matter
on shallow-water shelves is explained primarily by the
postulated low level of evolutionary development of
consumers and aerobic decomposers, which commonly
could not fully utilize the available resources of oxygen
and organic matter. At the same time, the occurrence of
dysaerobic and even anaerobic conditions on shallow
shelves probably indicates the low partial pressure of
oxygen in the ancient atmosphere. However, the low
oxygen content may not be solely responsible for the
described trend of black-shale deposition. First, black-
shale deposition, at least in some cases, occurred in
aerobic conditions (kukersite), and second, the content
of oxygen in the atmosphere could hardly have changed
significantly between Cambrian and Middle Devonian
time, before the significant expansion of green plants into
the terrestrial environments.

Two major evolutionary processes affected the
deposition of organic-rich petroleum source rocks in late
Paleozoic and later times. These processes were
diversification of consumers and their expansion into new
ecological niches, and evolution and expansion of plants
into the terrestrial environments. These developments
resulted in an attenuation of the range of conditions
favorable for the preservation of organic matter in
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marine sediments. At the same time, new sources for
organic matter appeared on land. Contemporaneously,
effective lacustrine source rocks appeared and became
increasingly important through Mesozoic and Tertiary
time,

Extensive marine deposits enriched by sapropelic
organic matter became very uncommon on shallow
continental shelves beginning about middle Carbonif-
erous time. The enhanced preservation of organic matter
in sediments could still take place in some specific
paleogeographic environments such as back-reef
lagoons. However, these environments were ephemeral
in time and restricted areally; therefore, the resulting
deposits were unimportant as petroleum source rocks.
During late Paleozoic and Mesozoic time, marine black-
shale facies were preferentially deposited in deep-water
(usually several hundred meters), semienclosed basins
that were separated from the open sea by structural

rriers or reefs. This change to a deep-water habitat can
e partly explained by the increasing concentration of
oxygen in the atmosphere and marine water; however,
the increased efficiency of consumers, especially infauna,
most probably also played an important role. Particular
paleontological changes responsible for the displacement
of black-shale deposition into deep-water basins is
difficult to document because very little is known about
the evolution of worms and bacteria. However, the
gradual colonization of deep water by many groups of
benthic fauna (such as brachiopods and many echino-
derms) is well known. This evolutionary development
may suggest that other groups of organisms devoid of
hard parts could experience analogous ecological
changes.

Even for late Paleozoic and Mesozoic time, the
importance of anoxia for the deposition of organic-rich
black-shale facies (as advanced by Demaison and Moore,
1980, for instance) is probably exaggerated. Com-
prehensive paleoecologic studies of black-shale facies are
rare; however, some data suggest that this facies could be
deposited also in dysaerobic conditions. A good example
is the Bazhenov Formation of the West Siberian basin,
which is the principal source rock of this rich petroleum
basin. This formation of mainly Volgian age was
deposited in a marine basin that may have been
1,500-2,000 feet deep in its central part (Rudkevich and
others, 1988). The deep part of the basin occupied about
a half of its area, or about 400,000 square miles. The
formation is 30-200 feet thick and is composed of
siliceous smectite shales containing as much as 20
percent organic carbon. The dominant fossils are the
remnants of pelagic forms, but the formation contains
many (in places tens of) coquinoid layers composed of
Buchia and Inoceramus, commonly in live position and
undoubtedly autochthonous (Vyshemirskiy, 1986).
These layers are separated by intervals devoid of benthic

fauna. No traces of deposit feeders are present in any of
the rocks. Obviously, no hydrogen sulfide poisoning was
present during deposition of the coquinoid layers; it
probably developed during intermittent intervals. The
anoxic zone must have been thin, considering the
multiplicity of coquinoid layers (Vyshemirskiy, 1986).
The absence of deposit feeders, which resulted in the
preservation of organic matter, probably indicates their
lower tolerance to dysaerobia compared with Buchia and
Inoceramus. However, in this case the absence of deposit
feeders may be explained by the low rate of colonization
of the basin bottom by this group of animals after the
periods of the hydrogen sulfide poisoning.

