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These are the generations of Shem: Shem was an hundred years
old, and begat Arphaxad Etwo years after the flood:

And Shem 1ived after he begat Arphaxad five hundred years. and
begat sons and daughters.

and Arphaxad 1ived five and thirty years. and begat galah:

and Arphaxad 1ived after he pegat Salah four hundred and three
years, and begat soOns and daughters.

and Salah 1ived thirty years: and begat Eber:

and Salah 1ived after he begat Eber four hundred and three
years, and begat soOnNs and daughters.

And Eber lived four and thirty years, and begat Peleg:

And Eber 1ived after he begat peleg four hundred and thirty
years, and begat sons and daughters.

and Peleg 1ived thirty years. and begat Reu:

Aand Peleg 1ived after he begat Reu TwWO hundred and nine years;
and begat sons and daughters.

And Reu lived Etwo and thirty years. and begat Serud:

And Reu lived after he begat Serug two hundred and seven
years, and begat sons and daughters.

and Serug lived thirty years, and begat Nahor:

and Serug 1ived after he begat Nahor two hundred years, and
begat sons and daughters.

And Nahor 1ived nine and twenty years, and begat Terah:

And Nahox 1ived after he begat Terah an hundred and nineteen
years, and begat sons and daughters.

and Terah 1ived seventy years. and begat Abram, Nahor, and
Haran.
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nifed his work which he intended, hie then refted trom all labour , and blefling the fc-
vench day, he ordained and confecrated the Sabbaths [ Gen2, verf.253.] becaule therein
he souk breach, as himlelf is pleafed to {peak of himfelty [Exod, 31.ver[ 17.]) and, asit
were, tefrefhed himfclf. Noras yet ( for ought appearcth) had fin {et fooring into the
world., Nor was tiere any punifbment laid by God , cither upon man-kindc, or upon
Angels, Whence it was, thacthis afcciward was feeforth for a figne, as well of our lan-
Sifieation in this world [ Exed. 31 Jver[,13.] as of that cternall Sabbach, to be enjoyed
hereafter 3 whercin we expet a full deliverance and difcharge from fin, and the dregs
thercot, aod all punithments belonging thercunto,[ Heb, 4. verfi4,9,10.]

Atrer the ficlt week of the world ended, asit {eemeth 5 God brought the new marricd
couple into the gardenof Eden,and charged them notto cat of thq;gcc of knowledge of
goodand evil; but lefc them frecufeofall therefts

Buc the Devily cnvying Gods honout and mans felicity » tempted the woman to finby
the Serpent ; whenee him(clf got the name and title of the old Serpemt, [Apoc.12,verf. 9.
anl 20, verf[3] T he woman then beguiled by the Serpent, and the man (educed by the
woman, brake the ordinance of God concerning lh_C forbidden fruir; and accordingly
being called, and convitted of the cnme, had their feverall punifhments infli€ted on
them & yeewith this promife added, thatthe Seed of the woman fhould, one day,break
the Serpents heads ( i.) That Chrift in the tulacfle of ime fhould uvado the works of the
Devil, [t {fob, 3, verf, S.'&fm.xé.wrf. 10,7) From whence it was, that Adam then ficlt
called his wife Evab s becaufe fhe was then ordained to be the mother, not oncly o all
that Mould livethis naturall life, buz,of thofe aifo who fhould live by faith in her(eed;
which was the promifed Mc(fias: asSsra allo afcerward was counted the motherof the
faichfully Tt Pet jverfe 6. Gal.4, verfe 31.] ]

1lpon this accalion our firlk Parcuats, clad by God wich raiment of skinnes, were
rurncd out of Eder, and a ficrie Aaming {word fctto keep the way leading to thetree |
of Lifc, tothe end they {hould never atter cat of that fruit, which hitherto they had |
no: touched Gen.3verfe 21.22.0¢, whence it 1s very probable,that Adam was wrned out of |
Paradile che felt {ame day thache was brought intu It, which feemeth to havebeenup-
onthe tenth day of the world (anlwering to out ficlt day of November , according o
{uppolition of the Juiian Period ) upon which day alto, in remembrance of o remar-
kable 1 thing, asivall reafon it thould feem, was appointed the folemaity of Expiatien,
or attonement, and the yearly faft, (poken of by Saint Panl, Afts 27, verfe 9, termed
more cfpecially by the name of rstias, whercin all, as well (trangers ashome born peo-
le, were commaaded to afflict theic fouls with a moft fevere intcemination , that -
very foul which [enld not affict as felf wpon thas day [owld be deftroyed from amorg his people,
[Lev.t 6.v.29.and23.verfe? 9]

