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EARLY HISTORY 

tricity single definite quantity of elec 

“electron” named 

radioactivity discovered 

alpha and beta rays named 

beta ray = electron 

alpha ray = 4He++ 

inability to separate “elements” with different 
radioactive properties 

positive r$$paraboias - two lines observed for Ne 
not CO2 , NeH2+? 

beta decay increases place in periodic table by 1 
alpha decay decreases place in periodic table by 2 

all elements falling in same place in periodic table 
are identical - “ISOTOPEY proposed 

gaseous diffusion used to increase atomic weight of Ne 
heavy sample changed line pattern in Thomson’s 
apparatus - 2 forms ofBe 

positive electron (unit positive charge) = H’ 

variations in atomic weight of lead obsermved 

“isobar-(e)s” named 

mass spectrometer used to study Ne isotopes 

“proton” named 

neutral particle suggested 

19 elements studied in mass spectrometer 
“whole” numbers 

“mass number” introduced 

“neutron” named (not yet observed) 

peaks at 

‘15 discovered using spectroscopy 

neutron discovered 

isotope‘dilution first used 



XUCLIDE 
a species of atom characterized by the constitution of its nucleus 

ST431 ,E 
does not decay in geologic time 

RADIOACTIVE 
not stable with respect to nuclear decay 

NATURALLY OCCURRING 
found in nature, may be radioactive 

PRIMORDIAL, 
formed before solar system, usua 
radionuclides 

lly applied to long-lived 

ISOTOPE 
same element different mass number - different number of neutrons 

ISOBAR 
same mass number - different elements 

ISOTONE 
same number of neutrons - different elements and mass number 

SEPARATED ISOTOPE 
material (element) in which the isotopic abundances have been altered 
to enrich one isotope 



I I 13 80 b”o 
I I 

i ! 12 
, N '," N 

. : . : . : , : . j , . : ,  
1:: :  : . : \ , . : . : . , .  . , : . : :  ~ 

:. 4 &: 
;;,.? . . . . :i. 

5He 
2 

,GHt? ,E!ie 
,.,., :.:.:.:.:.: . . . :. 

I 

-?i 
2 3 4 5 6 

-- 

_,_ 

:: :::: 
. . : :.; 
:: 
:. 

- ._ 

r- 

,.: :.:.:... .; :, .; 
:j’ ’ 7” N i; 

‘.: :.;.: ,.\ I: 
il ‘: ::;:.j:: ,j: 

lsotopcs 
' - 

- 

\ 

- 

Isobars 
- 

J - 

1 I I I I I 
7 8 9 10 11 12 13 14 15 16 17 

- 

Neutron Number (IV) 
Partial chart of the nuclides. Each square represents a particular nuclide which is defined 

in terms of the number of protons (2) and neutrons (N) thatmake up its nucleus. The shaded squares 
represent stable atoms, while the white squares are the unstable or radioactive nuclides. Isotopes arc 
atoms having the same Z but different values of N. Isotones have the same N but different values of 2. 
Isobars have the same A but different values of 2 and N. Only isotopes are atoms of the same element 
and therefore have nearly identical chemical properties. 



Few natural isotopes (d.90) 
Ratios constant in nature 
except 

fractionation 
nuclear decay 
irradiation effects 
anomalies in extra-terrestria .I samples 

Isobaric overlaps well known 

Basic isotopic generalizations 
Odd A: I isobar (5 exceptions) 
Even A: generally more than 1 isobar, 
Odd Z: ~3 isotopes (K only exception) 
Even Z: ~3 isotopes for all Z from S(I 6) through 
Pb(82) - as many as 10 isotopes, Sn 

Stable nuclides - 264total 
EvenZ,even N:157 
EvenZ,odd N: 53 
OddZ,even N: 50 
OddZ,odd N: 4 



Re lative abundances of naturally occurring isotopes 
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Binding Energy 

For a given nuclide, difference between the sum of 
themassesofnucleonsandtheobservedmass 

For a mass number, isotopes with greatest binding 
energy are stable against beta decay 

Examples: 

2H 56Fe 23511 
Neutron mass 
Proton mass 

Total Mass 

Exact Mass 
Difference 

Binding Energy 
(MN 

BE/Nucleon 
Pw 

(1) 1.008665 (30) 30.2599 
(1) 

(143) 144.2391 
1.007825 (26) 26.2030 (92) 92.7199 

2.016490 56.4633 236.9590 

2.014102 55.9349 235.0439 
-0.002388 -0.5284 - 1.9151 

1 amu (Dalton)=931.5 Mev 

2.2244 492.205 1783.9 

1.1122 8.789 7.591 
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Fig. tl Average binding cncrgy per nucleon as a funclion of A for stable nuclei. (b) 2 s A ~25. 

