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ABSTRACT. From O®* mass balance calculation, the total sedimentary mass of
24 = 04 X 10* g is obtained. A geochemical mass balance model is constructed by
using Poldervaart’s average crust rock and the constrains from O%, C*, and $* isotope
data. A mathematical model for the distribution of sedimentary mass as a function of
age is also given and discussed. The weathering constant, w, for the last 700 X 10° yr
is 48 + 0.1 X 10— yr—* which corresponds to a mean residence time of sediment
(1/w) 210 = 5 X 10° yr.
INTRODUCTION

In order to account for the present composition and amount of
sedimentary mass as well as sea water, Goldschmidt (1933, 1954) sug-
gested that at least 815 X 10%* g of igneous rock is weathered by react-
ing with 1400 X 10%* g of primary magmatic volatiles (mainly H,O and
with some CO,, HCl, H,, H,S, N, et cetera). Rubey (1951) also showed
that most of those primary magmatic volatiles should have been sup-
plied continuously from the interior of the Earth, since the amount of
H.O, C, Cl, S, N,, et cetera in the present sediment, hydrosphere, and
atmosphere cannot be accounted for by those released from igneous rocks
alone during the weathering.

The purpose of this paper is to present a simple geochemical mass
balance between igneous rocks and primary magmatic volatiles on the
one hand and the sedimentary mass, hydrosphere, and atmosphere on
the other hand. The emphasis is kept on the charge balance and the mass
balance of stable isotopes (08, C'3, and $%¢) in the system.

Chemical weathering and “reverse weathering”.—Chemical weather-
ing bears analogy to an ion exchange or acid titration process, that is,
hydrogen ion, H*, from magmatic volatiles replaces metal cations in
igneous rock and causes the reconstruction of rock materials. Table 1
illustrates this point. The moles of each rock forming minerals for the
igneous rock in table 1 are the norms calculated from 100 kg of the
average crust rock given by Poldervaart (1955). The iron is partitioned
into ferric and ferrous compounds in table 1 according to the Fe?+ /Fe+3
ratio in the average crust rock and sedimentary rock given by Polder-
vaart (1955). The titration capacity is about 0.76 equivalent of H+ per
100 g of igneous rock.

The “reverse weathering”, first proposed by Mackenzie and Garrels
(1966), is a general term for the clay mineral-and-salt-forming process. In
this process, the metal cations replace H+ ion as illustrated in table 2.
The end components of clay minerals in table 2 are chosen quite
arbitrarily and may not exist in sediments, but agy clay mineral can
be constructed by a proper mixture of those chosen components. The
point is to make charge and material balance. Also in order to make the
consumption of HCI minimum, all kaolinite was combined with cations
to form other clay minerals. ‘
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By adding table 1 and 2, the overall reaction is:

14.5 O, + 173 H,0 + 56 HC1 4 160 CO, -+ igneous rock (100 kg)
— 56 NaCl + 160 CaCO; + 47 Fe, 0, + 589 SiO, + clay minerals (49 kg)
(1)
where the coefficients are in unit of moles. According to equation (1), by
weathering 100 kg of igneous rock, about 113 kg of sediments will be
produced. If the total mass of sediments in the present Earth surface is
known, it is possible to calculate the total primary magmatic volatiles
and O, consumed in the weathering process that produced that mass.
Early estimates of the total sedimentary mass ranges from 0.7 X 10*¢ g to
1.0 X 10°¢ g (Goldschmidt, 1933, 1954; Conway, 1943; Wickman, 1954;
Goldberg and Arrhenius, 1958), and the most recent estimates 2 X 1024 g
(Horn and Adams, 1965), 2.5 X 10°¢ g (Ronov, 1968; Ronov and Yaro-
shevsky, 1969) and 2.5 X 10* g (Garrels, 1971; personal commun.). The
metamorphic rocks of sedimentary origin but with chemical composition
similar to those of igneous rocks are excluded in the estimate on the total
sedimentary mass. An O® mass balance provides a semi-independent
check for their estimates: :

0% mass balance.—If all the water in the hydrosphere is ultimately
of magmatic origin, one can write the following O® mass balance equa-
tion: :

80313 . Xa . fa + aobls . Xb . fb — 805'18 . Xa' . fa,
+ 30);,»18 ° Xb’ * fbr (2)

where X; = total mass of component i
f; = weight fraction of oxygen in X;
a = igneous rock weathered to make sediment
a’ = sediments
b = magmatic water
b’ = water in hydrosphere.