Atcer the fall of Adam, Ciin was the firft of all mortall men that wasborn of awo-
man,[Gen 4, verfe 1.]

130 Abel being murthered by his brother Cain, the fict born of all man-kind , God gave
d, | Eve another fon inhis (tead ; whence his name was called Seth, ¢, 4, v.25, when Adans
had nowlived 130 y2ars, €.5:%.3 From whence it is gathered, thatbetween the death of
Abelyand the birth of Serh, there \{Iasﬂo other fonborn to Eve; forthen he hould have
been recorded to have been given het inftead of him: lo thac whereas now the raccof
man-Kind had been continued to che terme ofr _23 years,it is probable, that the number of |
men was foencrealed inthe world,that Cain might jutly fear,through the confcience of his

crime, thatevery main thac met him would allo flay him[eug.ve 4,1 5.)
235, Serh now being 10§ years old, begacafon, whom he naamed Enech ; which fignifics, the  945.3 769)

d. | lamentable condition efall mankind., Foreven then was the worfhip of God wrerchedly
corrupted by therace of Cain: whence it came, that men weee even thenfodiftinguifhed,

thacchey who pcrliﬂed in the truc worthip ot Gods were knownby thename of thechil-
drenof God ; and they wiich for[ook him, were termed the children of men, Gen, 4, v.26.
315. mgfr:a’:'thc (on of Enoch was born when his father was 9o yearsold,[e.5.v.10.] 1035.3679.
39 s.|  Muabaleel wasborn when Cainan his father had lived 70 years,[¢,5w.12.] 101530694
460,| Jaredwas born when his fathereMabaleel had lived 65 years[e.5,v.15.] 10173 S-H.l
63 3| Emechwasborne when his father Fared had lived 162 years,[¢.5.2,18,] 13323383,
6?67 ﬂ'f—ﬂfm{dfdh wasborn when Enech his facher had lived 65 years(e,5w.25,] 13973317
8d7'4_ Lansech was born when hisfather Mathufalab had lived 187 years, [e.5.v.35.] (s84.3 130,
-930.| Now Adam the firlt father of all man kind,dicd when he had lived 930 years. 16.40,3074.
937 Asfor Enoch,the feventh from Adam, Godgranflated himin aninftant, whiles hc”:r_m 1697.3017.
. A walking i

Fig. 2.3. Old Testament chfonology published by Bishop James Ussher (1658).
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OF THE EARTH

n globe. For more than half a century,
thinting about the antiquity of the
sha  'ntosubsequently, are among
'mpts to determine a rational age for
lence. But the concept that a date for
1 from calculations of cooling was in-
efore.

I, English physicist and mathemati-
minating figure of the Enlightenment.
overies and inventions were the com-
iion and gravitation, the principles of
2lescope. Newton was also interested
eated bodies cooling in air, he con-
vas proportional to the difference in
and the surrounding medium. New-
to calculate an age for the Earth, but
: Naturalis Principia Mathematica, pub-
a comet passing near the Sun would
weat, which it would retain for an ex-
his point, he speculated on the length
0t iron the size of the Earth to cool:

ter, exposed red hot to the open air, will
-time; but a greater globe would retain its
neter, because the surface (in proportion
of the ambient air) is in that proportion
ae included hot matter; and therefore a
‘th, that is, about 40,000,000 feet in diam-
1l 1 er of days, or in above 50,000
n of i._. may, on account of some latent
ortion than that of the diameter; and I
ortion was investigated by experiments