Ii 

___-~ .- 

.tJ 
I,il/ -- r- -. . 

t 
- 

-_L_ 

. 

b 

I 

- 

‘T -- 

11 

l- 

3x 
0 40 

-I- 

T 
-5 
- 

- 

- 

- 

- 

- 

- 

-- 

-- 

- 

- 

- 

- 

1 
Go 



8.0 - 

7.0 

E 

2.0. + 

1.0 - 

0. 1 

[Cl1 , a] 

-1 

2=50 51 52 54 55 56 r- 
Sn Sb TO I XC CO uo ;d 

ne 7s 7Y 73 72 I/ 70 64 68 
nss pninbola for A e 125 88 cnlculatcd from (2-8) wit11 the constants glvcri in 

‘he cnlculntcd masa differences (B-decay energies) between neighboring isobars 
I, \vlth experimentally determined va!ues shown in parentheses ior comparison. 

9.0 - 

t- 
8.0 

JI 

7.0 - 

6.0 - 

Q,‘;; $$ 5.0- 

4 -: 
4.0 - 

n= 78 77 76 . 7s 47y 73 72 y’/ 
Fig. 2-7 Mass pnrnbolna for A = 128 ns cnlculnted from (2-S) with the constnnts given in 
the text. Cnlculnted mass differences (p-dccny one&s) bctwcen neighboring isobnrs arc 
shown, with cxpcrimentnl vnlucs given in parenthew. 



Sources of Radionuclides 

Radionuclides not et decayed since 
nucleosynthesis: ( J 35U, 23&J, 232Th, 87Rb, 4oK 
and others) 

Radionuclides produced by the decay of long lived 
Radioactive parents: (234U, 23oTh, 226Ra and 
others) 

Radionuclides produced by natural nuclear 
reactions: ( 3H, 146, loBe, %i, and others) 

Radionuclides resulting from nuclear power 
generation 

Radionuclides resulting from nuclear arms testing: 
(3H, l&and others) 
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Galactic cosmic rays 
(87% protons, 12% alpha particles, 
1% others) 

Nucleus in atmosphere Nucleus in atmosphere 
(N = 78 5%, 0 =21%, Ar =  0  576) 

/ 
, (N = 78 5%, 0 =21%, Ar =  0  576) 

Secondary particles: Secondary particles: 
protons, neutrons, mesons protons, neutrons, mesons 

‘I x. x. 
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/ ’ Most neutrons ; ‘3  Most protons 
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e  Absorption c I 

14C nucleus 
Protoris and 
neutrons 

0 
Stable or radioactive 
Isotopes, including 
7Be, ‘“Be, 3GCI 
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Mass Number 
The isotopes of tin (2 = 50). The shaded areas represent the abundances of the stable 

isotopes, expressed in units of atom percent. The unstable isotopes are indicated by their half-lives 
expressed in units of years (y), days (d), minutes (m), or seconds (s). The diagram illustrates the 
effect of even and odd neutron numbers on the abundances of the stable isotopes and on the half-lives 
of the unstable isotopes of tin. Note that the half-life of an unstable nuclide is the time required for 
one-half of a given number of atoms to decay. (Data from Holden and Walker, 1972.) 



Some Uses of Isotope Ratios 

Nuclear Industry (H, Li, U, Pu) 

Product analysis, inventory Control , 
Safeguards, and nuclear non-proliferation 

Geology 
Geochronology (Ar, Sr, Nd, OS, Pb, C, Be, I) 
Thermodynamic Effects (H, C, N, 0, Si, S) 
Cosmic Ray Effects (usually in extraterrestrial 
materials) 
Provenance 

Forensics / Chemistry 
Thermodynamic and kinetic effects (H, C, N, 
O,N, Si, S) 
Provenance 

Concentration Measurements 

Isotope dilution - high precision and accuracy 

Tracer Measurements 

Reservoir size and/or mixing rates - Nutrition, 
hydrology, weapons testing, Nuclear Non- 
proliferation 



lsolopically Specific Instrumentation 

Magnetic or quadrupole mass separator 

Thermal ionization 
advantages - ng samples, high precision 
disadvantages-not all elements, extensive 

sample prep., mass fractionation 

Electron bombardment - 
advantages -gases, high I.P. elements 
disadvantages-molecularinterferences, needto 

generatevapor 

Spark source 
advantages-mostelements,simplepreparation 
disadvantages - molecular interferences 

Plasmasource 
advantages-mostelements,solution orsolid 
disadvantages -limited precision 

(molecular-interferences-glow discharge) 

Sputtersource 
advantages - mostelements,solids,small spot 
disadvantages-molecular interferences 

