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Student Learning Outcomes

At the completion of this class, students should be able to:

1. Explain and use the concepts and equations governing radioactive decay

2. Explain the concept of “secular equilibrium”, and how it relates to
oceanographic applications

3. Describe the common uses of radioisotopes as oceanic tracers
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Outline

* Background info
* Radioactive decay - concepts and equations
* Secular equilibrium
* Matching decay rates with removal rates

* Case studies
*Ra-226 — Rn-222
- Air-sea gas exchange

eU-238 — Th-234
- Carbon export from the mixed layer via sinking particles

Radioactive Decay

Definitions
Parent — Original radioactive atom

Daughter — The product of a radioactive decay
Decay Chain — A series of radioactive decays:
Parent — Daughter-1 — Daughter-2 — Daughter-3.....

N, - N, - N, - N,....

Radioactive decay is a property of the nucleus, and is
independent of chemistry, temperature, and pressure




TABLE 2 Concentrations of Natural Radionuclides in the Sea?

In Seawater

3/23/2017

Radionuclide Half-life glliter dpm/liter In Sediments (g/g)
Terrigenous Origin
Potassium-40 1.25 £ 10% yr 4.7x 1075 670 (0.8—4.5) x 10
Rubidium-87 47 x 100y 3.4x 1075 64 =
Indium-115 6.0 «10Myr - = =
Todine-129 1.7 %107 yr " 1.6x 10710 0.06 -
Lanthanum-138 2.0 % 10ilyr - = =
Neodymium-144 5.0 x 1015 yr - - =
Samarium-147 1.3 %101 yr = = =
Lutetium-176 24 x 100yr = - o
Tungsten-180 104 yr - = —
Rhenium-187 5.0 x1010yr = - s
Platinum-190 1012 yr w = -
Thallium-207 4.79 min <1.2x 10723 <0.005 2.1% 1072
Thallium-208 3.10 min 4.1% 10724 0.003 6.7 x 10722
Lead-210 19.4 yr 1.1x 10715 0.2 45 % 1014
Lead-211 36.1 min <9.0x 10723 <0.005 1.6 x 10720
Lead-212 10.6 hr 2.4x 1072 0.007 3.9 x 1074
Lead-214 26.8 min 2.9x 1072 0.2 1.2 x 10719
Bismuth-210 5.01 day 7.8x 10719 0.2 3.1x 10717
Bismuth-211 2.16 min <5.6 % 10724 <0.005 1.0 x 10721
Bismuth-212 60.5 min 22x 1072 0.007 3.7 x 10724
Bismuth-214 19.7 min 2.1x 10721 0.2 8.8 x 10720
Polonium-210 138.4 day 2.2x 10717 0.2 8.8 x 10-16
Polonium-211 0.52 sec <6.83x 1072 <1.5x 10 1.2 x 10726
Polonium-212 3.04 < 1077 sec 1.2x 10732 0.005 2.4 x 10729
Polonium-214 1.64 x 10~ sec 3.0x 10728 0.2 1.1x 10747
Polonium-215 1.83 X 1073 sec <8.1x 1072 <0.005 1.4 x 10726
Polonium-216 0.158 sec 1.0x 10726 0.007 1.7 x 1072
Polonium-218 3.05 min 34x 10722 0.2 1.4 x 10720
Radon-219 3.92 sec <1.7x 10725 <0.005 3.1x 10723
Radon-220 51.5 sec 3.3x 102 0.007 5.4x 10722
Radon-222 3.8 day 6.3x 10719 0.2 2.5 x 10717
Francium-223 22 min 7.0 x 10724 6.0x 104 L4x 10-2!
Radium-224 3.64 day 2.1x 10720 0.007 3.4x.10748
Radium-226 1,622 yr> 1.0x 107!3 0.2 4.0x 10712
Radium-228 6.7yr 1.4 x 10716 0.05 2.3%x 10715
Actinium-227 21.6 yr <1.0x 10-15 <0.2 519 x 10715
Actinium-228 6.13hr 1.5 x 10-20 0.075 2.4 % 1019
Thorium-227 18.17 day <7.0x 10720 <0.005 1.3x 10717
Thorium-228 1.91yr <4.0x 10717 <0.07 7.0x 10716
Thorium-230 7.52% 104 yr <3.0x 10713 <0.014 2.0x 10710
Thorium-231 25.6 hr 8.6 x 10720 0.1 2.9% 10720
Thorium-232 1.42% 1010 ye 1.0 x 10710 2.4 % 10718 5.0x 1076
Thorium-234 24.1 day 4.3x 10717 2.2 14x 10717
Protoactinium-231 3.43x 10%yr <2.0x 10712 <0.2 1.0% 10711
Protoactinium-234 1.14 min 1.4x 10719 220 4.7x 10720
Uranium-234 2.48 x 105 yr 1.9x 10710 2.3-2.9 8.1x 10-1!
Uranium-235 7.13% 108 yr 2.1% 1078 0.09-0.17 7.1% 109
Uranium-238 4.5 x 10%yr 3.0x 1076 2.0-2.5 1.0x 107
Cosmic Origin
Hydrogen-3 12.26 yr 1.7x 10718 0.036 -
Beryllium-7 53 day <4.9x 10717 <38 -
Beryllium-10 2.5 x 108 yr 2.2x 10717 10-6 (1-3)x 10713
Carbon-14 5570 yr (2-3)x 10714 0.2-0.3 (0.1-1) x 10713
Sodium-24 2.6 yr e L= =
Aluminum-26 7.4 x 105 yr 2.9x 10719 1.2x 1078 -
Silicon-32 710yt 5.0x 1071 2.4x 1078 (0-2)x 10716
Phosphorus-32 14.3 day <L5x 1078 - -
Phosphorus-33 25 day <3.1x 10718 - =
Sulfur-35 87 day <1.8x 10718 - -
Chlorine-35 3.1 x 105yr 7.7x% 10717 5.5x 10714 -
Chlorine-39 L hr - - -
Argon-37 35 day e = -
Argon-39 270 yr 3.8x 10720 2.9x 1076 -