, or at least suspected, that the rela-
ze for bodies of planetary dimensions
seared at first glance. As we shall see
ven more complicated than Newton

n analog for the cooling Earth was a
aterial of everyday experience. Baron
646-1716), German philosopher and
h Newton) of the calculus and one of
'rn world, was an early subscriber to
1 Earth. He proposed that the Earth
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solidified in stages similar to those he had observed in the cooling of
large masses of metal. The cooling Earth, according to Leibniz, was
sculpted by large bubbles, some of which hardened into mountains
while others collapsed to form valleys (Haber, 1959: 84--88). Like
Newton, Leibniz did not venture to determine an age for the Earth
from cooling. That bold step was left to another prominent figure of
the Enlightenment. ,I

Georges-Louis Leclerc, Comte de Buffon, was born September
7, 1707, at Montbard in Burgundy. He was educated in the law at the
College of Godrans in Dijon and went on to study medicine, botany,
and mathematics at Angers. Buffon was a man of enormous talent and
energy. In addition to his scientific interests, he managed his family
land holdings at Buffon and Montbard, engaged in the business of
harvesting timber, established a commercial tree nursery, and built
and operated an iron foundry, which played an important role in his
research into the age of the Earth. His business activities, however,
did not detract from his interest in science.

Buffon was one of the most productive and well-known scien-
tists of the eighteenth century, and during his career he was elected to
both the Royal Society and the Académie Frangaise. He made funda-
mental contributions to the calculus of probability, plant physiology,
and the scientific method, and laid the foundations for what would
become the field of paleontology. He is best known, however, for an
encyclopedic work in which he attempted, with considerable success,
to synthesize all knowledge of nature and natural history into an in-
telligible whole. Histoire Naturelle, Générale et Particuliére was origi-
nally intended to include an ambitious fifty volumes, of which Buffon

actually completed 35 before his death in 1788. Among them were 12
volumes on mammals, nine on birds, and five on minerals as well as

mtroductory volumes and six lengthy supplements. The fifth
supplement and the twentieth volume is Epochs of Nature, which was

published in 1778 and is probably the best known. In it Buffon di-
vided the history of the Earth into seven epochs. In the first epoch the
Earth was a molten globe and the final epoch included the advent of
man and the world as it is today; the intervening epochs included the
formation of Earth’s surface, the appearance of oceans and the begin-
nings of life, the formation of continents, the development of mam-
mals, and the separation of the American and Eurasian continents.”

According to Buffon, the first epoch began when a comet col-
lided with the Sun, causing the ejection of hot gases and liquid to

7. Both Albritton (1980: 84) and Haber (1959: 124-25) suggested that Buffon's
use of seven epochs was a device to defuse church criticism of his concept of lengthy
geological time, as the epochs are arbitrary and not an essential part of his synthesis of
Earth history.
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form the planets of the Solar System and their satellites. Buffon’s
proposition that the Earth began as a molten globe was consistent
with accepted cosmogonies of the time. Leibniz had argued for @
liquid primitive Earth, and in Principia Newton had furnished proof
that the Earth was once fluid and had cooled in the shape of an oblate
spheroid, thus explaining the equatorial bulge. Buffon also leaned
heavily on the work of Jean-Jacques Dortous de Mairan, @ French pio-
neer in atmospheric physics known for his work on the aurora. De
Mairan had compiled more than a half century of measurements on
temperatures of the atmosphere, of hot springs, in mines, and on the
formation of ice In surface waters. These measurements, published
in 1749, convinced Mairan and Buffon, with whom Mairan corre-
sponded, that the Earth contained residual heat and was cooling. The
next logical step was to calculate the time required for the Barth to

cool from its initial to its present state.
had his foundr fabricate ten iron

spheres whose Jiameters varied int STf-inchmcrements Up to 5 inches.
These he cated to white Teat and then observe the time required
for them to cool, first to red heat, then to Jbsence of glow: then to a
oint where they Were cool enough to hold in his hand, and finally t©
room temperature. To ensure uniform conditions and minimize the
daily temperature fluctuations caused by the Sury Buffon performed
his experiments :n a cellar laboratory-: He found an approximately lin-
ear relation between diameter and cooling time, which he then logi-
cally but naively extrapolated to @ sphere the size of the Earth. On this
basis he calculated that a mass of molten iron the size of the Earth
would require 42,964 years to cool below incandescence and 96,670
ears to cool to the present temperature of the Earth.
Buffon then performed similar experiments on @ second set of
raduated spheres composed of materials nearer the actual composi-
tion of the Earth. He corrected his calculations for the delaying effect
of the Sun’s heat and combined these data with some major events in
Farth’s history as reconstructed in Epochs to deduce the following
scale of times, cach in years from the beginning (Haber, 1959: 118):