Accelerator 
advantages -very high abundance sensitivity 
disadvantages-hughinvestment,sample prep., 

limited precision 

Nuclear counting - radioactive nuclei 

Optical spectroscopy- hyperfine lines 

NMR - non-zero spin nuclei 
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Methods of achieving mass separation 

Magnetic sector 
Direction -lbcusing, momemtum and energy dispersing 
Monoenergetic ions of equal charge separated by 

mass 
F(B) = F(c) = Bev = mv*/r 
%mv* = eV 
m/e = Br/v = B*r*/2V 
R-403, Abund. sens.= 106 for monoenergetic ions 

Electrostatic sector 
Direction focusing, energy dispersive 
Energy filter 
Mass dispersion of monoenergetic ions is zero 

Magnetic sector plus electrostatic sector 
Direction and energy focusing 
Capable of high resolution even for ions of wide 

energy range 
R= 105, Abund. Sens.= 108 

Tandem magnetic sectors 
Two magnets in series 
May also have electrostatic sectors 
High resolution if ions reasonably monoenergetic 
R= 103, Abund. sens. > 108 

Quadrupoles 
Mass filter 
Resolution independent of energy distribution 
Rapid scanning 
R<2M (peaks equally spaced), Abund. sens. 105 

Time of flight 
Pulsed source 
Requires very “fast” electronics 
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Accelerator tcrtninal 
ion source 

WI 

90-deg magnet 

Abundant isotope detection 
Stripper foil 

90-deg magnet Wien filter Detector 

Conceptual view of an AMS system. On/y the critical components are shown 

Negative ions are formed in the ion source, selected by mass in the inflecfor, accelerated to 

the tandem terminal, stripped of several electrons, and accelerated to ground potential. Ions 

are focused by the first quadrupole. They are fhen momentum-analyzed, and the stable 

isotope current is measured. Rare isotopes are further momentum-analyzed, focused, and 

then selected by velocity before they impinge on the detecfor. 
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Performance criteria for mass separatior? 

Dispersion 
Separation of peaks in time or space 

Resolution 
Reciprocal of minimum mass difference that can be 
separated 
R=M,‘dM 

Transmission 
Fraction of ions transferred from source to detector 

Abundance sensitivity 
“Tailing” of signal from M at Mt-I 

Examples of- resolution requirements 

Look at three mass regions, arbitrary examples . 

Peak D Hz 
Mass 2.01410 2.01565 

R(D-Hz) = 1,297 
R(D-He++) = 157 

He++ 
2.00130 

Peak 122s” ’ 22Te ‘06PdO 4oCa41 K2 
Mass 121.90344 121.903054 121.89839 121.88624 

R(Sn-Te) = 315,803 
R(Sn-PdO) = 24,139 
R(Sn-40Ca41K2) = 7 087 > 

Peak 204Pb 204Hg 1880so 40Ca444Ca 
Mass 203.973048 203.973497 203.9507 203.80584 

R(Pb-Hg) = 454,343 
R(Pb-OsO) = 9,128 
R(Pb-40Ca444Ca) = 1,220 



Methods of Detection 

Photographic 
Integrating detector 
Allows simultaneous detection of many 
masses 
Largely of historical interest 

Faraday Cup 
Charge collector coupled to electrometer 
linear, precise, precisely known gain 
useful for currents >- IO-15 amps 
(1 ionkec 1.6X1 O-19 amps 

Electron Multiplier 
Large internal gain (typically 106 
electrons/ion 

Analog mode 
Electron pulses coupled to electrometer 
Simpler instrumentation compared to 
pulse counting 
Not particularly linear 

Pulse Counting 

Electron pulses counted with high speed 
counters 
High noise immunity 
Capable of low current detection (e-g <I 
ion/set in quiet environments 
Deadtime correction important 
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Factors affecting precision and accuracy 

Deadtime - electron multipliers 

Time after a pulse during which detector is 
incapable of recording another pulse 

Typically = ‘100 ns 
ff no correction made, major peaks underestimated 
Obs rate - 
Example 

- true rate x (1 - true rate x dead time) 

If true rate = 106 and dead time = 100 ns, 
Obs rate = 106(1-l 06x1 C7) = 105 

= 10% low 

Saturation/nonlinearity 
At high count rates, two things happen 

1. Above dead-time correction fails 
2. Multiplier resistor-string is unable to supply 
needed electron current - pulse size decreases 
and less pulses are recorded. In analog system, 
appears as nonlinearity because muttiplier output 
is being integrated 

Mass bias / Mass fractionation 
Differing masses of isotopes cause slight 

differences in chemical properties. For light 
elements effects can be large - basis of “stable 
isotope” mass spec. 

