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Figure 5.4.

The biological parts of
the carbon cycle. The
carbon content of the
several reservoirs is in
Gt carbon (1 Gt =
10'S gm C). (Data from
the compilation of
Sundquist 1985)
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FIGURE 7-2 Planktonic organisms. Coccoliths (a) and foraminifera (b)
deposit calcium carbonate tests. Diatoms (c) and radiolaria (d) deposit sil-
ica tests. The sizes range from 0.5 millimeters down. (Photos courtesy of
A. Mclntyre, E. Thomas, P. E. Hargraves and C. McClintock.)




The Marine Food Wel:

This illustration shows the importance of bacteria in the
marine food web. Phytoplankton convert carbon dioxide
into organic material through photosynthesis. They are the
primary food source and suppliers of carbon to the food
web. Though it was long believed that the dominant
pathway in the food web proceeded from phytoplankton
to fishes, (left to right along the top) it is now well estab-
lished that @ major flux of carbon to bacteria also occurs
through the pool of dissolved organic material. Bacteria
are a critical link in returning some of this material back
into the food web through a pathway known as the
microbial loop (arrows to the right from bacteria). Bacteria
may also be killed by viruses (arrow to the left) with much

Phytoplankton
{Primary Production)

Prochlorococeus

/Cyanobocteria

Dissolved
Organic Material

L‘ W Sinking Phytoplankton
- Aggregates and
:, Marine Snow

Sisgoived Or
i Moleri

of their carbon returning to the dissolved organic material.
As bacteria consume the dissolved material, they also
release nutrients that facilitate the growth of phytoplankton.
In another important role, bacteria not only consume
dissolved organic material, they also further break it down
with enzymes. Sinking aggregates and fecal pellets are the
essential source of food for life in the dark depths of the

~ocean; however, they strip nutrients from the surface waters.

By quickly dissolving some of these particles, bacteria help
to keep nutrients in the upper layers of the ocean. In turn,
these nutrients can be used by phytoplankion to create
more food for the web. Without these salvage and recycling
activities, the ocean would quickly become a vast desert.

Ciliates

;-tl./® Microflagellates

Dissolved \

Sinking Fecal Pellets
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Figure 7.9.

The total organic carbon
content of recent and
ancient limestones and
shales. (Gehman 1962)
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Figure 8.18.

Shale compaction
curves from various
sources. Note that there
is only a small amount of
water loss due to

. compaction over the
depth range of the

oil window.
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Temperature ( C)
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“No oil R R g
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A I'l CGURLE 114

The “petroleum window™ is the combination of depth
and temperature within which oil and gas are gener-
ated and trapped.



laple I.1. Names and Abbreviations for n-Paraffins
Name Abbreviations
Methane CH, CH, None
Ethane C,H, CH;CH, None
Propane C;H, CH;CH,CH, \
w_.—ﬁm:ﬂ n.a—-— 10 nIaﬁn:wvun—l—a 2
Pentane CH,, CH,(CH,),CH, N\
Hexane CiH,, CH,(CH,),CH, AN/
Heptane C;H,, CH;(CH,);CH, PAVAVAN
Octane CyH CH,(CH,),CH, ANAANANS
Nonane " CyH, CH,(CH,),CH, AANAN\
cﬂﬂmﬁuﬂ n:.—.—uu n:mﬁnzuvxﬁu:u >§
H
/ \
H H H
H- MI H u_.— ~—.~ H_ C \n -
Ethane \ / c /I
Methane H / '\
H H

Cyclohexane
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CH,
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Mauav_ﬂ of Resin Structures

CH, CH,
@ Qozw '@'
Benzene Toluene m-Xylene Naphthalene

OCH,

Example of Asphaltene Structure
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GREYBULL SANDSTONE POOL — ELK BASIN
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Flgure 4.

Northeast-southwest, true scale, structural cross section A-A’

Wells are Identified by field numbers.

Common pool Paleozoic accumulation Is cross hatched.

through central Elk Basin field (location shown on Figs. 1, 2, 3, 7, and 8).
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The outlines of the largest individual fields are high-

lighted.
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A F1GURE 112
Percentages of total world oil production from rocks
of different ages. (m.y. stands for million years.)
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A I'l GURE 1.8

A peat cutter harvests peat from a bog in western Ireland. The peat has
formed in a cool moist climate that favors the preservation of organic
matter in wet environments. When dried,,the peat provides fuel for heat
and cooking.