Surface of Earth consolidated 1
Farth consolidated to center 2,936
Earth cool enough to be touched 34,270
Beginning of life 35,983
Temperature of present reached 74,832
End of life 168,123

Although the calculations were detailed and carried an air of ex-
actitude, Buffon was suspicious of his results because he felt that the
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32 THE AGE OF THE EARTH

University of Glasgow at the age of ten, where he studied mathemat-
ics and became particularly interested in the work of Joseph Fourier, a
French physicist who had devised mathematical methods of describ-
ing the physics of heat. In 1841 Thomson entered Cambridge Univer-
sity, from which he graduated in 1845 with high honors. Following
graduation, he spent several months at the University of Paris, where
he gained experience in laboratory methods by working with Henry
Regnault, the French physicist. In 1846, largely through the efforts of
his father, Thomson was appointed Professor of Natural Philosophy at
Glasgow, a chair he held throughout his long and distinguished career.
Thomson was an unusually productive scientist, and at the time
of his retirement in 1899 he had authored more than 600 scientific
papers and books on electricity, magnetism, thermodynantics, hydro-
dynamics, atmospheric electricity, geomagnetism, geodesy, the ther-
mal state and rotation of the Earth, tidal theory, and the age of the
Earth. In 1848 he devised and described the absolute temperature
scale, which still carries his name (the Kelvin scale). One of his most
significant scientific achievements, a statement of the second law of
thermodynamics, was published in 1851 under the title “On the Dy-
namical Theory of Heat.” The cosmic implications of this fundamen-
tal principle later formed the basis for his calculations of the age of the
Earth.

Thomson’s work on electricity led him into the field of applied
physics and to a role in the laying of the first trans-Atlantic telegraph
cable. He became a director of the Atlantic Telegraph Company in
1856, served as the clectrician aboard the Agamemuion in the first un-
successful attempt to lay an Atlantic cable in 1858, and supervised the
successful laying of the first cable by the Great Easfern in 1866, for
which he was knighted that year by Queen Victoria. Thomson was
also a prolific inventor, being responsible for the mirror galvanometer
and siphon recorder used to receive telegraph signals, the stranded
electrical conductor, the tide gauge, and an improved mariner’s com-
pass that allowed compensation for the magnetism of @ steel ship. By
the end of his career he held some 70 patents.

Thomson was probably the most honored British scientist in his-
tory, with countless awards, medals, and degrees. He was first elected
president of the Royal Society in 1890 and was reelected to that office
for five consecutive terms. In 1882 he was raised to the peerage and
became Baron Kelvin of Largs, Ayrshire, and in 1896; on the fiftieth
anniversary of his professorship at Glasgow, he was awarded the
Grand Cross of the Royal Victorian Order. Because of his renown and
the great respect in which he was held throughout the Western world,
Kelvin's writings and opinions were accorded special significance. It
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52 THE AGE OF THE EARTH

seems unlikely that the Moon was ever closer to the Earth than about
38 Farth radii (compared to the present 60).

Within the framework of late-nineteenth-century understanding
of the Earth, Darwin’s hypothesis was reasonable and appropriate,
but we now know that tidal considerations are incapable of providing
a basis for determining the Earth’s age. One has the feeling that Sir
George wouldn't have minded.

The Salt Clock

Physics was not the only discipline to provide early estimates
of Earth’s age; chemistry was also set to the task, and in a rather
clever way.