Slow colonization of the basin bottom by
consumers and the resulting preservation of organic
matter may be especially important for lakes. As
discussed in detail by Davitashvili (1971), deep waters of
young present-day lakes are commonly devoid of benthic
fauna. In older lakes, the bottom fauna is sparse and
consists of shallow-water forms that could adapt to the
new conditions. Only in very old lakes, such as Baikal,
have specific deep-water forms had enough time to
evolve. For such lakes, though, even a short-term change
of salinity due to climatic change or invasion of marine
water, or the momentary deterioration of aerobic
conditions could eliminate the whole deep-water ecologic
community. The formation of a new deep-water
population might take a significant amount of geologic
time, during which the conditions for preservation of
organic matter would be very favorable. The ecologic
flexibility of producers is much higher; even after
complete elimination in extreme cases, they can quickly
repopulate surface waters after the reestablishment of
tolerable conditions.

Beginning in about the late Late Cretaceous, the
deposition of marine black-shale facies in semienclosed
basins, which was characteristic for late Paleozoic and
Mesozoic time, became quite uncommon. The major
black-shale facies were deposited in very deep, almost
completely isolated basins similar to the present-day
Black Sea. The principal basins of this type were formed
in tectonic depressions of the Alpine fold belt. In the
semienclosed silled basins that controlled the deposition
of organic-rich rocks during late Paleozoic and Mesozoic
time, the black-shale facies were essentially replaced by
organic-lean Globigerina ooze. Planktonic foraminifers
became an important part of the pelagic fauna only in
Late Cretaceous time. In the beginning of the Tertiary,
three major genera of the planktonic foraminifers, Glo-
bigerina, Orbulina, and Globorotalia, rapidly evolved and
expanded through all the climatic zones of the oceans
(Buzas, 1987). The massive development of planktonic
foraminifers probably significantly affected the biopro-
duction and deposition of organic matter, because the
foraminifers mainly fed on the unicellular producers.
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The controlling role of planktonic foraminifers in
consumption of organic matter is indicated by the fact
that the facies of black shales and Globigerina ooze are
mutually exclusive. A good example is the lower Tertiary
section of the Caucasus region in the U.S.S.R. In the
eastern North Caucasus, the Paleocene-Eocene rocks
are only about 300 feet thick. The rocks were formed in
a marine basin more than 3,000 feet deep in its central
part (Berlin and Ulmishek, 1978). The section is chiefly
composed of white Globigerina ooze, but includes a
65-foot-thick organic-rich layer in the middle part of the
upper Eocene. Unlike the overlying and underlying Glo-
bigerina ooze, the black marl (Kuma Formation) contains
only sparse, small planktonic foraminifers (Zhizhchenko,
1969). No tectonic or paleogeographic events that might
have resulted in the depositional changes from white
ooze to black marl and then back to white ooze can be
identified. Probably, the foraminiferal fauna was nearly
eliminated by a short-term change of salinity or a slight
deterioration of the aerobic regime due to the worsening
of circulation. The elimination of foraminifers could
result in a sharp increase of bioproductivity of unicellular
producers and intense deposition of organic matter.

The evolution of diatoms was another event
important for the deposition of Cenozoic source rocks.
The first indubitable centric diatoms are known from the
Lower Cretaceous. However, diatoms flourished
beginning in the Paleocene and especially in the Mio-
cene, when they spread into high latitudes (Meyen, 1987,
Tappan, 1980). Also during the Tertiary, pennate
diatoms appeared and penetrated into fresh waters.
Diatoms have an extremely high content of lipids, which
reaches 40 percent of their weight (Bazhenova and
others, 1986). They became an important producer of
organic matter, especially in upwelling zones (such as
California) and in marginal seas (such as Sakhalin).

The evolution and expansion of terrestrial plants,
beginning in the Silurian, resulted in the appearance of a
new source of organic matter for both continental and
marine sediments. The main stages of plant evolution are
well known; we shall briefly discuss only the few aspects
of this evolution that were important for the deposition of
petroleum source rocks. The earliest terrestrial plants
were essentially amphibious and populated tidal flats and
nearshore marshes. The first large trees appeared only in
the Late Devonian (Archaeopteris flora); they formed
forests along the river banks (Meyen, 1987). At the very
end of the Devonian and during the Carboniferous, the
forests slowly expanded over the slopes of hills; however,
the great majority of plants still occupied a relatively
narrow strip along the sea shores. Mangrove forests also
appeared in the latest Devonian. This areally limited
character of vegetation probably persisted during Early
Permian time. The proximity of most of the late Paleo-
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zoic flora to the sea shores resulted in the great
predominance of paralic coals during this time. Limnic
coals appeared in the Late Carboniferous but became
widespread in the Mesozoic and reached their maximum
abundance in Tertiary time with the inland expansion of
vegetation.