4Compiled from Koczy and Rosholt (1962) and Lal and Peters (1967).




Types of Radioactive Decay

For this discussion we are really only going to concern ourselves with three types of
radioactive decay:

Alpha (@) decay: Emission of a helium nucleus, which contains two protons and two
neutrons (but no ¢lectrons!!!).

23892U > 23490Th + 42He + neutrinos (v)
Beta (/) decay: Emission of a high energy electron

14N + neutron »> ¥4.C+f +v

Gamma (3) Decay: Conversion of nuclear energy to electromagnetic energy, note that the
atomic number does not change.

"Be > 74B\e +v

Excited state Ground state

Element U-238 Series Th-232 Series U-235 Series
Neptunium l l |
Ve U-238 U-234 ' ' ' u-235 |
ranium 4,47 X10 2.48X10 i [r.o4 X 10°
Ay X Soluble, conservative e
. Pa-234 Pa-231
Protactinium I8 3.25 x 104
min hiid
Th-2 Th-230 Th-232, | Th-228 Th-231 | Th-227
24,0 . i - i 1.40X10 (X-1) 25.5 18.7
Thorium 2! 7s2x104| Particle-active o - hrs | days
Ac-228 Ac-227
Actinium 6.13 2.8
hrs yrs
Ra-226 ' ' Ra-221 Ra-224 Ra-223
Radium rezx103| Soluble, from sed. 578 3.66 e
yrs ' ¥ days days
Francium | |
Hado Rn-222 Rn-220 Rn-219
" .82 5.6 3.96
Bae Inert gas g oy
Astatine | ' I !
Po-218 Po-214 Po-210 Po-216 "] Po212 Po-215
Polonium 3.08 164 x 104 138 0.13 s.0x107 1.78 x 1073
min sec. /dm sec 64% sec sec
Bi-214 8i-210° Bi-212 ] 8i-211
Bismuth 19,7 s.00 60.6 2.15
min days in min
. Pb-21 Pb-210 Pb-206 Pb-212 Pb-208 Pb-211 Pb-207
Lead Rel. insoluble 26.8 22.3 stable lead 106 |x6% stable lead 36.1 stable lead
N N min yrs tisotope) hrs l (isotope) ‘min tisotope)
TI-208 T-207
3.05 1.71
min min

Figure 4-1. Chart showing the decay chain of the uranium and thorium series isotopes

and the half-lives of each 1isotope. Alpha decays are shown by the vertical arrows -

and beta decays by the diagonal arrows.
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Radioactive Decay Equations

Radioactive Decay Law:

The rate of change for the decay of a radionuclide (N) with time (t) is given by the
following equation:
dN/dt=- AN

solving this equation gives:
N,=NSe™

where N, is the number of atoms of the radionuclide at time t and N,° is the number of
atoms at time t = 0. A is the radioactive decay constant (Note that the units are in
reciprocal time, e.g. s*), which is unique for each radionuclide. It is a statistically derived
number that describes the probability of an atom to undergo decay over a specific length
of time.