Substituting the following data into equation (2):
f, = 0.47 = 0.02 (Mason, 1966)

f., = 0.47 (from eq 1)
f, = f,, = 0.86 (water)
X, = X, X, = Xy
80, = 7.5 = 0.5%, (average of basaltic rock, §O*® = 6%,, and granitic

rock, §O® = 9%,, given by Tayler, 1968)

808 = 7.5%, assuming magmatic water is in equilibrium with magma
or igneous rock at high temperature.

80,1 = 17 = 1%, estimated from the relative abundance of car-
bonate:shale + oceanic clay:sandstone = 15:74:11 (Garrels ~
and Mackenzie, 1971) and 80?8 of those rock types = 25:16:-
14%, (data compiled from Savin and Epstein, 1970a, b; Gar-
lick, 1969, et cetera)
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$0,1 = — 0.85 = 0.2%o, taking into account of average sea water (308
= — 0.1%,, Craig and Gordon, 1965), polar ice (80 = —
80%o), and O, in the atmosphere (808 = + 237%0)

one obtains

X,/ Xy, = total mass of sediments/total water mass of hydrosphere
=14 =02

Since the total water mass of hydrosphere (including mainly sea water,
interstitial water in the sediments, and polar ice) is about 1.7 X 10** g
(Horn and Adams, 1965), the total mass of sediments should be about
2.4 =+ 0.4 X 10?* g in good agreement with those recent estimates (2 to
2.5 X 102+ g). The total sedimentary mass of 2.4 += 0.4 X 10** g may
represent a minimum, since the metamorphosed sediments tend to have
low 8078 value, and make X,./X, even higher.

Adapting 2.4 X 10%¢ g as the best estimate of total sedimentary mass,
the total consumption of volatiles and O, in the weathering process as
calculated from equation (1) is:

O, = 8.1 X 102° moles
HC1 = 11.9 X 102° moles
CO, = 84.0 X 102° moles
H.O = 36.8 X 102° moles

In addition to $4.0 X 102° moles of CO, that have been used up in the
weathering process and ended up as CaCO,, some extra CO, is needed
to account for the organic carbon in the biosphere and sediments. The
fraction of primary magmatic CO, that ends up as organic carbon can
be estimated by Ct® isotope mass balance (Wickman, 1955).

C'* mass balance—For C!* mass balance, the following relation

holds:

(8C23 of primary magmatic CO,) X1
= (1 — f) (5C*2 of carbonate) + f X (8C*? of organic carbon)
)

where f = the fraction of primary magmatic CO, ended up as organic
carbon.
8C1s of primary magmatic CO, is assumed to be that of kimberlite
diamond, that is, — 5%, (Craig, 1953; Wickman, 1955; Vinogradov,
Kroptova, and Ustinov, 1965)
8C3 of carbonate = 0 * 1%, (Craig, 1953) and 8C*® of organic car-
bon = 25 = 1%, (Craig, 1953; Degens, 1969)
Solving equation (3) one obtains:

f=1020 = 0.05

which may represent a maximum, since according to new data by Fuex
and Baker (1971), §C® of mafic rock (including both noncarbonate and
carbonate carbon) ranges from — 9 to — 16%o, therefore §C** of primary
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magmatic CO, gas should be heavier than the primordial carbon, that
is, — 5%,. The “observed” f varies widely, for example, 0.27 (Rubey,
1951), 0.23 (Borchert, 1951), 0.18 (Ronov, 1968), and 0.13 (Ronov and
Yaroshevsky, 1969). If f = 0.2 + 0.05 is adopted, the amount of primary
magmatic CO, ended up as organic carbon is about 0.2/(1 — 0.2) X 34.0
X 1020 = 8.5 = 25 X 10% moles in comparison with 7.2 ~ 11.7 X
102° moles which were calculated from the weight percent of organic
carbon in the average sediment (0.3 percent, Borchert, 1951; and 0.49
percent, Ronov and Waroshevsky, 1969) multiplied by the total sedi-
mentary mass. Also, by photosynthesis: CO, + H,O0 = CH,O + O,, a
total net of 8.5 = 2.5 X 102° moles O, should have been produced. Out
of 8.5 £ 2.5 X 10% moles of O,, 3.1 X 10?° moles have been used up in
oxidation of ferrous to ferric iron during the weathering process. Except
0.4 x 10% moles of O, left in the atmosphere today, the rest of O,
should have been used up in oxidizing some other reducing compounds
such as H,S, SO,, H,, CO, et cetera. In tables 1 and 2, the primary
magmatic H,S and SO, are omitted for the sake of clarity, but in con-
sidering the global oxygen budget, sulfur can no longer be neglected.

§% mass balance.—The primary magmatic sulfur ends up mainly in
evaporites (CaSO,), ocean (SO,=), and sediments (FeS,). The fraction in
the form of CaSO* 4 SO,= and FeS, can be estimated again by the rela-
tion:

(8S%¢ of primary S) = (1 — f) X (85%* of CaSO, + SO,=) + £ X (853 of FeS,)
)

where §S3¢ of primary sulfur = +1%, (assuming §S%* of mafic rock as the
Earth’s primary value)

883 of CaSO, + SO,= = 17 % 2%, (average)
and
5834 of FeS, = — 12 % 5%, (average)

(data compiled by Holser and Kaplan, 1966). Then, f, the fraction of
primary sulfur in the form of FeS,, is equal to 0.55 + 0.10 which may
represent a minimum since §53¢ of granitic rock is quite heavy (average
~ 10%o); therefore, 88°¢ of magmatic sulfur volatile should be lighter
than + l%a.

According to tables 1 to 3 in the paper by Horn and Adam (1965),
the sulfur distributed in shale and oceanic clay (mainly FeS,), in car-
bonate, evaporite, and sand + graywacke (mainly CaSO,). and in ocean +
interstitial water (mainly SO,=) are respectively 1.4 X 10?° moles, 0.5 X
10%° moles, and 0.5 X 102° moles. Therefore, the fraction of sulfur in the
form of FeS, is again equal to 1.4/(1.4 4+ 0.5 + 0.5) = 0.58, in good agree-
ment with the $3¢ isotope mass balance. Holser and Kaplan (1966) gave f
= 0.45. The estimated weight percent of sulfur in the average sediments
again varies considerably, for example, 0.49 = 0.13 percent (Holser and
Kaplan, 1966), 0.3 percent (Horn and Adams, 1965), and 0.20 percent
(Ronov and Yaroshevsky, 1969). The difference depends very much on
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what weight percent they chose for the evaporites, for example, 2.1 per-
cent (Holser and Kaplan, 1966), 1.5 percent (Horn and Adams, 1965),
and 1 percent (Ronov and Yaroshevsky, 1969). If one adapts the weight
percent of sulfur given by Holser and Kaplan (1966) and the total sedi-
mentary mass of 2.4 X 10°* g, one obtains the total mass of sulfur in
the sediments and the hydrosphere equal to 4.2 += 0.9 X 10%° moles,
which should have consumed about 4.4 * 0.9 X 102° moles of O, assum-
ing the magmatic sulfur was introduced to the Earth’s surface entirely
as H,S gas (it is the case for volcanic gases at lower temperature as
demonstrated by Heald, Naughton, and Barnes, 1963) and f = 0.55.