In the context of this study, an important aspect of
plant evolution is the development of organs whose
chemical composition resulted in formation of oil-
generating constituents within generally gas-prone type
III kerogen. Two groups of chemical compounds are of
interest in this respect: (1) waxes, which are the main
precursors of paraffinic oils, and (2) resins, which
generated naphthenic oils during thermal alteration (Tis-
sot and Welte, 1984; Shanmugam, 1985).

Resins of higher plants are believed to be the
source of naphthenic oils in some geologically young
formations such as the Tertiary strata of the Mackenzie
Delta, Canada (Snowdon, 1980; Snowdon and Powe
1982), and the Upper Cretaceous-Tertiary Latror q
Group of the Gippsland basin, Australia (Shanmugan ,,
1985). Resin is produced by trunks and branches and, to
a lesser extent, by leaves of some trees. Secretion of resin
is a plant’s response to an external injury by physical or
biological causes (feeding, parasitism). This protective
mechanism evolved gradually, evidently as a response to
the expansion and diversification of vertebrate feeders,
insects, and parasitic fungi. Davitashvili (1971) notes that
even Mesozoic fossil cycadophytes are surprisingly
devoid of injuries by insects and fungi. Resin ducts in the
wood did not appear in the fossil record until the Jurassic
(Stewart, 1983). The main producers of resin were
conifers of the family Pinaceae. The genus Pinus had
evolved by the Early Cretaceous; other genera of the
Pinaceae— Picea, Larix, Pseudotsuga, and a few others—
did not appear until the early Tertiary or later (Stew-
art, 1983). Thus, a significant content of resin in
terrestrial organic matter is essentially a late Mesozoic
and Tertiary phenomenon; commercial amounts of
naphthenic oils derived from terrestrial sources of older
age are unknown. Additionally, the development of
protective resin-secretion organs was accompanied by
the areal expansion of conifers. Mesozoic coniferophytes
were tropical lowland plants; not until the Tertiary did
they expand into high latitudes and uplands (Hughes,
1973). Since at least the end of the Paleogene, the
Pinaceae have played the paramount role in the
terrestrial vegetation (Meyen, 1987).

Waxes in the higher plants form a layer (cuticle)
over the stem, leaves, and fruits, which protects these
parts from mechanical injuries and desiccation. The
derivatives of plant waxes and other lipids and lipid-like
substances during diagenesis form liptinite (exinite),
which is the main precursor of oil from terrestrially
derived organic matter. Liptinite is present in coal and




coaly organic matter of rocks as old as the Devonian; well
known, for example, are upper Paleozoic cannel coals
essentially formed by spores. Thick cuticles of leaves
were characteristic of some Paleozoic plant groups, such
as Westphalian cordaites. Despite early development,
such protective tissues remained relatively unimportant
through most of the Paleozoic; their importance (and
probably their abundance) increased very gradually as
the plants adjusted to more arid environments. The main
groups of the coal-forming Carboniferous flora were
dwellers of nearshore swamps. Allochthonous remains of
xerophytic plants that supposedly grew on low hills are
known in some Carboniferous coal measures—for
example, in the Donets coal basin of the U.SS.R.
(Fisunenko, 1964). However, the dominant flora
consisted of hygrophilous plants.

The xerophytic character of late Paleozoic and
probably early Mesozoic plants does not necessarily
suggest climatic conditions as arid as those implied by
present-day xerophytes. Early plants that conquered
previously uninhabited areas, even with sufficient
amounts of rainfall, probably had a xerophytic character.
The xerophytism is a relative feature, depending on the
evolutionary level reached by plants (Davitashvili, 1971).
In the late Paleozoic and early Mesozoic, plants with a
xerophytic habitus may have grown in rather humid
environments. Additionally, the development of soils
affected the character of the plant population. The effect
of soil development is well demonstrated by the
colonization of Krakatoa Island west of Java after the
volcanic explosion and complete destruction of life in
1883. Several years after the disaster, the biological
desert was colonized by mainly xerophytic grasses with
some shrubs and ferns on hills (Richards, 1952). Only in
1932 was the savanna replaced by a mixed forest, which
will supposedly give way to a stable rain forest in the
future. This change of vegetation resulted from the
formation of soil, which took significant time despite the
very good substratum (volcanic ash) and the abundance
of moisture. Krakatoa Island may present a model for the
colonization of previously barren lands by late Paleozoic
and early Mesozoic plants.