Imagine a tub of water to which a chemical is continuously
added. If you knew the amounts of the chemical in the water both
now and when the tub was first filled, and the rate at which the
chemical was added to the water, then you could calculate the time of
origin, i.e. the age, of the tub of water. It was the possibility of just
such a calculation that Edmund Halley (1656—-1742), the Astronomer
Royal who predicted the return of the comet that bears his name, had
in mind when, in 1715, he proposed that the age of the Earth might be
calculated from the salt content of the ocean and of certain kinds of
lakes (Halley, 1715).*

Halley observed that all lakes that receive runoff from rivers but
lack outflow contain salt in varying amounts. The concentration of
salt in the waters of these lakes must increase, he said, because salt,

icked up by the rivers in their passage over the Earth, is continu-
ously added but not removed.? Water is removed by evaporation, but
water vapor is fresh so the salt is left behind: “But the vapours thus
exhaled are perfectly fresh; so that the saline particles brought in by
the rivers remain behind, while the fresh evaporates; and hence it is
evident that the salt in the lakes will be continually augmented, and
the water grow salter and salter. . . /" (Halley, 1715, in G. . Becker,
1910a; 460). If this was truly the cause of the saltiness of lakes, Halley
reasoned, then it is probable that the same mechanism was respon-
sible for the saltiness of the ocean.

Analytical methods were then incapable of measuring the mi-
nute quantities of salt in the rivers that supplied the ocean, but Halley

19. Lengthy excerpts from Halley's paper appear in G. L. Becker (1910a).

0. The idea that the ocean was originally fresh and that its salt was dissolved
out of the Earth’s crust did not originate \with Halley. Leibniz, among others, had incor-
porated the idea into his model of the Earth.
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had another method in mind. If the concentration of .s.alt in the ocean
was measured at different times, then the rate of addition and the age
of the ocean, which he equated with the age of the Earth, could be
Jetermined. A repeat of the experiment at some later date, he noted,
would not only check the constancy of the rate at which salt is added
d verify the hypothesis.

o W}z:{ley ob&‘i?rved, Yfiljowever, that the age of the Earth c‘ould not
yet be calculated. The experiment would require a very long time, and
he lamented that the ancient Greek and Latin authors had not pro-
vided information on the saltiness of the ocean 2,000 years ago. The
only thing that could be done, advised Halley, was for ‘the Royal So-
ciety to ensure that future generations would be pr'owded with the
necessary data: ] recommend it therefore to the society, as opportu-
nity shall offer, to procure the experiments to be made of the present
degree of saltness of the Ocean, and as many of these lakes as can be
come at, that they may stand upon record for the benefit of future
ages” (Halley, 1715, in G. E. Becker, 1910a: 461). Halley also observed
that the method would provide only a maximum age for the Earth,
because the ocean and some lakes might well have contained some
salt when they first formed. The experiment, he said, was still wo_rth—
while because “[it] is chiefly intended to refute the ancient notion,
some have of late entertained, of the eternity of all things; though per-
haps by it the world may be found much older than many have hith-
erto imagined” (Halley, 1715, in G. F. Becker, 1910a: 461).

Halley’s idea was never pursued and seems to have been largely
forgotten until 1876, when T. Mellard Reade rediscovered the method
he called “chemical denudation.” Reade proposed that the age of the
ocean could be found from the concentrations of chlorides and sulfates.
Instead of determining the rates of addition of these compounds by
measuring their concentrations at different times, Reade proposed to
find the values by estimating the annual amounts carried into th‘e
ocean by the rivers of the world. At the present annual rates of addi-
tion, he calculated that it would require 25 Ma for the sulfates of cal-
cium and magnesium to reach their present concentrations in ocean
water; for chlorides (principally of sodium) the comparable time was
200 Ma (Reade, 1876, 1879). ,

Reade’s basic idea of dating the Earth from the progressive
change in the chemistry of the ocean was carried to a high degree-of
refinement by John Joly (1857-1933), a professor of geology and min-
eralogy at the University of Dublin. The son of a clergyman, Joly was
born in Holywood, Kings County, Treland, and educated at Trinity
College, Dublin, where he taught throughout his career. Joly was
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trained as a physicist but developed a keen interest in geology, an
evolution that is reflected in his sequence of positions at Trinity Col-
lege, where he held appointments as demonstrator in civil engineer-
ing (1883), in physics (1893), and finally as professor of geology and
mineralogy (1897).

