Appendix
Useful Numbers

Two types of data are listed below. Data of the first type are very
accurately known, generally to better than +19,. These include con-
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10  deka (da) 107" deci (d)
10> hecto (h) 1072 centi (c)
10°  kilo (k) 107°  milli (m)
10°  mega (M) 10™°  micro ()
10° giga (G) 107  nano (n)
10" tera (T) 107" pico (p)
10" peta (P) 107" femto (f)
10"  exa (E) 107" atto (a)
2. Length

1 meter (m) = 100 centimeters (cm) = 3.281 feet (ft) = 39.37 inches (in)
1 mile = 5280 ft = 1.609 kilometers {km)

1 micron (n) = 107¢ m

1 angstrom (A) = 107°m

3. Area

1 hectare (ha) = 10* square meters (m?) = 2.47 acres
T acre = 43,560 square feet (ft})
1 barn (b) = 10™% ¢m?

4. Volume
1 cubic meter (m® = 1000 liters = 264.2 U.S. gallons = 35.31 cubic
feet (ft%)
1 liter (I) = 10° cubic centimeters (cm® or ml) = 1.057 U.S. quarts
1 acre foot = 1.234 x 10° m?
1cord = 128 f¢*
1 board foot = 2.36 x 107* m®
1 cubic mile = 4.17 cubic kilometers (km®)
1 barrel of petroleum (bbl) = 42 U.S, gallons

0.159 m®

5. Angles
360 degrees (°) = 21 radians
1 degree = 60 minutes () of arc
1 minute of arc = 60 seconds (") of arc

6. Time

1 year (y or yr) = 3.1536 x 107 seconds (s or sec)
= 8.76 x 10° hours (h or hr)
1 day (d) = 8.64 x 10° sec = 1440 minutes (min)
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7. Mass
1 kilogram (kg) = 2.205 pounds (Ib)
1 metric ton (tonne or MT) = 10° kilograms (kg) *
= 1.102 short tons
0.9842 long tons
1 pound (Ib) = 16 ounces avoirdupois (oz) = 453.6 grams (g)

It

§. Energy
1joule () = 1 kg m'/sec®
107 ergs = 0.2390 calories (cal)
9.484 x 10~ * British thermai units (Btu)
1 watt-second (Ws) e
= 6.242 x 10" electron volts (eV)
1 newton-meter (Nm)
1 kilowatt-hour (kWh) = 3.6 x 10°]
= 3414 Btu
1quad = 10" Btu = 1.05 X 10]
1 Calorie = 1 kilocalorie (Kcal) = 10> cal
1 therm = 10° Btu
1 foot pound = 1.356 ] ;
1 kiloton of TNT (KT) = 4.2 x 10?] i

I

—_—

.37 inches (in)

9. Power
5.31 cubic 1 watt (W) = 1 joule/second ' l}‘
1 horsepower (hp) = 0.746 kilowatts (kW) i
: i
. quarts i
‘} 10. Force |
§ 1 newton (N) = 1kg m/sec = 10° dynes (dyn)
11. Pressure
1 pascal = 1 N/m*> = 1J/m®
1 bar = 10° pascal = 0.9869 atmospheres (atm)
1 atmosphere (atm) = 76 cm of mercury
A = 14.7 Ib/in®
_— = 760 torr
;).

12. Viscosity
1 poise (p) = 1 dyn-sec/cm® = 0.1 kg/m sec
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13. Temperature
degrees Celsius* (°C) = 5/9 [degreés Fahrenheit (°F) — 32]
degrees Fahrenheit (°F) = 1.8 degrees Celsius (°C) + 32
Kelvin or absolute temperature scale. Kelvins (K) = degrees Celsius +
273.15

*Sometimes designated Centigrade

14. Radiation units
1 becquerel (Bq) = 1 nuclear transformation/sec
1 curie (Ci) = 3.7 X 10" transformations/sec
1 rad (rd) = an absorbed radiation dose of 100 ergs/g of absorbing
material
1 gray (Gy) = 100 rd
1 roentgen (R) = an exposure to gamma or X radiation that produces
2.58 X 10™* coulomb (C) of electric charge (counting either positive or .
negative but not both) per kg of dry air.
rem: a measure of “dose equivalent,” is given by the dose in rads multi-
plied by the Quality Factor (QF):
rems = rads X QF
QF = 1 for gamma rays (photons) and beta rays (electrons and positrons)
10 for fission neutrons and protons
20 for alpha particles (nuclei of helium atoms)
1 sievert (Sv) = 100 rem

15. Mathematical symbols

= equals = or = equals approximately
# not equal to = identical to
> is greater than < is less than
= is greater than or equal < is less than or equal to
to << is much less than
>> is much greater than 2 .
% infinity ':21 sum over i from 1 to n
= plus or minus (e.g., ﬁ product over i from 1 to n
11 = 2 is the range of i=1
real numbers between AX asmall change in X
9 and 13) oftx,y) the partial de-
a:b theratioofatob ax rivative of the
ppm  parts per million (10%) function, f,
ppb parts per billion (10%) x =g  Wwith respect
ppm(v) parts per million by y=1b  toxevaluated
volume atx = a and
=« proportional to y==»b