The overall mass balance—Now taking into account the new in-
formation obtained from C? and $3¢ mass balance calculations and the
dissolved salts in the hydrosphere, table 2 is rewritten into table 3. The
total sulfur of 4.2 X 10?° moles was adopted here. Also, the amount of
magnesium in carbonate phase in table 3 is estimated from the overall
Mg /Ca ratio (= 1/7) in carbonates (Horn and Adams, 1965).

Adding tables 1 and 3 and taking inert H,O in hydrosphere and N,
in atmosphere into account, the overall weathering reaction is:

[ 56 HCl1

219 CO,
igneousrock (100 kg) + 1 20 H,S  + {4303 0 -
160 H,O 2
16 H,
(reactive (non-reactive
15.3 kg) 77.7 kg)
(primary magmatic volatiles)
(595 SiO,
47 Fe,O, +
5.5 FeS, ( 5 llfng 50
7 CaSO4 — . 2
1158 CacO, T | 33 g(l) . THERO+ { 7N
22 MgCO, -
18 NaCl 4300 H,O
L = clay
(sediments (hydrosphere  (organic carbon  (atmosphere
111.6 kg) 79.9 kg) 1.3 kg) 0.3 kg)
(5)

Therefore, if one adopts the total sedimentary mass of 2.4 X 10** g and
Poldervaart’s average crust composition, one obtains the total mass of
primary magmatic volatiles easily from equation (5), that is,

HCl= 11.9 (unit: 10%° moles)

CO, = 464
H,S= 42

N= 28
H,O = 953.3

(H) = (3.4)
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The weight percent of carbonate (CaCO, + MgCO;) and organic
carbon (C) in the sediments calculated from equation (5) are respectively
15 percent and 0.47 percent in good agreement with the values given by
Garrels and MacKenzie (1971) for carbonate (15 percent) and by Ronov
and Yaroshevsky (1969) for organic carbon (0.49 percent). The weight
percent of evaporites (NaCl 4 CaSO,) in the sediments and the weight
ratio of NaCl/CaSO, as calculated from equation (5) are respectively
2.0 percent and one. The ratio of NaCl/CaSO, ~ 1 is in good agreement
with the observed value in the evaporites (Pettijohn, 1957). The weight
percent of chlorine and sulfur calculated from equation (5) are respec-
tively 0.57 percent and 0.51 percent in comparison with 0.24 percent
and 0.2 percent given by Ronov and Yaroshevsky (1969). Though they
differ by a factor of two (due to the choice of different weight percent
of evaporites) C1/S ratio is almost the same. Furthermore, the chemically
bonded water in the sediments calculated from equation (5) is 2.9 per-
cent in agreement with 3.9 percent given by Ronov and Yaroshevsky
(1969).

For the mass balance of Si in the sediments (in the form of SiO,),
the following relationships hold:

X, 4+ X, + X, 4+ X, =1
a1X1 + 32X2 + a3X3 ‘+‘ a4X4 = ﬁ

where X is weight fraction of rock type i
a; is weight fraction of SiO, in rock type i
1 = evaporite
2 = carbonate
3 = shale + clay
4 = sandstone

The following data are known:

X, = 0.02 (present work)
. = 0.15 (present work)
a, = 0.03
2 Z 035 [(Ronov and Yaroshevsky, 1969)
a, = 0.70
a = 0.49 (= average in the sediment, obtained from eq (5))

Substituting the data into above equation and solving for X; and X,,
one obtains:

X, =0.71
X, =0.12
so the relative weight abundance of evaporites:carbonate:shale:sandstone

= 2:15:71:12, in general agreement with the estimate (2:15:74:11) by
Garrels and Mackenzie (1971).
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In summary, the weathering of the imaginary igneous rock, which
has a chemical composition of Poldervaart’s (1955) average crust rock,
can reproduce most of the important features in the sediments observed
today.’ :

The weathering of the igneous rock with composition given by Horn
and Adams (1965) can produce the following features:

carbonate = 9 percent (all in weight percent)
organic carbon = 0.24 percent
evaporite (NaCl + CaSO,) = 3.6 percent
sulfur = 0.3 percent
chlorine = 2.1 percent

Apparently, carbonate and organic carbon are only about half the
observed values, and chlorine is much too high. Horn and Adams (1965)
adopted a chemical composition of marine sediments with very high
NaCl content which actually should have been counted as the com-
ponent of the interstitial water. Therefore, any calculation based on the
total chlorine data given by Horn and Adams (1965) is dubious.