The latest Paleozoic and early Mesozoic colo-
nization of vast land areas by plants caused some general
changes in the character of continental sedimentation
that affected the deposition of source rocks. A developed
forest stabilizes river channels and prevents the erosion
of soils. It is believed that before the late Paleozoic,
permanent rivers were rare, and the bulk of clastic
material was transported by ephemeral streams (Dav-
itashvili, 1971; Lindsay, 1987). The forestation of inland
areas resulted in landscape types that had been absent
or uncommon in earlier times. Of special interest here
are forest lakes surrounded by swamps. The organic
matter deposited in such an environment was mainly

derived from terrestrial plants but contained an essential
aqueous admixture chiefly from unicellular algae. In
places, beds highly enriched by organic matter from
planktonic algae (gyttja) were deposited (Dean and
Fouch, 1983). These lakes were quite ephemeral and
quickly became peat bogs. Interlayers of lacustrine rocks
in the resulting coal-bearing sequences now contain type
I kerogen, which can provide an oil source in a generally
gas-prone section.

The discussed evolutionary changes in plants and
the inland expansion of forests resulted in the gradually
rising content of resins and probably also waxes in
terrestrial organic matter. At the same time, the amount
of type I kerogen in organic matter deposited in humid
climatic conditions increased. These changes can account
for the increasing proportion of oil in petroleum that was
generated from source rocks containing dominant type
III kerogen from the late Paleozoic through the Tertiary.

The considerations discussed in this section suggest
an important role for biological evolution in deposition of
source rocks during latest Proterozoic and Phanerozoic
time. The effect of biological evolution on source-rock
deposition was principally expressed as two opposing
developmental trends. On one hand, the evolution of
producers and their expansion into new ecological niches,
both in the sea and on the land, increased the areas of
bioproduction. The diversification of producers widened
the range of organic matter types available for
accumulation in sediments in favorable conditions. On
the other hand, the evolution of consumers and probably
also decomposers resulted in more complete utilization
of organic matter as food. This development brought
about a change in the environments suitable for
deposition and preservation of organic matter in
sediments. The range of environments favorable for
deposition and preservation of organic matter with type
II kerogen was significantly attenuated, and, hence, the
marine black-shale facies gradually lost their role as the
most prolific source rock for petroleum resources. In the
Tertiary, this role was passed to source rocks with type
III kerogen and coal.

Maturation of Source Rocks

The time of maturation of effective source rocks is
not shown on the maps; however, it is indicated in the
descriptions of the main petroleum basins in table 1. The
diagram in figure 15 demonstrates oil and gas reserves
generated by each of the mapped stratigraphic intervals
during consecutive periods of source-rock maturation.
Maturation is a long process that commonly embraces
more than one time interval. In figure 15, we placed the
reserve amount generated by a specific source rock into
that time interval when this source rock entered the oil
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window or, if the reserves are dominated by thermogenic
gas, the gas window. Even with this approach, the cases in
which a source-rock formation entered the oil window
during two and even three subsequent time intervals in
different parts of a basin are common. The length of
maturation time depends on the tectonic nature of a
basin. Long maturation periods were characteristic of
source rocks deposited on platforms and in many sags. In
contrast, source rocks in rifts and foredeeps subsided
rapidly and reached maturation within geologically short
times. To relate a certain reserve amount to each of
subsequent maturation periods is difficult, and
simplifications are unavoidable. For this reason, the

MATURATION
TIME

reserves related to a certain age of source-rock
maturation are shown in figure 15 as ranges of
percentages from the total reserves that were generated
by the source rocks of each interval. Thus, figure 15
reflects the general tendency in timing of maturation
rather than the exact amounts of petroleum generated at
a specific time.

The time of oil and gas generation by source rocks
cannot always be equated with the time of formation of
known fields. Under certain conditions, oil generated in
source rocks can be retained in these rocks for a long
time. This situation may occur when source rock is
separated from reservoir rock by an impermeable seal.
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The oil thus confined can be released later if the seal is
fractured by tectonic and other processes. Such long
retention of oil probably occurred in the Upper Devo-
nian Domanik facies of the Volga-Ural and Timan-
Pechora basins (Ulmishek, 1988). Intense generation of
oil and gas can result in overpressuring of source rocks,
causing their massive fracturing. The fracturing results in
the formation of reservoirs within the originally
impermeable source rocks. This process evidently took
place, for example, in the Monterey Shale of California
and in the Bazhenov Formation of West Siberia. On the
other hand, some newly generated oil and gas may have
migrated into temporary traps (commonly stratigraphic)
that existed during the maturation time (“way stations”),
and then remigrated during later tectonic activations that
formed new structural traps. Associated fracturing of
sedimentary rocks provided the migration paths. This
¥wo-stage migration is probable, for example, in the
iagros fold belt of the Arabian-Iranian basin.