Joly’s accomplishments were numerous. He developed a method
of extracting radium and pioneered its use in the treatment of cancer.
He invented a type of thermometer, a steam calorimeter to measure
heat energy, and a photometer to measure light frequencies. He was
the first to propose that convection, driven by the heat from radio-
active decay in the Earth’s interior, might play a major role in the en-
ergetics and evolution of the Earth’s crust. During his distinguished
career he was accorded many honors, including election as a Fellow
of the Royal Society in 1892.

Joly’s (1899) classic paper #An Estimate of the Geological Age of
the Earth” was read to the Royal Dublin Society, of which Joly was
then Secretary, on May 17, 1899. In it (p. 249) Joly proposed to mea-
sure the age of the Farth from the accumulation, not of a salt, but of
an element in the waters of the ocean: '

Now, if any of the elements entering the ocean is not again withdrawn, butis,
in a word, “trapped” therein, reappears as no extensive marine deposit, and
is not laid down sensibly upon its floor, and if the amount of uniformity al-
ready defined is accepted, evidently in the rate of annual accretion by the
ocean, from the rivers, of this substance and the amount of it now in the
ocean, the whole period since the beginning of its supply can be estimated.

Such an element, he said, was sodium, and by using the pure ele-
ment he avoided the questions and uncertainties of ionization and
chemical form.

The result of Joly’s calculations was an age for the Earth that dif-
fered little from Kelvin’s:

The quantity of sodium now in the sea, and the annual rate of its supply by
the rivers, lead, it will be seen, to the decluction that the age of the earth is
99 x 10° years. Certain deductions from this are, it will be shown, warranted,
5o that the final result of this paper will be to show that the probable age is
about 89 x 10° years. Also, that this is probably a major limit, and that consid-
erable departure from uniformity of activities could hardly amend it to less
than 80 % 10° years (Joly, 1899: 249).

How did Joly arrive at these values? The basic equation, lacking
certain necessary corrections, is the soul of simplicity:

total sodium in ocean

aseof Barth = ————— . = o
& annual sodium influx from rivers
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Joly began by arguing that the extrapolation of the rates of present

rocesses into the past was warranted unless it could be shown that
the rates had been interrupted by catastrophe or change. He pointed
out that the approximate constancy of erosion of the land surface
throughout geological time was a tenet whose validity had not seri-
ously been questioned. Even so, his calculation required acceptance
of this tenet only in part:

.. . that part of it which refers to the removal of the land surface by solution.
[t has to be accepted as a preliminary step that this, on the whole, has been
constant. Herein are involved a constancy, within certain fairly wide limits, of
rainfall over the land areas; a constancy, within fairly wide limits {(which can
be roughly defined), of the exposed land area, and a constancy in the nature
and rate of solvent actions going on over the land surfaces (Joly, 1899: 248).

The other tenet that must be accepted was that the primeval ocean did
not contain sodium in the quantities now observed.

The determination of a value for the sodium in the modern
ocean was not difficult. Sir John Murray, a British oceanographer and
founder of the study of submarine geology, had made estimates of the
mass and mean depth of the ocean, the total volume of river discharge,
and the quantity of dissolved matter ina number of the world’s rivers.”
Joly used Murray’s mean ocean depth of 3,797 m combined with Her-
mann Wagner’s ocean area of 1.0372 x 10" km? and the density of sea
water to calculate that the mass of water in the world’s ocean was
1.3245 x 10 metric tons.” The salinity of the ocean was known to be
3.5%, of which sodium chloride, NaCl, constitutes 77.758% of the
total salts. Since 39.32% by weight of NaCl is Na, Joly arrived at a
value of 1.4177 x 10 metric tons for the total mass of Na in the ocean.