The summary of oxygen budget from tables 1 and 3 is as follows
(in unit of 10%° moles):

Net production of photosynthesis = 9.3 = 2.5
Free in atmosphere 0.4
Used in oxidation of Fet+2 to Fe+* 3.1
Used in oxidation of primary H,S 4.4 = 0.9
Used in oxidation of primary H.,

NH,, CH,, CO, et cetera 14 =19

How important the primary H,, NH,, CH,, CO, et cetera are with re-
gard to the oxygen budget is still uncertain. Within the uncertainty of
data, those reducing compounds may not be important at all (a more
quantitative treatment will be given in another paper).

THE RATE OF DE-GASSING, RECYCLING, AND THE DISTRIBUTION
OF SEDIMENTARY MASS AS A FUNCTION OF AGE

The de-gassing rate of primary volatiles is directly related to the
accumulation rate of the total sedimentary mass, for example, one possi-
ble relationship is an asymptotic equation:

M(t) = M(p) (1 —e~M)/(1 —e=) ~ M(p) (1 —e™*) (6)
where:

M(t) = total sedimentary mass as a function of time t

M(p) = total sedimentary mass at present time p

A = de-gassing constant

P 4.5 X 10° year (that is, t = 0 at the creation of the Earth).
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If one assumes that the erosion or recycling rate of sedimentary rock is
directly proportional to the amount of sedimentary rock present,

dN
that is, —— = — wN 7
de ™
where w = weathering or recycling constant.
then, one obtains the following theoretical distribution of sedimentary
mass as a function of time:

N(, t) = M(p) [W(1 — e7A7) - AeAr]e=w(t=m) (84)
or age:
N(t') = M(p) [w(l — e=A®~t) + Ae=A@=O]e=m (8B)
where N(r, t) = sedimentary mass formed per unit time at time r, and
remaining at timet, t > 7.
= N(t') = sedimentary mass per unit time with age t'.
Equation (8B) is obtained by reversing the time axis in equation (8A),

that is,
t’ = time before present = p — 7, and t = p.

(The details of mathematics in this section are given in the appendix)
Either A = oo (that is, all primary volatiles were introduced to the Earth
surfaces at the very beginning of the Earth creation)

or A =Ww,
equations (8A) and (8B) reduce to:
N(r t) = wM(p)e—v{t—7) (9A)
N(t') = wM(p)e—™* (9B)

(A similar result was given by Gregor, 1968.)
Therefore, for all A values lying in «>A>w, the distribution of sedi-
mentary mass as a function of age can be represented essentially by the
same equations (9A) and (9B). Figures 1A and 1B give the plots of
equations (6) and (9B) with w = A = 1.16 X 10—? yr—%, where w = 1.16
X 10—2 yr—1 is the best estimate for fitting the observed gross distribu-
tion of sedimentary rock as a function of age as shown by Garrels and
Mackenzie (1968).

If the de-gassing rate of primary volatiles has been uniform through-
out the Earth’s history as suggested by Rubey (1951), then:

M(t) = M(p) * t/p (10)

N(t') = M(p) [1 + w(p —t)]e="/p 11
(A similar result is given by Harbauch and Bonham-Carter, 1970, for
a computer simulation calculation.) Equations (10) and (11) are also
plotted in figures 1A"and 1B with w = 1.16 X 10~® yr—*. As is clear from
figure 1B, equation (11) tends to have more younger sediments than
equation (9B), but the difference is too small to determine which de-
gassing model is closer to the truth (same conclusion was given by Har-

and
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Fig. 1. (A) The fraction of sediments or primary volatiles introduced to the
Earth’s surface as functions of time and the de-gassing constant, .
(B) The fraction of sedimentary mass per 10° years as function of age.