Despite these complications, figure 15 reveals
some interesting peculiarities. The first that draws
attention is that only small amounts of original oil and gas
reserves were generated before Late Permian time, and
essentially none before Pennsylvanian time. The Late
Permian-Middle Jurassic time interval was a significant
stage of petroleum generation by Paleozoic source rocks.
These source rocks reached maturity in such large
petroleum regions as the Volga-Ural, Timan-Pechora,
North Caspian, and Dnieper-Donets basins in the
USSR, as well as in the Appalachian, Anadarko,
Arabian-Iranian, and southern North Sea basins. Much
of the maturation resulted from the deposition of thick
Hercynian and early Kimmerian molasses and the
resultant deep burial of source rocks.

Surprisingly little oil or gas was generated during
the Late Jurassic and Neocomian time intervals. Only the
Permian source rocks in the Vilyuy basin in eastern
Siberia reached maturity in this time. Active generation
of petroleum began again in middle Cretaceous (Aptian-
Turonian) time. However, the main amounts of presently
known original reserves of oil and gas were generated
between the Coniacian and the Holocene. The deposition
of thick molasses, this time connected with the Alpine
orogeny, again played the major role in the burial and
maturation of source rocks. Thus, our data indicate that
the majority of oil and gas is of very young age. About
two-thirds of original oil and gas reserves were generated
and trapped during latest Cretaceous and Cenozoic time,
or over the last 80-90 million years—a rather short
interval of the Phanerozoic geologic history. Most of this
oil and gas was generated from source rocks of the Upper
Jurassic, middle Cretaceous, and Oligocene intervals.
The share of young oil and gas is actually even larger
because we assigned the reserves in each basin to the
time interval when maturation began, even though this

process commonly continued through more than one
time interval. Taking this into account would shift some
of the reserves to younger ages.

SUMMARY

More than 90 percent of original recoverable
reserves of oil and gas in the world have been generated
by source rocks of six stratigraphic intervals: the Silurian,
Upper Devonian-Tournaisian, Pennsylvanian-Lower
Permian, Upper Jurassic, middle Cretaceous (Aptian-
Turonian), and Oligocene-Miocene intervals (fig. 1).
Together, these stratigraphic intervals represent about a
third of Phanerozoic time. Source rocks deposited during
the other two-thirds of Phanerozoic time are responsible
for only 8.5 percent of the world’s oil and gas reserves.
The concentration of source rocks in several relatively
narrow stratigraphic intervals obviously does not result
from a single cause because the areal distribution, the
preference for specific morphostructures, and even the
geochemical character of source rocks changed
significantly from one interval to another. Silurian,
Upper Devonian-Tournaisian, Upper Jurassic, and
middle Cretaceous source rocks were deposited during
worldwide marine transgressions. In contrast, the
deposition of Pennsylvanian-Lower Permian and
Oligocene-Miocene source rocks took place during
marine regressions. Favorable combinations of a number
of different factors—tectonic, stratigraphic, climatic,
hydrologic, and biological —resulted in wide distribution
and high effectiveness of source rocks of the six principal
stratigraphic intervals. Thus, the intermittent appearance
of widespread effective source rocks may not be
considered a consequence of any kind of cyclic geological
processes.

The model of an oceanic anoxic event was recently
discussed in many publications (Demaison and Moore,
1980, and Tissot and others, 1984, for instance) to
account for the deposition of middle Cretaceous black
shale facies. The model suggests that the oxygen-
deficient layer rose and onlapped onto the slope and even
the continental shelf. Middle Cretaceous black shales in
the Atlantic Ocean are well documented by cores of the
Deep Sea Drilling Project; these shales were deposited
during early stages of the opening of the Atlantic, when
the ocean was actually a Red Sea-type rift and was
significantly shallower than at present. The narrowness of
the middle Cretaceous Atlantic is emphasized by the
abundance of terrestrial organic matter in bottom
sediments, indicating the proximity of provenance areas.