A Il G URIE 11.10

Coal seams in a sequence of sedimentary strata,
Healy, Alaska. Coal is a sedimentary rock; the sedi-
mentary layers, once horizontal, have been tilied
by tectonic force
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Figure 7.12.
Changes in carbon,
hydrogen, and oxygen
content during the
evolution of normal
(humic) coals and algal
(sapropelic) coals.
(White 1925)
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Energy units

Table 1. Conversion of units.™®

General

1 short ton (lon) = 2000 Ib = 0.907185 tonne
1 melric ton (tonne) = 1000 kg
I barrel = 42 U.S. gallons = 159.0 litres

1 Biu (British thermal unit) = 1055 J (Joules)

1 kWh (kilowatt hour) = 3.6 MJ = 3412 B

1 kWh of electricity requires on average
10,253 Blu to produce, corresponding 1o a
mean thermal efficiency of 33% (1988 U.S.
fossil-fuel average)

Large units
1 quadrillion Bu = 10° MBuu = 10'* Bu
1 exajoule (EJ) = 10° PJ = 10" MJ = 10" J

1 terawall-yr yr) = 10° kWyr
=8.76 IO'gr:Vh

Quad EJ
1 Quad 1.000 1.055
1 EJ 0.948 1.000
1 TWyr (100% conversion) 29.89 31.54
1 TWyr (33% efficicncy) 90.6 95.6
10° tonne coal equiv (Glee) ~ 27.76 29.29
10° barrel oil equiv (bboe) 580 6.2
10” tonne oil equiv (Gtoe) 42.43 44.76

10" tonne oil equiv (Gtoe)® 39.69 41.87

Fuel values

1 barrel of crude oil = 0.137 metric ton
1 million barrels per day of crude oil
= 2,12 quad/yr = 2.23 El/yr

MBwu  GJ

Nominal or standard equivalents:
1 barrel of crude oil (boe) 58 6.12
1000 cu. fi. of natural gas 1.000 1.055
1 short ton of coal 25.18 26.57

Average heat content (U.S. 1988):

1 barrel of petroleum products  5.408 5,705
1000 cu. ft. of nalural gas 1.029 1.085
1 short ton of coal 21.53 22712

1 cord of dry wood (1.25 ton) 21.5 227

1 barrel of natural gas liquids 3.812 4.022
1 barrel of avialion gasoline ~ 5.048 5.326
1 barrel of motor gasoline 5.253 5.542
1 barrel of distillate fuel oil 5.825 6.145
1 barrel of residual fuel oil 6.287 6.633

a. Adopted from Ref. 1.

b. Based on Amnual Encrgy Review 1988 (Ref. 2), Menthly Encrgy Review (Ref. 3), and IIASA

reporl (Ref. 4).
c. Alternate equivalent, used by OECD (Ref. 5).
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Figure 8.42.
The major producers of
_ natural gas in 1991.
. r:uf (Annual Energy
Review 1993)
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Figure 8.43.

The major consumers of
natural gas in 1991.
(Annual Energy

Review 1993).
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TOTAL RESOURCES

Discovered
resources

Undiscovered
resources

ECONOMIC

SUBECONOMIC

Deposits known
and recoverable
today (reserves)

~— Increasing certainty of existence

Increasing feasibility
of economic recovery
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Amer1cas

The worldw1de scramble to develop new and’ -
emsting energy sources has become'a driving force
in contemporary foreign policy. The Clinton Admin-

istration, building on America’s dual role as the

world’s largest energy producer and largest energy -

consumer, has made itself a main player in this new

world energy game, promoting increased produc— %

tion at home and abroad. Its sensible goal-is to
lessen the country s vulnerability to pressures from

energy exporters and protect Washington's free-

dom to make foreign policy based on larger Ameri- "
3 iy Caspian Basin'and Latin America’s more welcom-‘
i ing-attitude toward foreign investment..’

s _l-,(.-.

can and global interésts.

. Global energy suppltes are not tight now, but

demand is rising- quickly, especially in areas of
7 good results iri Venezuela, from which the United
 States'now imports more oil than it does from Saudi,

robust economic: growth, like the United States,
China and Southeast Asia. Last year, the world

‘c nsumed Just over 70 million barrels of oil every
That is projected to rise to nearly 105 million
- bgrrels by 2015, Proven worldwide reserves are now -

out one trillion barrels, a figure that tends to rise

oyer time with new explorauon cheaper extractlon

methods.and changes in price. <" : |

o -America’s daily oil consumption was: ]ust over
18.million barrels last year, up nearly 10 percent -
from 1991. Without significant new gains in conser- :
| vation and efficiency, the United. States can be .
- expected to consume more than 22 million barrels .
‘by 2015. Tmpor'ts have been rising even more sharp- :
~ Iyi"and now account for ]ust over haIf the 011 the

country uses. WERLS

“H* The Adminlstration is rlght to emphaslze devel— b
fing new - low-cost 'forelgn sources. The United .. |
~ States learned the perils of overdependence on