180 Yuan-Hui Li—Geochemical mass

bauch and Bonham-Carter, 1970). But in considering the general thermal
history of the Earth (Birch, 1965), the asymptotic de-gassing model is
preferred here.

In the case of A = 3 X 10—° yr—1, about 95 percent of M(p) and
the primary volatiles would have been introduced to the Earth surface
at the first billion years of the Earth’s history (fig. 1A). Thereafter we
can consider the total mass of sediments is more or less in a steady state,
and the later age sediments were formed by recycling of old sediments
through the reworking of old sediments and the weathering of fresh
igneous rocks which are balanced by the remelting of old sediments (for
details of sediment recycling concept see, for example, the paper by
Siever, 1968, and the book by Garrels and Mackenzie, 1971).

If after time t, the weathering constant changes from w,; to w,, and
the sedimentary mass active in the recycling process decreases from M, to
M,, that is a fraction of sedimentary mass = 1 — (M,/M,) becomes non-
active; then:

N (1, t) =<l . ﬁ:) [WlMle_wl (t1_..r>] + _NI_?. [W1M1e_'1 (:1_,)} e—m2¢t—tD

! M,
(13A)
for0 < r K t,andt >ty
or
M wi(t_tr M (1) 1 o wat?
N() = (1= 2 ) WMo =] 1 [ M= e
(13B)
fort; <t < p,wheret/;, =p—1t,
and
N(r, t) == w,M,e~"2(‘"7) (14A)
fort, <r<t,t>ty
or
N(t') = w,Me~"2" (14B)

foro Y,
As is clear from equation (14B) w,M, and w, can be obtained directly
from the plot of InN(t') versus t’ as shown in Figure 2A. (The data are
given by Gregor, 1970). The best estimates are:

w,M, = 7.37 X 10 g/yr
w, =4.80X10-°yr—?
and M, =153Xx10*g

Also w, can be obtained graphically from the slope in InN(t’) versus t’
plot (see fig. 2A and eq 13B). Within the uncertainty of data, w, is
equal to w, = 0.48 X 10—? yr—% N(t') at t/; (= 3.5 X 108 yr) is 3.36 X
105 g/yr (Gregor, 1970; also see fig. 2B). Substituting the values of w,
= w,, N(t'y) and t’; given above into equation (13B), one obtains:

M, =197x10%g
and w,M; = 9.46 X 10'® g/yr
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20
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/
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Fig. 2. (A) The plot of InN(t") versus age. N(t') data from Gregor (1970).
(B) The plot of N(t') versus age. The dotted curve is the plot of equations (13B)

and (14B) with change in M at t';. The solid curve is the same plot but without the
change in M at t,.
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The dotted curves in figure 2B are the plots of equations (13B) and (14B)
with the values of w, = w,, M,, and M, given above. The solid curve is
the same plot but without change in M,, that is, M, = M, = 1.97 X
102¢ g. The histogram is the “observed” distribution of sediments given
by Gregor (1970). M, is corresponding to a total sedimentary mass with
age between zero and 7 X 108 yr plus a small fraction of sediments tail-
ing beyond the age 7 X 108 yr (fig. 2B). M, is less than the total sedi-
mentary mass observed today (that is, M; < M(p)), since four other
sediment peaks beyond the age 7 X 10 yr as shown by Garrels and
Mackenzie (1969) are not included in M,.

In summary, the discontinuity at 3.5 X 10® yr ago in figure 2B
was mainly caused by a sudden decrease in the sedimentary mass active
in the recycling process (M, < M,) with almost no change in the weather-
ing constant (w, = w,). The change may be closely related to orogenic
activity (for example, Caledonian versus Hercynian). The ratio of the
recycling rate w,M,/w,M, (and M,/M,) is about 1.3 as against the ratio
of 4 given by Gregor (1970). The discrepancy is expected, since the
binomial equation:

N(t) = - (e~¥a¥ + e=b¥)

used by Gregor (1970) is empirical and has no real physical meaning
(or at best ambiguous). This is also so of his calculation. (Garrels and
Mackenzie, 1971, also independently reached a similar conclusion.)