Half Life

The half life is defined as the time required
for half of the atoms initially present to decay.

After one half life: N/N, =%
Since N = N_e™t:

At;,=-In (1/2) = 0.693

or....
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Radioactive Activity

In oceanography, researchers rarely discuss radionuclides in terms of atoms. Rather, due
to the measurement methods that we employ, we discuss radionuclides in terms-of
activities or disintegration rates. The activity, A, of a radionuclide is simply:

A=NA\

Units of activity in oceanography are typically given in disintegrations per minute, dpm,
and disintegrations per second, dps (1 dps = 1 Becquerel or 2.7 x 10"? Curies).

Group
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0 10,000 20,000 30,000
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The rate of change of a radioactive daughter, N,, with time (t) is given by the following:

Secular
Eq u i I i b ri u m Solving this equation gives

N, = [A/(2- 2] N/ (e-Ml -e ™

dNL/dt = NyA-NyA,

In this equation, A, is the radioactive decay constant for the parent, N,, and A, is the
radioactive decay constant for the daughter, N,. N,"is the concentration of parent atoms at
time, t=0.

In the ocean, many of the decay chains which we study are dominated by parent
radionuclides which have very long half-lives relative to their daughters, such that 2,
>>),. In this case after a long time period, t, we can greatly simplify the above equation
(using some math tricks which we won’t go into here) such that:

NoA, = NyA,

The rate of decay of the parent is equal to the rate of the decay of the daughter. The
above equation is also known as secular equilibrium.

Note that this equation will also hold for any of the short-lived daughters of a long-lived
parent in a radionuclide chain, such that:

N = Noks = NoAs = NoA, = ... NA,

and the ratios of N\A,/N,A, = N,A,/ NjA; =.... = 1.000
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Secular Equilibrium

N1 (parent)
AN, = AN,
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Need to match the parent half-life with the time-scale of the process being studied
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AN, = AN,

* This equation for secular equilibrium assume no
other source and no other removal mechanism.
Nevertheless, we know that this is generally not the

case in the ocean.

¢ However, this is what makes radionuclides so useful!

* For example, what if the daughter nuclide is removed
by processes other than decay (e.g., scavenging)?




Material Balance for
Radioactive Daughter Nuclide

(Decay)
—T > Nobp

Np}\.p

—T > Npx

(Some other
removal, such
as scavenging)

Assume first order removal
and steady state

A A
,2/pN/|; =P24|5N/Dv +E1)<ND K = removal constant
Multiply by Ap: ApAp = ApAp + KAp

k= Ap [(Ap/ Ap) — 1]

Scavenging residence (turnover) time = 1/x
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Ra-226 —» Rn-222 Air-Sea Gas Exchange

Element U-238 Series Th-232 Serles U-235 Series
Neptunium l l |
U-238 U-234 ' ' ! u-235 |
Uranium 4.47 x10°) 248x10%| Soluble, conservative [roa x 10
¥ ¥ ¥
j Pa-234 Pa-231
Protactinium 18 3.25 x 104
min fd
Th-2; Th-230 ' ' Th-232 | Th-228 Th-231 I Th-227
24,0 . i - i 1.40X 10 191 25.5 18,7
Thorlum 24! rszxi0f| Particle-active X P 3 | -
Ac-228 Ac-227
Actinium 6.13 2.8
hrs yrs
Ra-226 ' ' N Ra-22 Ra-224 Ra-223
Radiun nez2x103| Soluble, from sed. .18 3.66 e
yr ¥ days days
Francim I ) | |
iado Rn-222 Rn-220 Rn-219
" 35.6 3.96
- Inert gas s .5¢
~ s
Astatine
Po-218 Po-214 Po-210 Po-216 Po-212 Po-215
Polonium 308 .64 x 104 138 0.15 3.0x107 1.78 x 1073
min sec. days sec 64 % sec sec
T Bi-214" T Ri-210° T T 8i-212° T T Bi-211
Bismuth 19.7 5.01 60.6 2.15
min days in min
. Pb-214 Pb-210 Pb-206 Pb-212 Pb-208 Pb-211 Pb-207
Lead Relatively 26,8 22,3 stable lead 10.6 ,5-,41 stable lead 36.1 l bl lead
insoluble e " isotope) brs fisotope) min
TI-208 T-207
| 3.05 4 .77
‘min min

Figure 4-1. Chart showing the decay chain of the uranium and thorium series isotopes

and the half-lives of each 1isotope.
and beta decays by the dlagonal arrows.