In mass spec., source chemistry can lead to fraction- 

is 
ation that varies during-an analysis 

Mass spec itself may introduce mass bias that 
constant during an analysis 

Both effects are smooth functions of mass. 
Usually assumed to be linear function 
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of applied deadtime correction 
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Applied deadtime correction (nsec) 



Fraction’atiordcorrection 

Q Assumption 
Variation in Rtrue/R mCaS is a smooth function of mass difference: 

(+),./@g, =$A- B) 
Usually, linear law is assumed: 

(+),= ($), [l+(A-B)Q] 

* Internal 
Need two isotopes in known ratio. 

Inherent to sample or added to it. 

0 External 
Analyze sample with known ratio, then unknown. 

190 189 188 787 186 184 __ - __ 
192 192 192 192 192 192 

Measured 0.6248 0.3755 0.3044 0.03564 0.03535 0.00040 
(N56T) + $i + 14 I!I 10 + 9 2 27 t 26 -z? !j 

Nier 1937 0.6439 0.3927 0.3244 0.039 0.0385 0.00043 

A mass (192 - A) 



Factors affecting precision and accuracy 

Beam stability 
Drift - need to collect data more rapidly than 

signal drifts. 
Noise -sweep spectrum either much slower or much 

faster than noise 
Alternative - measure all peaks simultaneously 

Time constants 
Electronics have finite response time 
If start collecting data too soon after mass step 

may not be on peak or transmission may be 
different than in steady state 

Integrating detectors must reach steady state 

Abundance sensitivity/resolution 
Incomplete resolution of peaks - - -~. 
With quadrupole can achieve I 05-1 O6 

Interferences 
Isobaric 

Possibilities easy to enumerate 
Corrections often possible 
Difficult to resolve even with high res. 

Molecular (ICP-MS) 
Generally low intensity (Ce0<5%) 
Relatively few species formed 
More difficult to correct 
Can be resolved with high res. 

Doubly charged (ICP-MS) 
Typically very low intensity 
Odd mass parents at half mass position 

Strategies to detect, correct, and/or avoid 
Chemical separation 
Measure all isotopes of elements of interest 



EFF-ECT OF SCAN RATE ON ISOTOPB: RATIO PmCISION 

DWLL SCANS/SEC Idas 

msec/ch TRIAL 1 TRIAL 2 

1.0 2 0.36 0.57 

0.5 4 0.26 0.23 

0.25 8 0.13 0.23 

0.10 20 -- 0.07" 

*lCTCS = 0.033 

10 I-min accumulations per-sample. U500 (100 ppb). 238/235 data. 

EFFECT OF SCAN RATE ON PEAK HEIGHT PRECISION 

HYPOTHESIS: Precision limited by drift in sensitivity, 
not by scan rata. 

DWELL SCANS/SHC lar(X) 

rasac/ch TRIAL 1 TRIAL 2 

1.00 * 2 2.05 3.00 

0.50 4 0.72 0.84 

0.25 8 0.50 0.74 

0.10 20 -- , 0.35 

\ 
10 l-min accumulations per sampie. US00 (-100 ppb). 

1.58X106 S ~238 cts> par accumulation s 1.83X104 
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PEAK JUMPING 
EFFECT OF PARAMETER CHOICES 

DELAY 
(microsec) 

200 

TYPICAL ERROR 

207 FIXED @20.5 msec 
9 pts over C.21 amu 
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Factors affecting precisior7 and accuracy 

Sensitivity - signal/noise 
Figure of merit - want smallest uncertainty for 

given analysis time 
FM = S/{d(S+B) +dB} where S is signal due to 
sample and B is back round 

For small peaks, FM=S/ 7 B 
For large signals, FM--6 
Generally want highest count rate possible 
In setting discriminator, beware “ringing” 
Possible to determine peak smailer than background 
Background correction schemes 

Subtract blank 
Calculate from region with no peak 

Duty cycle 
During mzs scan (sweep or jump) some time is lost to 

.+ - data collection because of pauses required by 
time constants. 

Select acquisition paramaters to minify lost time 
Pauses between sweeps, end of skip regions, 
between points in peak jumping 

Data transfer may stop acquisition 
For small peaks, peak jumping can increase fraction 

of total time on small peak -> better precision 
Optimal fraction of total time to spend on measuring 

background is dB/{d(B+S)} 

IC F I-MS’s Personal Best 
Up to 0.1% precision, counting statistics control 
Better precision not generally possible 
Background rarely <IO cps 
Sensitivity up to= 50 Mcts/sec/ppm 
Discrete dynode multipliers generally perform better 

than continuous dynode units for isotope work 



Photons arrive at the detector randomly 

The Poisso-n Distribution 
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Magnitude 0-l corrections NSB U02Q 
II__- 

Time=0 min Time = 185 min Time = 370 min 

Raw 235U/238U 0.02235+ 0.00008 0.02236 t_O.O0013 0.02232 ~5 0.00012 

235U/238U time = 85 (Dead nsec) 0.0205~ 2 0.00007 0.02054+ 0.00012 0.02052zk0.0001-j 

Mass discrimination 1.0128zk0.0015 
correction (0.9997/&J 

Mass discrimination 
deadtime corrected valve 

0.02077+ 0.0008 0.02080t 0.00013 0.02078 I- 0.00012 

NBS certified 
valve 

0.02080 ?0.00002 

Macmitude of corrections NBS UOO5 c, 

Time = 0 Time = 185 min. 