[
|

= base of natural logarithm
= 2.718281828
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J1. Some Fundamental Constants of Physics and Chemistry
constants values
= ]
tefan-Boltzmann constant (o) 5.669 x 10 am
Avogadro’s number (A or N) 6.02 x 10%® molecules/mole*
]

Ideal Gas constant (R) 8.310 T
Boltzmann's constant (k) 1.38 x 1072 J/K
Speed of light in vacuum (c) 2.9979 x 10° m/sec

Planck’s constant (k) 6.626 x 107> ] sec

11N/m2 . e Ke
v

gravitational constant (G) 6.67 x 10~ P =
mass of electron (M,) 9.110 x 107% g
mass of proton (M,) 1.673 x 107* g
mass of neutron (M,) 1.675 x 107 g

charge of electron (e) 1.60210 % 10~ coulombs (C)

*Throughout this appendix and the text, “mole” refers to a gram-mole, i.e., M grams
of a substance where M is the substance’s molecular mass. One mole of any gas at STP
occupies a volume of 22.4 liters and contains Avogadro’s number of molecules.

II1. Earth’'s Vital Statistics

parameter value
mass of Earth 5.98 x 10* kg
mass of atmosphere 5.14 x 10" kg
mass of stratosphere 0.5 x 10" kg
mass of oceans 1.4 x 10% kg
mass of water in atmosphere 1.3 x 10" kg

mass of surface fresh water

1.26 x 107 kg

mass of living organisms (dry weight) 1.3 x 10" kg
number of moles of dry air in atmosphere 1.8 x 107
average height in atmosphere at which pressure is 5,600 m
one half of sea level pressure
average elevation of top of troposphere 12,000 m
mean oceanic depth 3,730 m
mean depth of oceanic mixed surface layer 75m
. mean elevation of continents 840 m
= average distance between Earth and Sun 1.495 x 10" m
equatorial radius 6.38 x 10°m
polar radius 6.36 X 10°m
» total area 5.10 x 10" m?
area of continents 1.48 x 10" m?
Eurasia 0.536 x 10" m?
Africa 0.298 x 10" m’

North and Central America

South America -

0.238 x 10" m?
0.179 x 10" m*
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Antarctica . 0.149 x 10 m?
Oceania 0.089 x 10" m’
ice-free land 1.33 x 10" m®
area of oceans - 3.61 x 10" m?
ice-free Pacific Ocean 1.66 x 10" m?
ice-free Atlantic Ocean 0.83 x 10" m?
Indian Ocean 0.65 x 10" m?
ice-free Arctic ocean 0.14 x 10" m?
sea ice (average) 0.33 x 10" m?
volume of oceans 1.35 x 10 m?
volume of mixed ocean layer 2.7 % 10 m?
mean density of Earth 5,500 kg/m?
surface seawater density (15°C) 1,026 kg/m?®
acceleration of gravity at Earth’s surface 9.8 m/sec’
mean surface air temperature 288 K

IV. Astronomical Data

unit value
1 parsec 3.084 x 10* m
1 light year (ly) 9.46 x 10 m
1 astronomical unit (AU) (mean radius of Earth’s 1.49 x 10" m
orbit)
number of nucleons in the universe 10%
radius of universe 10* m
radius of sun 6.96 x 10° m
mass of sun 1.99 x 10* kg
mean distance from Earth to moon 3.84 x 10°m
radius of moon 1.74 x 10° m
mass of moon 7.34 x 107 kg
period of lunar revolution about Earth , 2.36 x 10° sec
V. Air

. 1. Physical constants for dry air at STP*

constant value
average molecular weight 28.96
specific heat
.. at constant pressure 1,004.2 J/kg °C
at constant volume 719.6 J/kg °C
s+ density 1.293 kg/m®
viscosity 1.72 x 10™* poise
coefficient of heat conductivity 0.0209 W/m °C
speed of sound in air 331.4 m/sec

*Standard temperature and pressure, denoted STP, is a temperature of 0°C and a pres-
sure of 1 atm.