Alpha decays are shown by the vertical arrows -
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FIGURE 28.16. Axs,, 2s a function of depth in the Atlantic Ocean at 24°S 35°W. The
activity expected if no radon were escaping to the atmosphere is shown by the
dashed line. The difference between this equilibrium value and the observed value is
a measure of the amount of radon lost to the atmosphere and is shown by the shaded
area. The dotted line is the temperature profile at this station whizh defines the depth
of the mixed layer. Source: From W. S. Broecker and T.-H. Peng, reprinted with
permission from 2eilus, vol. 26, p. 30. copyright © 1974 by Munksgaard [nternational
Publishers, Ltd., Copenhagen. Denmark.
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U-238 —» Th-234 Carbon Export from the Mixed Layer

Element U-238 Series Th-232 Serles U-235 Series
Neptunium l |
U-238 U-234 ' ' T u-235 |
Uranium /14 a7 x10° 248x10%|  Soluble, conservative [roa x 10
¥ yr ’ yrs
j Pa234 Pa-231
Protactinidm 8 3.25 x 104
wn s
Th-234 Th-230 Th-232, | Th-228 Th-231 [ 2z
3 i i i X . 3 .7
Thorium ?‘:ﬂ' rs2x10%[ Particle-active L4910 'y:' 23 | V=i
Ac-228 Ac-227
Actinium 6.13 218
hrs yrs
indioen Ra-226 | ' ' Ra-2; Ra-224 Ra-223
.66 ne
rezxi0®| Soluble, from sed. ars s diys
Francium 1 | |
Rador Rn-222 Rn-220 Rn-219
" 3se Inert gas fri .38
Astatine ’ ' I l
Po-218 Po-214 Po-210 Po-216 i Po-212 Po-215
Polonium 3.08 164 x 104 138 0.13 s.0xi07 1.78 x 1073
min sec -t sec 64% sec sec
Bi-214 Bi-210° 8i-212 l 8i-211
Bismuth 19,7 s.00 60.6 2.15
min days in min
. Pb-21. Pb-210° Pb-206 Pb-212' Pb-208 Pb-211 Pb-207
Lead Relatively 26.8 22,3 stable lead 10.6  f6%| stable lead 36.1 stable lead
: ‘min yrs (isotope) hrs l (isotope) ‘min tisotope)
insoluble
' TI-208° TI-207
| 3.05 l.?Y
min min
Figure 4-1. Chart showing the decay chain of the uranium and thorium series isotopes
and the half-lives of each isotope. Alpha decays are shown by the vertical arrows -
and beta decays by the diagonal arrows.
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Th-234 in the Upper Ocean

Total activity (d.p.m ™)

0
U-238 —» Th-234 — Pa-234 . .
25 1
75
g |
£
8125
. o
Particles that remove Th 1 |« 2,
can also remove other 1751 | oz,
particle-active materials .
(e.g., POC) 225

FIG. 1 Typical profie of 23*Th in the upper open ocean. Shaded area
represents disequilibrium between total 23*Th and 2%, Data taken from
VERTEX 3 (ref. 11).

This profile integrates removal processes over a
several-week period (a function of the decay rates)

How to Calculate 234Th Export on Sinking Particles

dN

234Th
U-238 — Th-234 - Pa-234 T = Ny Aoy = N Aoy = KV, v
Production Decay Removal Physical
processes
= Ay — Aysy — KNmTh Tv

* Multiply by A,3, to convert to 234Th activity
* Assume steady state: dA,;/dt=0

» Assume negligible advection and diffusion (v = 0)

dA
# =0= (A238 - A234)1234 - 794234
KAz34 = (A238 - A234 )1234 «— Removal rate

(dpm L-d")
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How to calculate 234Th flux:

Flux = 1€ Ap3sZ = (Agzg = Agas) Agzs 2 10°
;7

il ™~

dpm m-2 d-! Depth of  dpm L' d’ m L m3
mixed layer

Removal rate

How to calculate flux of any element or
compound in the particles:

Multiply 24Th flux by the ratio (in the particles) of 234Th
to the species of interest

e.g.: C flux = 24Th flux * (C / 24Th)ricie

Buesseler, Benitez-Nelson et al. (2006) An assessment of particulate organic carbon to thorium-234 ratios
in the ocean and their impact on the application of 234Th as a POC flux proxy. Marine Chemistry 100: 213-233
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