As was noted above, petroleum reserves in the
rifted marginal basins of Africa and South America were
not generated from stratigraphic analogs of the Atlantic’s
black shales. Source rocks in those basins occur in the
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rifts and at the base of sag sequences immediately above
the rifts. They were deposited before the opening of the
ocean. Neither can the anoxic ocean model account for
other major deposits of the middle Cretaceous black-
shale facies. This facies in the Arabian-Iranian basin, for
example, is separated from the open ocean by a reefal
carbonate platform, which shows no signs of anoxicity on
its oceanic slope. Thus, the black shales in the basin have
nothing to do with the oxygen regime in the paleo-ocean.

Upper Jurassic black shales have an exceptionally
wide distribution in the Arctic, where they are present in
the West Siberian basin, on the Barents and North Sea
shelves, and in the Sverdrup basin (pl. 4C). Their
deposition could have resulted from an anoxic event in
the Paleo-Arctic ocean. However, the silled deep basin
model is clearly more appropriate to explain the
deposition of black-shale facies in other regions, such as
the Arabian-Iranian basin and basins of the Alpine
system. These basins were separated from the open
oceans by carbonate platforms and reefs.

Anoxicity certainly was not widespread in oceans
during Oligocene-Miocene time, when the paleo-
geography (pl. 64) was rather similar to that of the
present. Also, there are no reasons to suppose an oceanic
anoxic event for the Pennsylvanian-Early Permian time
interval. During this time, the glaciation in the southern
hemisphere (as shown by the tillite boundary in fig. 3)
and a steep temperature gradient between the polar and
equatorial regions should have produced a vigorous
water circulation in oceans. As to early and middle
Paleozoic time, any suppositions on the oxygen regime in
the oceans are highly speculative and are not supported
by actual data. However, the existence of anoxic
conditions is very improbable at least in the Paleo-Pacific
because of its tremendous size and openness to polar
latitudes. Thus, the deposition of Upper Devonian—
Tournaisian black shales in Euroamerica (pl. 2C) was not
a result of anoxicity in the ocean. However, anoxicity in
the Silurian Proto-Tethys, bounded by continents on the
north and the south, seems to be possible (pl. 1C).

Upwelling, although responsible for the deposition
of some oil-source rocks such as the Lower Permian
Phosphoria Formation (Parrish, 1982), does not seem to
be a universal or even important mechanism of source-
rock deposition. The majority of effective source rocks
were deposited under stagnant hydrologic conditions in
structural forms that were effectively protected from the
open-ocean circulation. The relative insignificance of
upwelling is illustrated by the low productivity of half
sags, which are more subject to the influence of upwelling
than other structural forms.

Volcanism is another important source for the
supply of nutrients into marine water. The flourishing
of phytoplankton and the deposition of organic matter
seem to be consequences of intense volcanism. The
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distribution of organic carbon in the upper Mesozoic-
Cenozoic stratigraphic units of oceans was studied by
Trotsyuk and Marina (1988), who found a statistical
correlation between the concentrations of organic carbon
in these units, on one hand, and the volumes of volcanic
rocks on continents and the rates of formation of new
oceanic crust in oceans, on the other hand. It is difficult
to extend this correlation back through Phanerozoic
time. No reliable assessment of the rates of sea-floor
spreading is yet available for Paleozoic—early Mesozoic
time. As for volcanism on continents, the peaks of
volcanic activity occurred during Middle Ordovician,
Early Carboniferous, Early Permian, Late Triassic, and
Cretaceous times (Budyko and others, 1987). These
times do not correspond to the time intervals of
deposition of effective source rocks. Our data also
indicate the absence of any obvious correlation between
regions of intense volcanism and source-rock depositia*,
As a matter of fact, source rocks were more commonly
deposited on passive continental margins and in intra-
cratonic basins, whereas intense volcanism was more
characteristic of active continental margins. Of course,
none of the listed causes had any effect on the deposition
of terrestrial and lacustrine organic matter, which was
controlled by climatic and tectonic factors.

The most important change in the character of
petroleum source rocks during the Phanerozoic was the
appearance and expansion of source rocks containing
type III kerogen and coal. The effectiveness of source
rocks with type III kerogen also grew and reached its
maximum in the middle Cretaceous and Oligocene-
Miocene (fig. 6). However, the expansion of source rocks
containing type III kerogen and coal was accompanied by
the decrease of areal extent and effectiveness of source
rocks with type II kerogen, primarily black-shale facies.
Although Mesozoic and Cenozoic rocks generated the
largest share of the world’s original oil and gas reserves,
this is not a consequence of the better quality of source
rocks of this age. Rather this is a result of better
preservation of both source rocks and oil and gas fields in
younger strata. The better preservation, as is seen from
the maps, is also reflected in the constantly increasing
number of basins that have effective source rocks, from 4
in the Silurian to 35 in the Oligocene-Miocene. However,
only a few major basins contain the bulk of petroleum
reserves generated by source rocks of each stratigraphic
interval.