value
?4 X 10% mq
)y X 1015m
P X 10" 1

m
X 108 m
x 10% kg
X 10°m
X 10°m
X 10% kg
X 10° sec

nd a pres-

2. Comp0:
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sition of Earth’s dry atmosphere (1983)*

fraction by number

gas of moles fraction by weight
Nitrogen (N2) 0.7808 0.7549
Oxygen (O2) 0.2095 0.2314
Argon (Ar) 0.0093 0.0128
Carbon Dioxide (CO,) 340 ppm 516 ppm
Neon (Ne) 18 ppm 12 ppm
Helium (He) 5.2 ppm 0.7 ppm
Methane (CHy) 1.5 ppm 0.8 ppm
Krypton (Kr) 1.1 ppm 3.2 ppm
Hydrogen (H») 0.5 ppm 0.03 ppm
Nitrous Oxide (N,O) 0.3 ppm 0.45 ppm
Carbon Monoxide (CO) 0.1 ppm 0.1 ppm
Ozone (O3) 0.01 ppm 0.015 ppm
Nitrogen Dioxide (NO;) 0.2 ppb 0.3 ppb
Sulfur Dioxide (SO;) 0.2 ppb 0.4 ppb
Hydrogen Sulfide (H,5) 0.05 ppb 0.05 ppb
Nitric Oxide (NO) 0.05 ppb 0.05 ppb
Ammonia (NH3) < 0.05 ppb < 0.03 ppb

*Concentrations less than 1 ppm(v) are uncertain to +50%; all others are believed to
be known to better than +10%. The mean fraction, by weight, of water vapor and
cloud water in Earth’s atmosphere is about 0.0025.

3. Some atmospheric time constants (order of magnitude only)

typical tropospheric residence time of particles with < 1day
> 20 micron diameter

tropospheric residence time of many reactive or very 1 day
soluble gases (e.g., SO,, H.S, NO,, NO)

time for gases to mix vertically in the troposphere 10 days

typical tropospheric residence time of particles of > 100 days
< 1 micron diameter

time for interhemispheric mixing of tropospheric gases 1 year

mixing time within the stratosphere 10 years

tropospheric residence time of CO, 10 years

tropospheric residence time of nonreactive gases that 10 years

exit to stratosphere

237
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VI. Water
1. General properties
property
density at 0°C
at 3.98°C
at 15°C
at 25°C

molecular weight
latent heat of fusion at 0°C

latent heat of vaporization
at 100°C

at 17°C
at  0°C

specific heat of liquid water
at 15° C

specific heat of water vapor
at 100°C, constant pressure

specific heat of ice
at —2°C

coefficient of heat conductivity
at 100°C
at 17°C
at 0°C

viscosity
at 100°C
at 17°C
at 0°C

|
|

value

999.87 kg/m® H
1,000.00 kg/m® |
999.13 kg/m® :
997.07 kg/m®
18.015
3.33 x 10° J/kg

or 79.6 cal/g

2.258 x 10° J/kkg

or 539.6 cal/g
2.459 x 10° J/kg
2.499 x 10° J/kg

4,184 J/kg °C
or 1 cal/g °C

2,008.3 J/kg °C
or 0.48 cal/g °C

2,100.4 J/kg °C
or 0.502 cal/g °C

0.683 W/m °C
0.595 W/m °C
0.563 W/m °C

2.8 millipoise
11.0 millipoise
17.5 millipoise

2. Stocks of water on Earth
stock
oceans
ice
groundwater*
freshwater lakes
saline lakes and inland seas
soil water
atmosphere

value (10" m?
1,350
29
8.3
0.125
0.104
0.067
0.013
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water in living biomass 0.003
average amount in stream channels 0.001 i
MOne half of the stock lies within a depth of 1 km. i
p—
3. Mean annual flows of water on Earth
flow value (10 m’/yr)
world precipitation on land 108
world precipitation on the sea 410
world evaporation from the sea 456
world evapotranspiration from the land 62 5
world runoff 46
U.S. precipitation® 5.6 .
U.S. evapotranspiration® 3.95 .
U.S. runoff* 1.65
*Excluding Alaska and Hawaii ’
4. Water used by human beings
use withdrawal (10° m¥yr)*  consumption (10’ m*/yn)*
world U.S.1 world  U.S.T
municipal and domestic 20 42 75 10 i
mining and 2
manufacturing 390 52 40 6 e
electric power plant ‘
cooling 620 180 8 26 L
irrigation and live stock 2,100 205 1,100 125 it

*Water consumed is water rendered unavailable for direct further use; water with-
drawn is water taken from a water supply but not necessarily consumed. Values here
are estimated for 1980 and are uncertain to = 10% for the United States, and * 25%

for the world.
tExcluding Alaska and Hawaii

LB b

A el P inirie e,

VII. Energy

1. Energy flows™

flow value (102 W)
energy radiated by sun into space 3.7 x 10"
golar radiation incident on the top of Earth’s 175,000
atmosphere
solar radiation reflected back to space from Earth 53,000
solar radiation reflected back to space from Earth’s 46,000

atmosphere
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solar radiation absorbed in atmosphere (about 80% of
this is absorbed in air and dust, and about 20% in

cloud water)

rate at which latent heat flows from Earth’s surface

to atmosphere

rate at which infrared radiation leaving Earth’s sur-

face flows directly to space

rate at which convective heat flows from Earth’s sur-

face to atmosphere

wind, waves, ocean currents

net primary productivity on Earth

& energy conducted from Earth’s interior to its surface
world energy consumption (1980)

»10.S. energy consumption (1980)
energy content of food consumed by world’s human

population (1980)

eworld electricity production (1980)
U.S. electricity production (1980)

*Values are uncertain to roughly = 5% or less, except as indicated.