Murray’s estimate for the total annual discharge of rivers into the
ocean was 2.7176 x 10* km?. His estimate for the dissolved matter in
river water was based on analyses of waters from 19 rivers of the
world. These analyses showed that of the total salts in river water,
three contain sodium, giving a combined mass of 5,250 metric tons of
Na per cubic kilometer of river water. T he annual discharge multi-
plied by the sodium content provided Joly with a value of 1.4268 x 10°
metric tons of Na supplied per year by rivers to the ocean. Joly’s un-
corrected age for the Earth thus was

1.4177 % 10 metric tons Na
1.4268 % 10® metric tons Na/yr

age of Earth = =99.4 X 10°yr

21. John Murray (1841-1914) was one of the organizers of the famed Challenger
expedition of 1872-76 and served on board as a naturalist. He completed the report of
the expedition after the death of the leader, Sir Wyville Thomson.

22. Joly's 1899 data were expressed in English units of measurement. | have con-
verted them to metric units.
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But this was not the true age of the Earth; some corrections were
necessary.

Joly applied a correction to the numerator for the amount of so-
dium in the original ocean. This correction was based on his estimate
of the amount of sodium that would have been dissolved out of the

rimeval rocks as the crust and ocean were forming. Like Kelvin, Joly

resumed that the Earth beganas a molten globe. Ata temperature of
1,500°C, the crust would have been molten and the material of the
future ocean would have consisted primarily of free hydrogen, free
oxygen, and HCI gas; NaCl would not exist at that temperature. As
the crust and primitive atmosphere cooled, first water vapor then
liquid water would form and the hot acidic rains (from the HCI dis-
solved in the rain) would react with the hot crustal rocks to form salts
of Na, K, Mg, Ca, and FPe. From the abundances of these elements in
what Joly took to be the average crustal rock, and presuming that all
of the HCI would be neutralized by reactions with these elements in
the crust, he concluded that only 14% of the Cl in the acidic rains, i.e.
in the original ocean, would combine with Na to form NaCl.

The next quantity Joly had to find was the total amount of Cl
available in the primeval ocean. To do this Joly assumed that the
amount of Cl now in the ocean is the sum of the amount in the pri-
meval ocean and the amount brought in by rivers since the ocean first
formed. The amount of Cl in the present ocean was relatively easy to
estimate; it was the sum of the amounts in the ocean’s NaCl (21.913 X
10" tons) and MgCl, (3.775 X 10'* tons).

The amount brought in by rivers over geologic time was a less
certain calculation. Joly summed the amounts brought in each year as
NaCl, LiCl, and NH ,Cl, but reduced the contribution from NaCl by‘
10% to account for recycling from the sea by evaporation. This sum,
less the 10% correction, was about 69 X 10 tons of Cl per year. But for
how many years? Joly chose 86 Ma as a reasonable value, which
yielded 5.929 X 10" tons of Cl added to the ocean by rivers since the
world began. To summarize, Joly’s estimate of the Cl in the primeval
ocean was

now as NaCl 21.913 x 10" tons
now as MgCl, 3.775 % 10" tons
from rivers in 86 x 10° years —5.929 x 10" tons
Cl in primeval ocean 19.759 x 10" tons

Fourteen percent of this Cl, or 2.766 x 10" tons, would combine with
1.789 % 10" tons of Na, which was Joly’s value for the original Na in
the primeval ocean and was the amount to be subtracted from the nu-
merator in his age equation.
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TABLE 5.1 Major Rivers that Flow to the Sea, Listed in Order of Discharge

e

o

Water
RLfr— Location (km?/yr)
1. Amazon S. America 6300
2. Zaire (Congo) Africa 1250
3, Orinoco S. America 1100
4, Yangtze (Chiang) Asia (China) 900
5. Brahmaputra Asia 603
6. Mississippl N. America 580
7. Yenisel Asia (Russia) 560
8. Lena Asia (Russia) 525
9, Mekong Asia (Vietnam) 470
10. Ganges Asia 450
11. St. Lawrence N. America 447
12. Parana S. America 429
13. Irrawaddy Asia (Burma) 428
15. Mackenzie N. America 306
17. Columbia N. America 251
20. Indus Asia (India) 238
Red (Hungho) Asia (Vietnam) 123
Huanghe (Yellow) Asia (China) 59

e —

Note: Tributaries are excluded.
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Figure 10. Hypothesis for the development of gravity-induced growth
faults on a deep mobile salt layer, northern Gulf of Mexico (from Wil-

helm and Ewing, 1972).
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Figure 13. Diagrammatic representation of the initiation of salt dome
growth on the continental slope as a result of sediment loading on the

shelf-upper slope (from Humpbhris, 1978, 1979).
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TABLE 8.13 The Oceanic Chloride Budget (Rates in Tg Cllyr)