If the weathering or recycling constant w = 4.8 + 10—° yr—* for the
last 7 X 108 yr also applied to the whole geological time and all sedi-
mentary mass in the Earth’s crust were active in the recycling process,
one would find very little sediment with age beyond 1 b.y. in contradic-
tion with the observed fact. The explanation is that the older sediments
have been preferentially preserved by burial under the younger sedi-
ments and/or have become relatively non-active in the recycling process
due to some special geological conditions, for example, after an inten-
sive orogenic activity and followed by a relatively calm period, the sedi-
ments become a part of the stable basement of the continent. Therefore,
in the recycling process of sediments, one can distinguish the “long”
term effect with w = 1.16 X 10—® yr—* and the “short” term effect with
w=4.80 X 10—° yr—1,

Taking the sedimentary mass active in the recycling process =
1.97 X 10** g and w = 4.8 X 10—° yr—1, the recycling rate of the old
primary volatiles and sediments, wM;, (where M; = the total mass of
component i active in the recycling process) can be calculated from the
data in equation (5) (including the sediments and the interstitial water).
The results are given in the table below along with the present recycling
rate obtained from average river influx R;, to the ocean (Livingstone,
1963; and Garrels and Mackenzie, 1966).
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wM; R; R;/wM,
i 10" moles/yr i 10" moles/yr (dimensionless)
HCl 21 Cl— 715 34
CO, 184 HCO;— 310. 1.7
H,S 17 SOs 38.2 25
N trace NO;— 24 —
Sediments 95 X 10% . Solid and 93 X 10% —1.
g/yr dissolved g/yr

loads*

* The total solid and dissolved river loads were obtained by Judson, 1968.

As is clear from the above table, the present recycling rate of sediments
is very similar to the average for the precarboniferous period (3.5 to 7 X
108 yr ago) and may be slightly higher than the average for the post-
carboniferous period (0.02 — 3.5 X 10® yr ago). The high recycling rate
of volatiles at present indicates preferential leaching of carbonate and
evaporites as suggested by Garrels and Mackenzie (1969). The interesting
result is that the present recycling rate of CO, (or CaCO;) is about
twice that of sediments and of H,S 4+ HCI (or evaporite) about three
times, in good agreement with the relative magnitude of the mass half
age for shale + sandstone: carbonate:evaporite = 1:2:3 as given by
Garrels and Mackenzie (1969). Most of the water and N, are recycled
through the atmosphere.

It is also interesting to look into the present situation of marine
sediments:

Since the average sedimentation rate of red clay in the deep ocean
is about 0.3 = 0.1 X 10—3 g/yr/cm? (Ku, Broecker, and Opdyke, 1968),
the total annual accumulation rate of red clay over the whole ocean
would be 11 = § X 10*¢ g/yr. Turekian (1965) estimated the total CaCO,
deposition rate in the ocean = 12 + 8 X 10'¢ g/yr by assuming that the
river influx of Ca*++ ends up as CaCO; in the ocean. Therefore, the
total deposition rate of sediments in the deep ocean is about 23 + 4 X
104 g/yr. On the other hand, according to the ocean floor spreading
theory, about 25 = 6 X 10 g of sediments are destroyed annually in
the edge of the ocean. The estimate is obtained by multiplying the fol-
lowing data: length of mid-oceanic ridge =~ 6.0 = 0.4 X 10° cm, 2 X
average ocean floor spreading rate ~ 2 X (2 = 0.5 cm/yr) (LePichon,
1968), average thickness of deep sea sediments = 450 X 102 c¢cm, and
density of sediments = 2.3 g/cm? (Hill, 1957).