44,000

42,000
10,200
8,600

500-2,000

75-125

20-40

0

2.5 é"@.ésf e 1
0.55

0.87
0.26

2. Earth’s nonrenewable energy resources

resource

petroleum

natural gas

coal

tar sands

oil shale

uranium in non-
breeding light
water reactors

thorium and
uranium in
breeder reactors

deuterium and
lithium in seawater
(for fusion power)

estimated stock (1980) (10*' J)

consumption (1980) (10" J/yn)*

world u.s.
10 135 41
10 60 20
250 90 15
>2 0 0
2,000 0 0
20 6.3 3:1
10,000 0 0
10%° 0 0

*When fuels are used for electricity generation, the heat energy rather than the electrial
energy is quoted. When the world figures are summed, the total is less than the value
given in Table VI.1 for world energy consumption because Table V1.2 does not include
use of renewables. Worldwide combustion of fuel wood and dung in 1980 produced
about 30 x 10" J and hydroelectric power produced about 6.1 x 10'® | of electricity.
In the United States, hydropower yielded about 1.0 x 10 ] of electricity. Stocks are
uncertain to = 50%; consumption figures are reliable to 1% in the United States and

+10% worldwide.




3. Average composition of fossil fuels
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£,000
fuel constituent percentage”
~ coalt CHos 75
5 HO 13
ash 9
1,200 S 2.5
N 1.0
500 Al 0.5
Ca 0.5
0-2,000 Mn 0.01
-125 Zn 0.005
-40 Pb 0.001
! Ni 0.001
(3,45 Cr 0.001
i5 : Cu 0.001
As 0.001
i7 Mo 0.0005
6 Se 0.0001
(U 0.0001
Hg 0.00001
— Cd 0.00001
petroleum (crude) CH, s 98
b S 1.5
i N, O, <0.5
41 Ni 0.001
20 Mo 0.001
0 3 natural gas CH, 75
0 CoH, 6
3.1 . GsHy 4
CHyo
] CsHi, 1
0 3 noncombustibles 12
' *Percentages are by weight for coal and petroleum, and by number of moles for natural
: as.
0 EPercentages add up to greater than 100 because the ash fraction includes some of the
¥ | trace quantities listed below ash.
the electrial oy
n the value 3
not include 3
) produced T s
" electricity. 2
Stocks are

States and
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4. Energy content of selected substances

substance energy content (10° J/kg)*
natural gas 3.9 x 107 J/m® (STP)
gasoline 48
petroleum (crude) 43

(6.1 x 10° J/bbl)

typical animal fat 38
coal 29.3
charcoal 29
paper 20
dry biomass 16
air-dried wood or dung 15
crop wastes (20% moisture) 13
bread 12
milk 3.0
beer 1.8

*Except where noted
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viIl. The Elements

1. Abundance of the elements

element

0
Si
- Al
Fe
Ca
Mg
Na
K
Ti

Q<nm&‘ng:*n§'ﬂ:

Cr
Ni
Zn
Cu
N
Pb
B
Br
U
As
Hg

Earth’s crust
(ppm)*
456,000
273,000
83,600
62,200
46,600
27,640
22,700
18,400
6,320
1,520
1,120
1,060
554
390
384
340
180
136
131
122
99
76
68
19
13
9
2.5
2.3
1.8
0.09

seawater
(ppm)*

857,000
3
0.01
0.01
400
1,350
10,500
380
0.001
108,000
0.07
0.0002
1.3
0.03
8.1
885
28
0.002
19,000
0.00005
0.005
0.01
0.003
0.50
0.000005
4.6

0.003
0.003
0.00003

* Parts per million on a weight-per-weight basis v

1 Based on assumption of 50% water content of global biomass stock

biomass
(ppm)*+

630,000
15,000
500 «
1,000
40,000
4,000
2,000
20,000
100
80,000
5,000
100
50
300
200
5,000
200,000
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IX. Global Natural Background Flow to the Atmosphere of
Selected Substances®

substance rate (kg of substance/ynt

CH,4 7 x 10"