Raw 235U/238U .005467+.000029 .005467 +.000039 

235U/238U (Dead time = 85 nsec) .00486-l +.000025 .004863 +.000035 

Mass discrimination 
correction 

1.0128 + .0015 

Mass discrimination 
correction valve 

.004923 +.000025 .004925 +.000035 

NBS certified 
valve 

.004919 +.000003 



Table 2 Ur,-inium data reduction 

171/z 234 23s 236 237 238 239 Bkgrd’ 

JjacLground 
crs+ 
Cts - bkgrd 
Id, 
US00 
OS+4 
Crs - bkgrd 
la, 
M 1235 
10” 
Hydride corr. 
10” 
Bias corr. 
10, 
B.C./NBS 
10, 
VGfNBS 
10, 

_ uoos 
Cts (0 ns)+** 
Cts (70 ns) 
Cts - bkgrd. 
Id, 
M/235 
lcrn 
Hydride Corr. 
Iam 
Bias COIT. 
lffm 
B.C.,WBS 
10, 
VG/NBS 
10, 

246 
-1 
+6 

1337 
1092 

216 
0.0103 1 

_+7 
0.01031 

+7 
0.01053 

+7 
1.0069 

+70 
1.109 
t-11 

265 248 
18 1 

+4 _+4 

106139 429 
105894 184 

f457 t-6 
rl 0.00173 

t-6 
~1 0.00164 

+8 
-1 0.00161 

58 
rl 1.058 

t-51 
G 1 1.10 

110 

239 1184 251 247 
-8 937 5 SO 
24 *I9 44 t-3 

249 112714 256 245 
4 111530’ 11 ro 

*5 2457 +_6 t-3 
0.00004 1.0532 O.oooO1O 

44 +22 
1.0532 

222 
f 1.0003 

f 1. 

1.0540 1 
+_74 

238 6025 - 277 224 1221645 
238 6026 277 224 1245754 

23 5811 62 9 1245539 
+4 rt_26 t_6 *5 k4829 

0.00392 =l 0.0107 214.38 
467 410 +94 

0.00392 El 0.0106 214.38 
f67 2 10 t-94 

0.00399 =I 0.0104 20x.55 
t-69 +i0 +99 
0.90 El 1.10 1.0014 
215 210 &49 
1.71 = -1 1.14 0.9789 

249 +3s +52 

276 215 
276 215 

61 EO 
+_4 -f_2 

- 

+ Bkgrd is the average of the 233,240 and 241 intensities for the set of accumulations (12 in 
these examples). The set average background is subtracted from each intensity measurement 
individually. 

+Average number of counts per accumulation. 
tuncertainties on counts and ratios were calculated from the distribution of observations. 

No uncertainty in the observation itself or the background has been included. lt has been 
assumed that fluctuations in the background are reflected in the distribution of observations. 
Because of this, the uncertainty on the gross and net counts are the same. 

§A 70 ns dead time correction has been applied but it is insignificant for the US00 data- 
[If--or this entry only, the background correction was based on the analysis of a blank rather 

than the value derived in note*. 
YMeasured rather than normalized for fractionation 
**Value in parentheses used to correct for dead time. 



When to use KY-IVIS for isotope ratios 

U nspiked 
Micrograms of element available 
Alternative to nebulization available 
Precision of 0.14 .O% adequate 
Need multi-element chemical analysis as well 
High ionization potential element 

Spiked 
Elemental analysis to better than 1% required 
To avoid matirx effects 
When chemical processing required - potantial loss 
Tracer experiments 

Residence times 
Fraction recovered 

Probably not as general analytical tool 
Peak-height analysis - easier, cheaper 

Pros and cons of magnetic ICP-MS 

Pro 
Can resolve most molecular interferences 
Higher sensitivity 
Multicollector possible in ExB configuration 
Your best competitor does not have one 

Con 
Can not resolve isobars 
More expensive and camp ‘licated 



Isotope dilution 

Given: 
The isotopic compositions of the elements are 

constantand known 
Aweighedsampleinwhichtodeterminethe concen- 

tration of element Rx 
Asuppiyofa"separated isotope” of Rx of known 

isotopic composition and concentration 
Assume: 

Mass fractionation is negligible 
Aknownamountoftheseparatedisotope can be 

Then: 
equilibrated with the sample 

Theisotopiccomposition ofthe mixture is sufficient 
todeterminetheconcentra5onofR~inthesmaple 

Oncethe "spike'is equilibrated with the sample, 
handling neednotbequan%tivebutcareshould 
taken to avoid adding additional Rx 

Considerations in spiking +. 