. Persian Gulf suppltes durmg the 1970 s Arab oxl‘

e bargo

i But there is no strateglc ]ustlflcatlon for the :
, fa ors, ' like' reduced royalty payments, that the'.
3 A mmlstration and Congress ‘have been lavishing .
)1 domesttc producers. The United States can re-
- t@in its energy indeppndence while relying on for-. .
- ejgn sources of supply, leaving much of its" -own,
R n- 3 t‘:#;,'

{500 M e

) T

_,nergy Independence

untapped wealth in the ground as'a strategtc re-'

;:serve The Administration has also failed to focus on

more efficient use of existing energy supplies and

‘on stronger conservation efforts, whether throu_ghx'

taxes, regulation or market-based incentives. ..

- Diversification is not the only motive behind the
race for new ‘supplies. There is worry that prices :
will rise if global consumption grows as rapidly as.

‘predicted, Meanwhile, the investment climate has

been transformed by political changes in oil regions,
like the collapse of Communism in Russia and the.

The Administration’ s policies have produced-

: Arabia. - Since, 1995,  American companies have

"helped, Venezuela sharply increase its production
‘capacity, Washington has promoted business part-
“-nerships with Russia’s oil and gas industry, in the

hope that American technology will help Russia

pump more energy at lower cost from aging wells. |
' Washington' has also been wooing the newly |

1ndependent governments of the Casplan Basm like
Azerbaijan,. Georgia, Kazakhstan and Turkmeni-
stan, all of which sit astride rich energy deposits or
vital pipeline routes. Rightly, it has pressed the case -

.. of American companies seeking a share of Caspian

- energy rights, encouraged the removal of regula- |’
:tory obstacles and sought consistent standards for -

- cross-border pipeline routes.

‘sures on these issues, The Administration should be

cautious ‘about the tradeoffs it makes .to smooth
_access to oil,.One aim. of energy indepeqdence is to:

gain more freedom to pursue larger national goals,’

“Washington:should not subordinate these goals to a
mlndless rush for new energy supphers ‘

”S'I a: 1!

-l’!)‘-? :-,'nrf("g,u

: But except for Georgia, Caspian area govern-‘-‘ 1

ments have shown scant tolerance for democracy. |-
“and human rights and have tried to use their |.
" leverage with Washington to deflect American pres-

S Tl [ ALLANMSIEGAL | ] SE B b

80 / PENEIDPEMUSEABERNATHY Senior V.E, Piannmg ey
AsA } ‘-f DANIEL H. COHEN, Senior V., Advertising ' ;
A At © RICHARD H. GILMAN,Senior V.B, Operations '\ + 7!
4 AR RAYMONDE DOUGLAS VP, Systems and Tbchnology

ety .." CHARLES E.SHELTON, V.B, Distribution ' :
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World Petroleum Assessment 2000:

Excluding the United States, the estimat-
ed mean (expected) volumes of undiscov-
cred resources are 649 billion barrels of oil
(BBO), 778 billion barrels of oil equivalent
(BBOE) or 4,669 trillion cubic feet of gas
(TCFG), and 207 billion barrels of natural
gas liquids (BBNGL).

The estimated mean additions to reserves
from discovered fields (potential reserve
growth) are 612 BBO, 551 BBOE or
3,305 TCFG, and 42 BBNGL. Compaied
to the 1994 USGS world petroleum assess-
ment, undiscovered volumes from the
2000 assessment are 20 percent greater for
oil, 14 percent smaller for gas, and 130
percent greater for natural gas liquids. This
study offers the first USGS assessment of
large estimated volumes of oil, gas, and
natural gas liquids from reserve growth ar
the world level.

The estimated volume of undiscovered
oil is more than that of the 1994 assess-
ment, due in part to larger estimates for the
Middle East and Atlantic offshore portions
of South America and Africa. However, in
some areas the estimated volumes of undis-
covered oil were smaller, particularly for
Mexico and China.
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Table 6. Composition and pyrolysis products of typical Colorado oil shale."