H,S and SO, 10" kg(Syyr
S0;* 5 x 10" kg(S)/yr
NO, and NH; 5 x 10" kg(N)/yr
particles less than 20 microns 3 x 10"

in diameter

arsenic 2 x 107
cadmium 3 x 10°
chromium 6 x 107

copper 2 40F

lead 6 x 10°
manganese 6 x 10°

mercury 3 x 10

nickel 3 x 107
selenium 3 x 10°
vanadium 7 x 107

zinc 4 % 107

*This includes dust emissions, volcanic eruptions, biological processes, and volatiliza-
tion from land and water. The first three entries in the table are believed to be known
to + 30%. The others are far more uncertain and are order-of-magnitude estimates

only.
tExcept where noted

X. Chemical Reactions and Constants

1. Some important chemical reactions”
106 CO, + 16 NO; + HPO;* + 18 H® + 122 H,0 photosynthesis,

= CoeH630110N16P1 + 138 O, respiration
2N, + 6 H;0—=4NH; + 30, nitrogen fixation
NH; +20,—> NO; + 2 H* + H,O nitrification
4 HNO, + 5CH,0—>5CO, + 7H,0 + 2N, denitrification
H,S0, + 2 CH,0 — H;S + 2H,0 + 2 CO, bacterial reduc-

tion of sulfate

4 FeS + 6 H,O + 11 O, — 4 Fe(OH); + 4 H;50; acid production
4 FeS, + 8 H,O + 15 O, — 2 Fe;05 + 8 H.50, from ores (acid
mine drainage)
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NO; + h'ght—>NO + O
O+ 0O,— O;

- NO + 03—>N02+02
NO, + O —= NO + O,

6 NO + 4 NH; — 6 H,O + 5N,
H,0 + 50, + CaCO; — CaS0, + H,CO;
50, + 2 H,O — H,S8i0,

CaCO, + H,0— Ca™® + HCO; + OH~
CaCO; + H,CO;— Ca*? + 2 HCO;

2 KAISi;Oy + 2 H,CO; + H,O
— ALSLO(OH), + 4 Si0;, + 2K™ + 2 HCO3

3 Ca0733A14_57Si7_33020(0H)4 + 2 H+ + 23 Hzo
— 7 ALSi,Os(OH), + 8 H;Si0, + Ca*?

ALSLOL(OH), + 5 H,0
— 2 HgSlO4 4 A1203 -3 HzO

ALO; - 3H,0 + 2 H,0 — 2 A(OH); + 2H*

ozone formation
(in presence of
hydrocarbon
radicals, this
reaction can
lead to a signif-
icant increase
in tropospheric
ozone)
catalytic cycle by
which NO, re-
duces strato-
spheric ozone
scrubbing of NO
with ammonia
scrubbing of 50,
with limestone
dissolution of
quartz
dissolution of
calcite
carbonic acid
weathering of
calcite
carbonic acid
weathering of
feldspar to
kaolinite
acid weathering
of calcium
montmorillonite
to kaolinite
dissolution of
kaolinite to
gibbsite
dissolution of
gibbsite

*The first six of these reactions are carried out biologically. The actual processes are
more complex than is indicated by the expressions above, which represent the net
reaction only. For example, nitrification is carried out in two steps: the bacteria, Nitro-
somonas, converts NH ; to NO 5, and Nitrobacter converts NO7 to NO;.




g 254 APPENDIX: USEFUL NUMBERS

2. Some chemical equilibrium dissociation constants (at 25°C)*

reaction 107PK
H,O0 = H* + OH" 1pr 1
H,CO, = H* + HCOj; 107"
HCO; = H* + CO;5? 10720
HCl=H' + A~ 10°°
I H,50, = H* + HSO; 10°°
| HNO; = H* + NOj 10'°
B HSO; = H"* + SO; 14
H,50; = H' + HSO; 10°%7
" HSO; = H* + S0;? 10772
NH; + H,O = NH; + OH™ 10° %%
H,BO; = H* + H,BO; 107%3

*See the introduction to Chapter II, Section C for a discussion of how these are used
in chemical equilibrium calculations.

l 3. Some values of Henry’'s constant* (at 25°C)

equilibrium ratio
[H,505]
p(S0;)
[H,CO,]
p(CO,)
[H:NO,]
i P(NO2)

T 1 [NH,]

I p(NH,)

[CO]
p(CO)
[N:O]
p(N;O)
[H,S]
p(H:S)

10°%¢

10-147
10716
T
1073
10 -1.59

10—0.97

Henry’s constant (moles/liter-atm)

*See the introduction to Chapter II, Section C for a discussion of how these are used

in chemical equilibrium calculations.
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4. Solubility products for solids* (at 25°C)

solid solubility product (moles*/liter’)t
calcite [Ca*?] [CO5? = 107°%% (fresh water)
aragonite [Ca*? [COz%] = 107%* (fresh water)
= 107% (seawater)
gypsum [Ca*? [SO5%] = 107*¢ (fresh water)
dolomite [Ca*?] [Mg*?] [CO5 %) = 101 (fresh water)

e
*gee the introduction to Chapter 1II, Section C for a discussion of how these are used
in chemical equilibrium calculations.

#The solubility product for dolomite has units of (moles*liter*).