As shown above, the deposition and destruction rates of deep sea
sediments are the same within the uncertainty of data, so the total mass
of deep sea sediments (~ 0.4 X 10°* g) is in a steady state. The mean
residence time of sediments, t, (= M;/(dM,/dt)), in the ocean is about
170 X 10¢ yr. At steady state the remelting of marine sediments in the
edge of the ocean (256 + 6 X 10 g/yr) should also be balanced out by
weathering annually the same amount of fresh igneous rocks which cor-
respond to 27 * 6 percent of the modern river loads.
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SUMMARY
The total sedimentary mass of 2.4 = 0.4 X 10?* g is obtained from
the O*# mass balance calculation.
The weathering of Poldervaart’s (1965) average crust rock can
produce a sediment with the following features:

carbonate =15 (all in wt percent)
organic carbon = 047

evaporite = 2

chlorine = 0.57

sulfur = 0.51

chemically bonded water = 2.9

In the weathering of 100 g of igneous rock, about 113 g of sediments
is produced. The increment is contributed by the primary magmatic
volatiles.
The relative weight abundance of rock types obtained from the
model is:
evaporite:carbonate:sandstone:shale + clay = 2:15:12:71.
The total mass of primary magmatic volatiles (in unit of 102° moles)
and their major sinks (in molar percent of elements) are:
HCl = 11.9, 33 percent in NaCl, 67 percent oceanic Cl—,
CO, = 46.4, 80 percent in carbonates,
20 percent in organic carbon,
H,S= 4.2, 55 percentin FeS,, 35 percent CaSO,,
10 percent SO~
N = 28, ~100 percent in the atmosphere
H,O0 = 953, 98 percent in hydrosphere, 2 percent clay minerals
Also, a net of 9.3 X 102 moles of O, has been produced by photo-
synthesis. The balance of the expenditures is:
0.4 X 10%° moles, free in atmosphere
3.1 X 102° moles used in oxidation of ferrous to ferric iron
5.8 X 1020 moles used in oxidation of primary volatiles.
The gross distribution of sedimentary mass as a function of age
observed today (Garrels and Mackenzie, 1969) cannot give a definite
clue to the de-gassing model of the primary volatiles, but an
asymptotic de-gassing model is preferred in this paper in accord with
Birch’s (1965) thermal history of the Earth.
The weathering constant, w, for the last 700 X 10° yr is about 4.8
+ 0.1 X 10—? yr—* which corresponds to a mean residence time of
sediments (1/w) =210 £ 5 X 10° yr.
Older sediments have been preferentially preserved by burial, and
all fractions of the sedimentary mass have not been equally active in
the recycling process in the past.
The present recycling rate of carbonate and evaporites are respec-
tively two and three times the value for sandstone + shale.
The total mass of deep oceanic sediments is more or less in a steady
state today. The mean residence time of sediments in the ocean is
about 170 X 108 yr.
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11. About 27 = 6 percent of the present river loads is the weathering
product of fresh igneous rocks.
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APPENDIX
The derivation of the age distribution function of sedimentary mass as observed
today is as follows: If the erosion or weathering rate of any formation is directly
proportional to the mass of that formation, then

dN(r, t)
d =~ NG @
and the integrated form:
N(r, t) = Ny(r)e— " (1) (A2)

where:
N,(r) = N(r, 7) = mass of new sedimentary formation
deposited per unit of time at time 7.

Otherwise, all notations are the same as in the text. No(r) can be defined by the
boundary condition:

M(t) = j‘ N(r, tydr

t

= e vt f No(r)ewr dr

t

that is, M(t)e™t = f N, (r)e"rdr (A3)

Taking the derivative of equation (A3) with respect to t then,

No(t) = wM(t) + dl:;[t(t) (AdA)
or
No(r) = wM(7) + dlgf) (A4B)
put equation (A4B) back into equation (A2): ‘
N(r, t) = [wM(r) + %ﬂ]e—ﬂt—r) (A5)

If (1) M(t) = M(r) = M(p) = constant
(2) M(t) = M(p) X t/p,
(8) M(t) = (1 — e—AY) X M(p)
then, equation (A5) reduces to equations (9A), (11), and (8A), respectively.
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