Spike composition should be as different as practical 
from normal 

Select isotopes free from variation and interference 
Will separation chemistry be required? 
Spike for optimal sensitivity 

if underspike, (A/B), - (A/B)N => 0 
if overspike, (B/A)s x (A/B)M => 1 

If >2 isotopes can correctforfractionation 
ifcZ.~~candoublespikeorcrsea\le~e~ation 

1 1 SS 
(Also if all ratios vary; e.g., U and Pb) 



Isotope dilution 

Normal Spike 

mass -----+- 

A ( 1 &‘+A, 
E- o= Bn +J% 

A i 1 NAf, -+ s hfs 
rt o= N”f* + s ufs 

o(NBf,;t S ‘f,) = N “f, + S *fs 

Bfn-Afn ) = s ( +Bfs (+),) 

N = s ilf‘-Bfs (a),] 
“f, A - “f, 

( 1 L 



is the observed ratio of isotope A and B; 

is the fractional abundance of isotope A in the original sample; 

is the fractional abundance of isotope B in the original sample; 

*fs is the fractional abundance of isotope A in the isotopically spiked sample; 

Bfs is the fractional abundance of isotope in the isotopica lly spiked sample; 

N is the quantity of the original sample; 

S is the quantity of spike added to the original sample. 



Isotope Dilution: An Example 

A 1.5 gram piece of material contains a small quantity of natural 
assay uranium. The original sample is dissolved and isotopically 
homogenized with 500 ng of NBS U500. The resultant 235U/238U of 
the mixture is measured to be 0.2615 (atomic). What is the total 
quantity of uranium and fraction of uranium in the original sample ? 

The isotopic composition of natural uranium is 0.005 atom% 
*34U, 0.7220 atom% 235U, and 99.2745 atom% 238U. The atomic 
weight of natural uranium is 238.029 g/mole 

The certified composition of NBS U500 is 0.518-f atom% 234U, 
49.696 atom% 235U. 0.0755 atom% 236U. and 49.711 atom% 238U. 
The nuclide masses of each isotope-are 234.0409, 235.0439, 
236.0457, and 238.0508 grams/mole respectively. 

Step I: Calculate the atomic weight of the U500 spike. 

0.005-f 8 x 234.0409 grams/mole 
+ 0.49696 x 235.0439 grams/mole 
+ 0.00075 x 236.0457 grams/mole 
-+- 0.4971-l X 238.0508 grams/mole 

--------^---------------------------------- 
= 236.535 grams/mole 

Step 2: Calculate the quantity (e.g. number of atoms) of uranium ir 
spike: 

I the 

500 ng l (I / 236.535 ng) = 2.1138 nmoles 

Step 3: Calculate the quantity of natural uranium that must have been 
present to account for the observed 235Uf238U ratio. 

N = 2.1138 nmolese ( O-49696--04971 I(0.2615)) 
0.99274)(0.2615)- .007200) I 

= 3.073 nmoles 
= 731.5 ng 
= 487.7 ppb 



If have third isotope, C, car 1 

P AS CS Using -Y-s = ~ X __ 
BN BN As 

(:),= (+),+ [(gs (3, -; 

correct for fractionation 

To correct for fractionation, assume 
1) Isotopic ratios of normal element and spike are known 
2) Fractionation follows a known law - usually approximated as 

Assume a value for the fractionation, a, and calculate ‘true” 
ratios for the mixture, M. Substitute true values for 
measured ratios in above equation. If calculated value of 
(C/B)Nequals the standard value, then the assumed a 
is correct. If not, try other a’s until agreement to required 
precision is reached. 