5. Equilibrium ¢

onstants for acid-induced metal mobilization*

— reaction constant (liters/mole}t
used 2H" + CuO = Cu*? + H,O [Cu“] = 1077
H']
2H" + ZnO = Zn'? + H,O [Zn+2] — 10!
H]
2 H' + Fe(OH), = Fe'? + 2H,0 [Fe*?] 12.9
= 107
[H7]
2 H* + Cd(OH), = Cd*?* + 2H,0 [Cd*? 135
= 10
_ [H*]
2H* + Mn(OH), = Mn*? + 2H;0 [Mn "] 152
+12 = 10 ‘
[H']
2H* + Mg(OH), = Mg*? + 2H,0 Mg *’] 16.8
+12 ]0 .
[H7]
2H' + Ca(OH), = Ca'? + 2H,0 [Ca™] 28
+12 = 10
[H7]
3H* + Al(OH); = Al"® + 3H0 (A7) -
mp

e are used

*Gee Problem I11.2 for a discussion of how these constants are used to estimate the
effects of acidification on dissolved metal concentrations.
The last reaction (aluminum) has an equilibrium constant in units of liters’mole”.
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XI. Radiation and Radioactivity

1. Some important radioactive decay processes*

maximum energy

of radiation
isotope half-life decay product emitted radiation (MeV)
T 8.1 days Xe!*! g- 0.81
y 0.72
Sr® 52 days Y® B~ 1.5
St 28 yr e B~ 0.59
el 30 yr Ba'*’ B~ 1.18
Y 0.66
Pu®* 24,400 yr u» @ 5.15
vy 0.05
Wi 4.5 x 10° yr Th** « 4.18
Y 0.05
Ok 5,700 yr N B~ 0.16
H® (tritium) 12.3 yr He® B~ 0.018
Rn** 3.8 days Po™® a 5.5
Po¥® 3 min Pp*4 o 6.0
Pb* 27 min Bi*™ B~ 0.7
¥ 0.35
Bi** 20 min Po*** B~ 3.17
Po™ 0.00016 sec pp*0 o 7.68
PH#IY 22 yr Bi*'° B~ 0.02
¥ 0.047

*The first four isotopes listed are among the major radioactive substances present in
reactor cores or in radioactive wastes removed from these nuclear reactors; U is the
dominant natural isotope of uranium; C* is an important tracer in the environmental
sciences and in archeology; and tritium is an important part of the radioactive debris
from a hydrogen bomb explosion. The last six isotopes, which form a chain, are the
critical reactions needed to estimate indoor air exposure from radioactive radon.

2. Human radiation exposure in the United States

whole body annual dose

natural sources (millirem/yr)

cosmic radiation® 30
cH 1
terrestrial radionuclidest

external to body 30

internal isotopes except radon daughters 20

(mostly K*%)

radon daughters in lungstt 100

anthropogenic sources

diagnostic X rays

dental 3

medical 95
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therapeutic radiation 14
fallout from past atmospheric testing of nuclear 2
weapons (dose in 1982)
television receivers 0.5
airline travel 0.5
nuclear energy (1980, worldwide general public 0.01
only)
*This is the altitude-weighted average for the U.S. population.
+These figures vary geographically by a factor of at least two.
+tLung dose may be considerably higher for smokers.
XII. The Biosphere
1. Global biomass and productivity
living biomass dead organic net primary
stocks matter productivity
location [10% kg(O)] [102 kg(C)] [10* kg(C)/yr]
continental 560 + 300 1,500 = 1,000 50 = 15
—100
oceanic 2 1 2,000 = 1,000 25 = 10

2. Area, biomass, and productivity of ecosystem types

mean plant
area biomass

ecosystem type* (10 m?) [kg(C)/m?’]
tropical forests 24.5 18.8
temperate forests 12.0 14.6
boreal forests 12.0 9.0
woodland and shrubland 8.0 2.7
savanna 15.0 1.8
grassland 9.0 0.7
tundra and alpine meadow 8.0 0.3
desert scrub 18.0 0.3
rock, ice, and sand 24.0 0.01
cultivated land 14.0 0.5
swamp and marsh 2.0 6.8
lake and stream 2.5 0.01
open ocean 332.0 0.0014
upwelling zones 0.4 0.01
continental shelf 26.6 0.005
algal bed and reef 0.6 0.9
estuaries 1.4 0.45

average net primary
roductivity
ﬁ(g(C]fm’/yr]

0.83
0.56
0.36
0.27
0.32
0.23
0.065
0.032
0.015
0.29
1.13
0.23
0.057
0.23
0.16
0.90
0.81

*For a description of each of the major types of ecosystems (deserts, boreal forests,
estuaries, etc.), see Whittaker (1970), Whittaker and Likens (1973), and Ehrlich et al.