The stratigraphic distribution of entrapped
petroleum in the Phanerozoic sequence is less uneven
than the distribution of effective source rocks, owing to
the widespread vertical migration of oil and gas (figs. 8
and 9). Upward migration is more common but
downward migration also played an important role. The
stratigraphic and physical distance of upward migration
was controlled only by the presence of regional seals. In



contrast, downward migration went no farther than the
directly underlying reservoir rocks (sometimes strati-
graphically much older if separated by an unconformity).

Low latitudes, on average, were significantly more
favorable for deposition of effective source rocks with
kerogen types I and II (fig. 10). In contrast, more source
rocks containing kerogen type III and coal were
deposited in high latitudes during late Paleozoic and
Mesozoic time. Only in Oligocene-Miocene time were
these source rocks mostly deposited in the tropical and
subtropical zones, mainly owing to the formation of large
deltas. The relative effectiveness of these two groups of
source rocks (the amount of generated petroleum
reserves per unit of source-rock area) demonstrates
different trends (fig. 11). Source rocks containing kero-
gen types I and IT in low latitudes (0°-45°) were generally
more effective than the same source rocks in high
latitudes (45°-90°). They were also more effective than
source rocks with type IIT kerogen and coal in both
latitudinal zones. This high effectiveness is interpreted to
result not only from better quality of kerogen types I and
I, but also from abundance of carbonate reservoir rocks
and evaporite seals in low latitudes.

The high effectiveness of source rocks with type IT
kerogen that have been deposited in low latitudes
resulted in rich oil and gas reserves of the Tethyan
realm—a succession of Silurian to present latitudinal
seaways between Gondwana and the northern group of
continents. This realm possessed above-average reservoir
potential owing to formation of thick carbonate rocks in
addition to sandstone reservoirs. The realm also fostered
the deposition of evaporites, which provided for both
excellent seals and salt-associated traps. In addition, the
successive rift openings and collisional closings of the
Proto-, Paleo-, and Neo-Tethys developed rift/sag
structural forms favorable for the development of silled
basins and the deposition of source rocks. The region in
which the Tethyan basins developed includes only a
quarter of the world’s lands and continental shelves, yet
they contain more than two-thirds of the world’s original
petroleum reserves.

Platforms open to the oceans were the principal
structural form that controlled the deposition of source
rocks during early and middle Paleozoic time (fig. 13).
During the Mesozoic, the principal source-rock
deposition shifted to silled basins located in circular and
linear sags. In the Pennsylvanian-Early Permian, rifts
and foredeeps were the dominant structural forms that
hosted the deposition of petroleum source rocks. In the
Oligocene-Miocene, the source-rock deposition was
controlled by these same two structural forms and also by
deltas (depocenters) and half sags. In general, the
distribution of source rocks in different structural forms

was controlled by the global and regional tectonic
conditions, the state of biological evolution, climate, the
oxygen content of the water, and other environmental
factors.

Biological evolution played an outstanding role in
the history of source-rock deposition during Late
Proterozoic and Phanerozoic time. Different groups of
producers evolved and colonized new ecological niches,
both in the sea and on the land (fig. 14), thereby
expanding the areas available for accumulation of
organic matter in sediments and widening the range of
organic matter types. However, consumers and probably
decomposers also evolved during this time. Their
evolution changed the ecologic systems and resulted in
the gradual attenuation of the range of conditions
suitable for the deposition and preservation of organic
matter in sediments, especially marine organic matter
with type II kerogen. The rising oxygen content in the
atmosphere also may have had a negative effect on the
preservation of organic matter. These two opposed pro-
cesses—the areal expansion of production of organic
matter and the restriction of conditions suitable for its
preservation—resulted in a drastic change from source
rocks with exclusively marine sapropelic organic matter
in the early Paleozoic to source rocks with dominant
terrestrial organic matter in the Tertiary. Figuratively
speaking, we are geohistorical witnesses to the extinction
of the marine sapropelic source rocks that generated
most of the known oil and gas. The basic reason for
this extinction is the evolution of the biosphere toward
the more complete utilization of the available food
resources.