Mineral constituents

Mineral Weight percent of minerals
Dolomite 32
Calcite 16
Quartz 15
Illite 19
Low-albite 10
Adularia 6
Pyrite 1
Acalcime 1
Total 100

Ultimate analysis of organic constituent

Element Weight percent of organics
Carbon 76.5
Hydrogen 10.3
Nitrogen 2.5
Sulfur 1.2
Oxygen 9.5
Total 100.0

Yields from Fischer assay pyrolysis

Weight percent of organic Weight percent of

Decomposition product constituent in raw shale total raw shale
1 2=
Oil 63 15 G)/D 10.4
Noncondensable gas 15 ' 25
Fixed-carbon residue 13 OV(//O‘N - 2.2
Water vapor 9 NG L(,n/y 1.4
Total 100 ,MO T 16.5
€A ;ﬂ
Lo

*Pyrolyzed by the standard Fischer assay at 932 F: oil yield = 26.7 gal/ton,
Source: T.A. Sladek, “Recent Trends in Oil Shale — Part 1,” Mineral Industries Bulletin, Vol. 17,

No. 6, November, 1974, pp. 4-5. As reported in Reference 10, Table 16.



Figure 7.8.

Plot of the burial
efficiency, BE, of organic
carbon with marine
sediments vs. the
sedimentation rate (S),
in centimeters per

1,000 years. (Betts and
Holland 1991)

Percent of samples

Flgure 7.9.

The total organic carbon
content of recent and
ancient limestones and
shales. (Gehman 1962)
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2. FRACTAL SIZE OF HYDROCARBON ACCUMULATIONS 17
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FIGURE 2.2. Observed field size distribution for oil and gas in the Frio Strand Plain exploration play, onshore
Texas during three time periods; through 1960, through 1970, and through 1985. (a) The distribution’s three
discovery segments over time, when added, show the cumulative number of fields of a given size discovered
through the specified year. (Taken from Drew, 1990, Fig. E.4). (b) Log-log plot by time segments of cumulative
frequency of oil and gas fields, N(V), versus field size.
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FIGURE 2.1. Schematic diagram, a log-log plot of cumulative frequency versus size, illustrating the differences
tfel\_vecn a theoretical fractal distribution (dashed line), a true fractal population, between upper and lower fractal
limits (UFL and LFL), and an observable population, that is truncated by a perceptibility limit (PL).
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In 1949, T was at Raffles College (now the University of
Singapore) when their new library, not yet built, received
a complete set (1662-1930s) of the Philosophical Transac-
tions of the Royal Society of London. 1 took the beautiful
calf-bound volumes into protective custody and set them in
ten-year piles on the bedside bookshelves. For a year I read
them cover to cover, thereby getting my initial education
as a historian of science. As a side product, noting that the
piles made a fine exponential curve against the wall, I
counted all the other sets of journals I could find and dis-
covered that exponential growth, at an amazingly fast rate,

was apparently universal and remarkably long-lived.
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Figure 8.1

Number of journals founded (not surviving) as a function of date. The
twa uppermost points are taken from a slightly differently based list.
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"Geology" Publication Rates

100000
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>
@
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i0 1 note: N. America only before 1933 |
source: Georef database keyword "geol*"

1
1800 1825 1850 1875 1900 1925 1950 1975

year

Table 1: The Doublings of North American & World Geologic Literature since 1818.
cumulative  cumulative
date publications percent

1818 134 0.01%
1823 277 0.02%
1830 530 0.04%
1840 999 0.08%
1850 2,012 0.16%
1863 3,061 0.32%
1878 8,306 0.65%
1802 16,155 1.3%
1909 33,2190 2.6%
1932 65,479 5.2%
1941 131,362 10%
1959 261,803 21%
1974 530,201 42%
1990 1,066,076 84%
1998 1,270,537 100%

*Based on references to ‘geology’ in the comprehensive Georef digital database, published by the American Geological
Institute. This database covers North American literature from 1785 until 1933, at which point it expands to worldwide

coverage.
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Knowledge begets knowledge as money bears interest.

—A.CONAN DOYLE, The Great Keinplatz Experiment

l. ADAMS' LAW

By the end of the nineteenth century no clear-eyed observer could fail to
remark the striking pace of scientific advance. But among the first to
detail this phenomenon in exact terms—indeed to give it mathematical
formulation—was Henry Brooks Adams (1838-1918), the American
scholar, historian, and student of cultural affairs. (He was a grandson of
John Adams, George Washington’s successor as President.) Noting
that scientific work increased at a rate fixed by a constant doubling-
time—so that science has an exponential growth-rate—Adams
characterized this circumstance as a “law of acceleration” governing
the progress of science. He wrote:

Laplace would have found it child’s play to fix a ratio in the
progression in mathematical science between Descartes, Leibnitz,

Newton and himself. ... Pending agreement between
authorities, theory may assume what it likes—say a fifty or even a
five-and-twenty year period of reduplication . . . for the period

matters little once the acceleration itself is admitted.!