(1977).
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XIII. Flows and Stocks of Carbon, Nitrogen, Phosphorus,
and Sulfur on Earth*

1. Carbon flow |
flow magnitude 10" kg(C)/yr
CO, flux to the atmosphere from decomposi- 50
tion and combustion of terrestrial organic
matter and from animal respiration
[This flow is nearly exactly balanced by a
flow of inorganic carbon from the atmo-
sphere to terrestrial living biomass in net pri-
mary productivity.]
inorganic carbon production in the oceanic 20
mixed layer from decomposition of oceanic
organic matter and animal respiration
[This and the subsequent flow are nearly ex-
actly balanced by a flow of inorganic carbon
from seawater to living organisms in oceanic
net primary productivity.]

inorganic carbon production in the deep ocean 5.0
from decomposition of oceanic organic matter

net upwelling of inorganic carbon from deep 5.0
ocean to the mixed oceanic layer

CO, flux to the atmosphere from fossil fuel 5.3
burning and cement manufacturing

river flow of organic carbon to the oceans 0.2

deposition of carbon to oceanic sediment from 0.1
sinking oceanic detritus

inorganic carbon production from weathering 0.1

of rock and sediment

*Anthropogenic flows are believed to be known to within =15%. Natural flows are
often only crudely known. Most are uncertain to +50%; and some, like the global
biological nitrogen fixation rate, could be wrong by a factor of three (i.e., a value of 3
has a range of uncertainty from 1 to 9). Stocks in organic matter and in soil, rock, fuel,
and sediments are believed to be known to within a factor of two. Atmospheric CO,
and N, stocks are known to better than +1%.

2. Nitrogen flow

flow magnitude [10" kg(N)/yz]
ammonification (production of NH;" from or- 5 |
ganic nitrogen, the end stage of
decomposition)
assimilation (conversion of NH; and NO; to 5

protein by vegetation and microbes; very

roughly, one half of the nitrogen is assimi-

lated as NH; and one half as NO; , which |
was nitrified from NH,') 5
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natural background flow of NH; and NO, 0.5

from soil and water to the atmosphere

precipitation of NH; and NO, to Earth’s 0.1
surface in rain and snow

denitrification (conversion of soil and water
NOj to atmospheric N; or N,O, whose pro-
duction rates are very roughly equal)

biological nitrogen fixation (about two thirds
by continental organisms, one third by
marine)

global anthropogenic nitrogen fixation in 1980

“% [Contributions from fossil fuel combustion

E was about one third of total; the remainder

?‘ is mostly fertilizer production.]

river flow of fixed nitrogen to sea

fixation of atmospheric N, by lightning

production of stratospheric NO from N,O

0.1
10” kg(Ciyr

0.2

0.01
0.01
0.001

0 ; 3. Sulfur flow
flow magnitude [10" kg(S)/yr]

0 } plant uptake of sulfur
i continents 0.15
3 ‘ oceans 0.6
flow of SO, and SO;? to Earth’s surface, 0.24
mostly in precipitation as H,50, and by dry
1 deposition of aerosols
flow of S to the atmosphere from biological
1 sources, sea spray, and volcanoes [about
33% of this flow is SO %, the remainder
being H,5 and 50y the volcanic contribu-
tion is about 20% and the sea spray contri-

flows ar
he globa‘i bution is 25%.]
value of 3 emissions to the atmosphere of 50, from fossil
f:rl; fgg fuel burning, and metal-ore smelting (1980)
' 2 river flow of sulfur to the sea

fertilizer and industrial SO; * production

(1980)

e

0.15

0.085

0.1
0.03

3

! kg(N)yr] i
4. Phosphorus flow

magnitude [10” kg(P)/y]

flow
uptake of PO; ? by living organisms (balanced
by nearly equal rates of loss of phosphorus
from living organisms by excretion and

_ death)
! continental 0.2

marine 1.0
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i extraction of PO; ? from sediment for fertilizer, 0.02

}j detergents, etc. (1980)

phosphorus in river flow to the sea 0.02

{ rate of guano deposition on land 0.0004
b rate of extraction of phosphorus from the sea 0.0004
4 in harvested fish (1980)
I

5. Major stocks of carbon
stock magnitude [10" kg(Q)]-
carbon in rock and sediment 107 ‘
Hore carbon in fossil fuels 9,600
: dissolved inorganic carbon in seawater 40,000
carbon in dead organic matter
continental 1,500
marine
deep ocean 2,000
mixed layer 40
CO; in the atmosphere (1980) 735
carbon in living organisms
continental 560
marine 2

6. Major stocks of nitrogen

-i stock magnitude [10™ kg(N)]
13 N in the atmosphere 3.9 x 10°
inorganic fixed nitrogen
s in soil 150
M in seawater 350
Ui in atmosphere 1.4
nitrogen in dead organic matter
b continental 100
marine 300 |
nitrogen in living organisms
continental 7.5
marine 0.3 |

\

7. Major stocks of sulfur (

stock magnitude [10" kg(S)] |

dissolved SO; ? in seawater 1.4 x 10° !

sulfur in dead organic matter 50 t

B sulfur in living organisms 3 !

i sulfur in atmosphere 0.004
i (mostly SO,, HS, SO; %)
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8. Major stocks of phosphorus !