Present-Day Budget

Inputs Qutputs
Rivers (natural) 215 Net sea—air transfer 40
Rivers (pollution) 93 Pore-water burial 25
Total ' 308 Total 65

e — S C

e

Long-Term (B alanced) Budget
e

o — [ T S S —

Inputs Qutputs
Rivers 215 NaCl evaporative deposition 163
Net sea—air transfer 40
Pore-water burial 12
Total 215

Note: Tg = 10" g. Replacement time for Cl- is 87 million ycars.

Long-term
average

C| Concentration —>

Time —»

Figure 8.12. Schematic representation of change of chloride (Cl) concentration in seawater with geo-
logic time. Sudden drops are due t0 the rapid precipitation of NaCl in evaporite basins.



TABLE 4.7 Origin of Major Components of Groundwater (Major
Processes Only)

Component Origin

B

Na* NaCl dissolution (some pollutive)®
Plagioclase weathering
Rainwater addition

K* Biotite weathering
K-feldspar weathering
Biomass decreases
Dissolution of trapped aerosols

Mgt Amphibole and pyroxene weathering
Biotite(and chlorite) weathering
Dolomite weathering
Olivine weathering
Rainwater addition

Ca*t Calcite weathering
Plagioclase weathering
Dolomite weathering
Dissolution of trapped aerosols
Biomass decreases

HCO, Calcite and dolomite weathering
Silicate weathering
SO, Pyrite weathering (some pollutive)
CaSO, dissolution
Rainwater addition

Cl NaCl dissolution (some pollutive)
Rainwater addition
H, S0, Silicate weathering

___)_____—»———f_,________’_____*_._———______ﬁ__

Note: Order presented is approximate order of decreasing importance.
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Altered zone, loses some,
gains other elements

TABLE 8.8 Removal or Addition Fluxes of Some Major Sea-
water Constituents as a Result of Basalt-Seawater Reaction Near

Midocean Ridges

Flux (Tg/yr)

Edmond et al. Thompson Present
Constituent (1979) (1983) Study
Mg** —-187 -60 ~119
Ca*t 140 73 191
K* 51 -217 53
SO, ~as S -120 — A
H,SiO, as Si 90 82 56

Note: Removal values shown as negative numbers. Tg = 10'%g,

4 Less than 10% of Edmond et al, (1979) value
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TABLE 8.16 The Oceanic Magnesium Budget (Rates in Tg Mg+/yr)

-

(Balanced) Budget for Past 100 Million Years

[nputs Outputs

_ I ;_))/i/f,,

Rivers 137 Volcanic—seawater reaction 119
In biogenic CaCO, 15
Net sea—air transfer 3

g=10"g. Replacement time for Mg** is |3 million years.

Note: T

Altered zone, loses somse,
gains other elements
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TABLE 5.12 Sources of Ca and Mg in World Average River

Water
Percent of Percent of
Source Total Ca Total Mg
Weathering
Calcite, CaCO, 52 —
Dolomite, CaMg(CO ), 13 36
CaSO, minerals 8 -
Ca-silicates ffﬁ/ag/lob{m“’fj 18 —
Mg-silicates — 54
Cyclic sea salt <]
Pollution 9 8
Total 100 100

Source: Data for rock sources from Berner et al. 1983. Cyclic sea salt from
Table 5.10 and pollution from Meybeck 1979.

TABLE 5.13 Sources of Rock Weathering-Derived HCO,™ in
World Average River Water

Percent of Total Percent of Total

Weathering HCO,” from HCO, from
Source Soil CO, Carbonate Minerals
Calcite + Dolomite 27 34
Ca-silicates 13 —_
Mg-silicates 15 —
Na-silicates 6 —
K-silicates 3 o

Total 64 34

Note: For method of calculation, see text. (An additional 2% of total
HCO,™ is added by pollution; see Table 5.11.)
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