The times of maturation of source rocks, similar to
their times of deposition, were also quite uneven in
geologic time (fig. 15). The major stage of maturation of
Paleozoic source rocks was during the Hercynian orog-
eny, when thick molasses were deposited widely. The
next main maturation stage on the global scale occurred
during latest Cretaceous and Tertiary time in connection
with the Alpine orogeny and deposition of thick molasse
formations of this age.

The cumulative diagram in figure 16 summarizes
the stages of deposition of source rocks, their maturation,
and the entrapment of derived petroleum. Slightly more
than a quarter of the world’s effective source rocks
(measured by the amounts of petroleum reserves
genecrated by these rocks) were deposited by the end of
Early Permian time. Almost all of the remaining three-
quarters were deposited since the beginning of the Late
Jurassic. As could be expected, the line of effective
source-rock deposition is mostly located above the line of
trapped petroleum, reflecting the dominance of upward-
directed vertical migration. However, the relative
positions of these lines are reversed at the base of the
Upper Jurassic. This means that all effective source rocks
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deposited before the Late Jurassic could not have
provided the amounts of oil and gas that are trapped in
the pre-Upper Jurassic section. This relationship
emphasizes the importance of the downward vertical
migration for formation of oil and gas fields.

The line of maturation of effective source rocks is
displaced toward younger ages compared with the line of
their deposition, The vertical distance between the two
lines shows the difference between the amounts of
effective source rocks deposited and the amounts
matured before a given geologic time (again measured in
the quantities of generated petroleum reserves). The
horizontal distance between the lines shows the average
geologic time that elapsed between the deposition of a
certain amount of effective source rocks and the time
when the same amount of earlier deposited source rocks
reached their maturity. The cumulative maturation line
clearly demonstrates the general youthfulness of most of
the discovered oil and gas. More than 80 percent of the
world’s oil and gas reserves were generated since Aptian
time, almost 70 percent were generated since Coniacian
time, and nearly half of the petroleum reserves were
generated and trapped since the Oligocene. This line
does not reach 100 percent because about 6 percent of
the world’s petroleum reserves consist of biogenic gas
from still immature source rocks; the bulk of this gas
occurs in northern West Siberia.

The chart additionally shows the amount of
petroleum reserves sealed by evaporites—that is, salt and
anhydrite. Evaporites seal more than 36 percent of the
world’s petroleum reserves despite their very small
volume compared with the total volume of sedimentary
rocks. Most of the oil and gas sealed by evaporites occur
in Permian through Upper Jurassic and Oligocene-
Miocene sections. Such a large amount of petroleum
controlled by evaporites emphasizes the importance of
high-quality regional seals for the entrapment and
preservation of oil and gas. Probably, permafrost may
also be considered as a seal of high quality. However,
only in the Cenomanian section of the northern West
Siberian basin are permafrost seals known to control
large reserves of gas.

Evaporite cap rocks are especially important for oil
and gas accumulations in the pre-Upper Jurassic section.

About half of the discovered oil and gas reserves in thi54v

section (mainly generated by Paleozoic source rocks) are

sealed by salt and/or anhydrite primarily of Late Permian 4

and Triassic age. These petroleum reserves are
dominantly located on immobile cratons and “epicra-
tons” (stabilized accreted zones), which have been less
subject to destruction than their tectonically active
margins. Evaporite cap rocks prevented the leakage of oil
and gas from these early entrapped accumulations dur-
ing long spans of geologic time. Post-Middle Jurassic
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Figure 16. Cumulative chart of effective source-rock deposition, source-rock maturation, petroleum trapped in the

stratigraphic succession, and petroleum sealed by evaporite rocks, in percent of world’s original reserves of petroleum.
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evaporite seals are relatively less abundant; they control
about one-third of petroleum reserves discovered in this
section. These younger evaporite seals are present mainly
in the Alpine foredeeps and adjoining forelands, that is,
in tectonically unstable structures. Many of these cap
rocks, as for example the Miocene Gach Saran
Formation in the Zagros foredeep, will be destroyed in
the near geologic future.

In conclusion, the authors hope that this study will
help to improve understanding of the global distribution
of source rocks and their connection with discovered
petroleum. Further, we hope that the obtained results
contribute to basin analysis and to the search for new
reserves of oil and gas.
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