stock magnitude [10" kg(P)]
phosphorus in living organisms 3 ‘
M phosphorus in dead organic matter 25 i
M inorganic phosphate in soil 200 f
dissolved and suspended phosphorus :
—_— in the mixed ocean layer 3 i
in the deep ocean 100 'l
|
] |
-,i
!
|
i
!
:
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2. Albedos of selected surfaces on Earth

surface albedo
i@ £ § snow 0.7 + 0.2
ot £ sand 0.25 + 0.05
'g €t grasslands 0.23 + 0.03
2EE S bare soil 0.2 = 0.05
&0 58 forest 0.15 + 0.1
:§ T g >, water (highly dependent on surface roughness and in- 0.2 + 0.6
2 f § ] cident angle of sunlight) - 0.2
sEEE
£ E z =5 XV. Characteristics of “Standard” Adult Persons
E ?O: ’E é c characteristic man woman
s pe g 3 * mass (kg) 70 58
e H gD surface area (m”) 1.8 1.6
g = 'g = 5 total body water (% of mass) 60 50
wih o g ? total blood mass (kg) _ 5.5 4.1
g Eg breathing rate, resting (liters/min) 7.5 6.0
b E L e (6-8 breaths/min)
v 8 ESS breathing, light activity (liters/min) 20 19
"EERS (12-14 breaths/min)
5EECS | daily air intake (m% 2.8 21.1
: & i gg ' daily water intake (kg) - 020
sEER Y milk y ¢
tap water 0.15 0.10
W other fluids 1.5 1.1
'; ? = %5 free water in food 0.70 0.45
58 E g from oxidation of food 0.35 0.25
iEfg” protein intake (kg/day) 0.095 0.066
; ,g 5 J: ; ;arbohidr?;eg/ i;tal;e (kg/day) giz 8(2);
fES S 3 at intake ay ; .
% E E "z resting metabolic rate (J/sec-kg) 1.19 1.12 .
L 8 B R average food energy intake (J/day) 11.7 x 10° 9.20 x 10
REEy (or in terms of cal/day) 2.8 x 10° 2.2 x 10°
E & ;9-%, carbon dioxide exhaled (kg/day) 1.0 0.90
Endy
fgoo"' g § XVI. Human Population Estimates
Eo @ ;% year global population (10° people) U.S. population (10° people}
EEE e ! 1650 0.5
EuEw 1850 1.1 0.023
PchE -] 1900 1.6 0.076
y ¥ 8 1910 1.7 0.092
SEvE 1930 2.0 0.123
v 82 1950 2.5 0.152
FERE 1960 3.0 0.181
gEes 1970 3.6 0.205
<&RE 1980 4.5 0.227
4.7 0.234

1983




III.

Iv.
. Horvath (1970), 1.

VL

VIL

VIII.

IX.

XL

XII.

264 APPENDIX: USEFUL NUMBERS

Sources of the Data in the Appendix

References for each section are listed below, followed by the numbers of the
subsections for which they were used. (Not all sections are subdivided.) Full
references are listed in the Bibliography.

I.
II.

Weast (1982), 1-15.

Horvath (1970).
Weast (1982).

Clark, W. C. (1982).
Ehrlich et al. (1977).
Broecker (1974).

Kittel et al. (1965).

National Oceanic and Atmospheric Administration (1976), 2.
Houghton (1977), 2.

Garrels et al. (1975), 3.

Fortescue (1980), 3.

Committee on the Atmosphere and the Biosphere (1981), 3.
Ehrlich et al. (1977), 3.

Horvath (1970), 1.

Skinner (1969), 2 and 3.
Murray and Reeves (1977), 4.
Ehrlich et al. (1977), 4.

Study of Man’s Impact on Climate (1971), 1.

Houghton (1977), 1.

Ehrlich et al. (1977), 1.

United States Department of Commerce (1982), 1.

Hubbert (1969), 1 and 2.

Committee on the Atmosphere and the Biosphere (1981), 3.

Fortescue (1980), 1.

Hepler and Smith (1975), 2.
Lederer and Shirley (1978), 2.
Sargent-Welch, 2.

Study of Man’s Impact on Climate (1971).
Galloway et al. (1982).

Stumm and Morgan (1981), 1-5.
Weast (1982), 3.

Lederer and Shirley (1978), 1.

Committee on Biological Effects of lonizing Radiation (1980), 2.

United Nations Scientific Committee on the Effects of Atomic Radiation
(1982), 2.

Olson (1982), 1.
Whittaker (1970), 1 and 2.
Whittaker and Likens (1973), 1 and 2.
Ehrlich et al. (1977), 1 and 2.
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XIII. Ehrlich et al. (1977), 1-8.
s of the : Garrels et al. (1975), 1-8.
led.) Full 3 Clark, W. C. (1982), 1 and 5.
: Committee on the Atmosphere and the Blosphere (1981) 2, 3, 5, and 6.

XIV. Budyko (1977), 1.
Houghton (1977), 1.
Study of Man’s Impact on Climate (1971), 2.
Neiburger et al. (1973), 2.

XV. International Commission on Radiological Protection (1975).

XVI. U.S. Department of Commerce (1984).
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