Concentration can then be calculated using the fractionation 
corrected ratio (A/B)Mand the equation on the previous page. 
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Examples of isotope dilution 

Concentration measurements 
Trace elements in materials 

Rocks 
Tissue 
Nuclear materials 
Your favorite application 

Retention times 
Put in known amount of spike, measure recovery as 

function of time 
Can use second "separated isotope" in recovered 

samples to measure concentration of initial 
spike in sample 

Chemical yield / elution calibration . ' 
Hydrology 
Tissue 
Air circulation 

Reservoir volume 
Put in known amountofspike,assumeequilibration, 

measure fraction recovered in sample 
Hydrology 
Tissue 
Nuclear testing 
Storagetanks 



Some Sources of Separated Isotopes 

Isotope Distribution Office- Oak Ridge National 
Laboratory, PO Box X, Oak Ridge, TN 37831. 
(615) 574-6984 

New Brunswick Laboratory, Cass Avenue Argonne, 
Illinois (312) 252- 2442 

Stable Isotope Unit - Chemistry Division, Building 
10.30, AERE Harwell, Oxfordshire OX1 1 ORA, 
United Kingdom 

Cambridge Isotope Laboratories- 20 Commercial Way, 
Woburn, MA 01801 

Icon Services Inc.- 19 Ox Box Lane, Summit, New 
Jersey 04901. (800) 322-ICON 

lsotec Matheson - 3858 Benner Rd. Miamsburg, Ohio 
45342 (800) 448-9760 

Ultra Scientific Inc. 250 Smith St. North Kingston, New 
Jersey 02852 

C/D/N Isotopes 1000 Roche Ave. Vaudreuil Quebec, 
Canada J7V 8P5 (514) 424-4698 

Koronia Overseas Ltd.- 301 Basillica Gardens, P.O. 
Box 1006, Paphos, Cyprus 357-6-248561 

Colleagues- Generally much larger quantities of 
isotopes must be purchased than one needs-for 
isotope dilution experiments. 



If no pa 
need to 
use DO 

r of invariant isotopes or 
establish absolute ratios, 
JBLE SPIKE technique 

In simplest form, use known mixture of two isotopes that are rare in nature. 
For example to determine the 235/238 ratio and U concentration in reactor fuel, 
can add double spike of 233 and 236. Niether spike isotope exists in natural U 
or unirradiated fuel. The 233/236 can be used to establish the 
fractionation. The true 235/238 can then be calculated and 
236/238 (or 233/238) can be used to calculate the U concentration. 

Generally spike isotopes are not totally absent from sample so 
two analyses are required - composition and concentration runs. 
Interpretation complicated by run to run fractionation variation. 

Calculations are complicated by both spike and sample contributing 
to observed peaks. Several mathematical approaches have been used. 
Early work generally used iterative approach. 

Matrix formulation given by Hamelin et al Geochimica et Cocmochimicz .I --__ . ..A----- 
Acta 49 (1985) 173-182 is abstracted on the following pages. See their paper 
for complete discussion of error calculation and effect. 

Measurement uncertainty and blank control are very important. 

Mixing line 
Before considering double spike calculation in detail, note that 
mixtures of two distinct isotopic components lie on a straight line 
when isotopic ratios relative to a common denominator are plotted. 
In two dimensions, this is often referred to as a ‘three isotope” plot. 
Relative distance of a point from the “end members” reflects relative 
amount of the components. 



Pure “1” 

Mixture of I and J only 

Mixture of I, J, K Pure “J” 

Pure “K” 

2oePb 

40 

I 

2-Pb 

\ 

FIG. 3. Double spike mcrhod principk. as illustrated by 
HOFMANN (I 97 I). Comments are in the text. 



APPENDIX: DOUBLE SPIKE CIAL’ZULATlONS 

The mixing equation bcrwun the ~1 and I, isotopic ratios 
(to a common rcfcrcncc isotope) of the unknown sample 
(u) and the spike (f) gives the ml isotopic ratios of the 
mixture (subscript i for each of the 3 lcad isotopic ratios): 

whcrc q is the ratio of 1hc rcfcrcncc isotope of the spike and 
the sample in the mixture (XUPb’/XHPb’ for cxamplc). The 
linear discrimination law described in the text is written .XX 

Iti = Ui( I f 6m,eJ and m, = M,<I + am,+,J. (2) 

(The upper-case lcttcrs rcfcr to the cxpcrimcntally rnca~.~rcd 
. MILKS and the lou-tr-casc lcttcrs td tic true. unknown 

values. tu and eM arc the discrimination factors of the 
composition and conccntratio;l runs, rcspcctivcly). 

Combining (I) and (2) gives: 

q-(Mi - Ti) + (1 + q)6,8m&Mi - UJm,+, = Vi - Mi- (3) 

The system of 3 equations and 3 unknowns q, r = (1 
+ sh 2nd tu. corresponding IO (3) can bc written ax the 
matrix product: 

OK 

A-B = D 

and the solution will be given by 

whcrc A-’ is the inverse matrix ofn. 
The error calculation uses this matrix equation s a 

starling point, following the method discussed by AL&G&X 
and PROVOST (1977) and PROVOS- and ALL&RE (ISiS). 