! The Education of Henry Adams (Boston, 1918; privately printed already in 1907),
chapter 34 (see p. 491). This chapter was written in 1904, The earliest anticipation of
Adams’ principle of exponential growth that I know of occurs in an obiter dictum in the
1901 Presidential Address to the British Association for the Advancement of Science
by William Thomson (Lord Kelvin): '

Scientific wealth tends to accumulate according to the law of compound interest, Every
addition to knowledge of the properties of matter supplies the naturalist with new
instrumental means for discovering and interpreting phenomena of nature, which in their turn
afford foundations for fresh generalizations. (Reprinted in G. Basalla, William Coleman, and
R. H. Kargon [eds.), Victorian Science: A Self-Portrait Through the Presidential Addresses
of the British Association for the Advancement of Science [New York, 19701, pp. 101-128
Isee p. 114], and compare p.488.)

The idea occurs in embryonic form in A. Conan Doyle’s 1894 short story The Great
Keinplatz Experiment, in whose opening paragraph the professorial protagonist is
described as follows;

As ... the worthy professor's stock of knowledge increased—for knowledge begets
knowledge as money bears interest—much which had seemed strange and unaccountable
began to take another shape in his eyes. New trains ol reasoning became familiar to him, and
he perceived connecting links where all had been incomprehensible and startling.

R*‘-’s('/glflj Nee llo/ﬁsj /773)
Scien {:'ﬂ'c P“o res s,
Ustiv, Qﬁ—s‘/auﬁ 47 Pf“"/gf



I Saturation limit

Pure exponential growth /

/ g,

Size

Exponential growth
with saturation

Present state?
7

T

Circa 30 yrs.

Date
Figure 1.5. General Form of the Logistic Curve

From Derck J. de Solla Price, Science Since Bahylon (New Haven, Yale Univer-
sity Press, 1961).
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a ZEOL
. b 250
L == 1< gt (12) 240
2300
the symbol ¢ denoting time reckoned from the origin indicated.s 220}
Population of United States. Formula (12) has been applied by -
200

Pear]l and Reed® to the population growth of the United States.’
The caleulated curve for the number & of the population fits the ob-
served data over a long period of years (1790 to 1910) with remark-

able faithfulness, as will be scen from table 2 and the graph shown
infigure 4, Numerically the formula (12) here takes the form

197,273,000
1 + RECRTEY

N (14)
and the time ¢’ (in years) is dated from April 1, 1914 (¢, being negative
for dates anterior to this). This epoch is one of peculiar interest,
It represents the turning point when the population passed from a
progressively increasing to a progressively diminishing rate of growth.
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Figure 5.13. 100
US popu'aton

forecasts made 0

£tween 1931 and 80

1823, a~d tre actual

~— Pearl 1540

— — Reed 1840
- Scripps 1543

T Scripps 1935

Dublin 1931

s, Scripps 1933

Scripps 1931

Incidentally it is interesting to note that if the population of the pepulaton increase 70
g.ng the taenteln
century Q 1 L 1 1 1 1 1 1 1 ]

1900 1510 1920 1930 1940 1950 1660 1970 1980 1550 2000

Year

TABLE 2
Results of filting Uniled Stales population dala 1790 lo 1910 by equation (14)
CALCULATED POPU~-

TEAR OBSENYED POPULATION | LATION B(l["gQUJ\'HOH ERROR

1790 3,929,000 3,929,000 0
1800 5,308,000 5,336,000 428,000
1810 7,240,000 7,228,000 —12,000
1820 9,633,000 9,757,000 +119,000
1830 12,866,000 13,109,000 +-243,000
1840 17,069,000 17,506,000 +-437,000
1850 23,192,000 23,192,000 0
1860 31,443,000 30,412,000 —1,031,000
1870 38,558,000 39,372,000 +814,000
1880 50,156,000 50,177,000 421,000
1890 62,948,000 62,769,000 —~179,000
1900 75,995,000 76,870,000 +-875,000
1910 91,972,000 91,972,000 0

United States continues to follow this growth curve in future years,
it will reach a maximum of some 197 million souls, about double its
present population, by the year 20060 or so. Such a forecast as this,
based on a rather heroic extrapolation, and made in ignorance of the
physical factors that impose the limit, must, of course, be accepted
with reserve.

Jiky Tlemeats oL
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Figure 1.8. Logistic Growth of Raw Material Production, Show-
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Adapted from S. G. Lasky, “"Mineral industry futures can be predicted,” Engi-
neering and Mining Journal (September 1955), Vol. 15b.
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