The variancc-covariancc matrix of 3 is first to k calculated 
as: 

IJB = dB x dBT = 



FIG. 4. Sirnrr/o/ions o//he error propujiufionr Using the calmlxion dcxritxd in Ihe Appendix. rhc 
cmors propzgtcd by the double spike correction arc corny& (o the errors due IO the usual standard 
normaiisation. calculawd with rclarion (2). For the simulations. the SRM 981 isoropic composition is 
uxd. and uncorrciatcd within-run errors arc considcrcd for the conccnrration and composition NEIL 
“Propagatcd errors” an Ihc rclativc errors of ihc a’ Pb/%Pb currcctcd ratio. (a) Optimization of the Q 
ratio (-wPb,J’“P&): spiking proponion bcrwccn lhc sample and the spike in the conanrration run. 
Within-mn errors of 10’ (rclativc errors) for Ihc three mcasurcd isotopic ratios ZE intmduccd in fhc 
calculatianr. The error propagarcd by the usual calibntion is given by r&lion (2). and of course dcxx 
noI depend on Q. The asm of the curve is similar in rhc tax Of a primordial kad composition. (b) 
Compzison bctwxn rhc errors propagxcd on Ihc corrcctcd rnul~~ by the usual normalisarion and by 
the double spike mcrhod. for incrcazing within-run unccnaintia of rhc composition run. Rdatiw errors 
of rhc rhrcc mcawxd ratios of the composilion run arc equal to etch other in each case. Conccn:ration 
run errors remain constant and equal to lOA (rclafivc errors). An incnxsc of the conccrntration run 
unccrraintia would give a wry similar cfTcc~. 

error 
propngntad 

on the 
rcrults 

con!aminatlon (total lead ratlo) 
*amplo 

-----t 

FIG. 5. ~(nal~~icol corJcmina/ion .$w 01, I/IC douhlc spiXc corr&ion. Schematic rcprcscntJtion of the 
cfTcc~ of analfliul contaminztion. if only the concentration run is contaminalcd. The diagram and 
symbols arc the same 1s in Fig 3. The obscrvcd discrimination line for the mixture (S,,) is shifted by Ihc 
contamination vector (MM’). the corrcctcd V&C is then (0. inncad oflhc ~ruuc value (U). (b) Simulation 
of rhc analytical contamination cffcct on the double spike corrccxion. For in&xing amount of 
contamination in rhc concentration run, the diRircncc bctwccn the corrcctcd value and the true (unknown) 
value incrcasa rapidly. Ifrhc diffcrcnlial contamination bctwccn the cumpow’tion and conccntntion runs 
amounts 10 a quantity of lcad similar to rhc chemical blank usually mcarurrd (about 200 pg for 200 ng 
urnpia). the error propagalcd on Ihc currccrcd rcsulll is about 1.7 X IO-’ for SRhf 981 2nd 3.4 x IO ’ 
l-or primordial Iwd (r&&c trror onrhc x*Pb/wPb) The isolopic composition of the ccnlzminJnt uxd 
for this simulalion is 17 6, IS.56 and 37.22. and the -wPbJ2”Pb is 0 2. 



1.5 

187 

190 

FIK ’ 184 186 188 190- 0. 
184 186 188 192 194 

Mass Mass 

Contaminated sample 

Accumulation: lgq Ions 187/190 188/190 ; 192/190 , 

1 23569 _ .126. 0.0162 1.0 
2 1 b690 1.20 0.0325 1.02 
3 547 1 1.05 0.102 1.14 
4 4917 0.88 0.150 1.14 
5 4524 0.85 0.166 1.18 
6 4368 0.78 0.182 1.22 
7 3934 0.80 - 0.202 1.27 

Two-component mixture ^ 

0.2 3.4 0.6 
188/190 



4 
Chemical Digestion/Preconcentration 

4 
Chemical Separation 

instrumental Measurement 

TQ obtain a a/al id result we must: 

1) Account for the e efficiency of the chemical separation 

1 

(chemical Yield) 

2) Be able to relate instrumental response to concentration, 
number of atoms, activity... 



e Calibration Curve - Prepare using external standards of 
known concentration, with reference to internal standard. 
(Account for chemical yield separately) 

0 Isotope Dilution - Spike sample with isotope spike, 
homogenize, determine isotope ratio, convert to mass. 
Accounts for chemical yield and instrumental response. 
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Lake Ontario Kinz;2$9 

Toronto _ 

Hamilton0 
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Lead concentrations of Lakes Erie and Ontario surface waters in August 1987. 
Lead distribution patterns on Lake Ontario correspond to the location of major sources 
of lead inputs to the lake: atmospheric emissions (3.79 x iP’kg/y), industrial effluents 
(1.74 x I@ kg/y), municipal effluents (1.42 x 105 kg/y), and ofher man-made sources 
(5.4 x Iti kg/y). Lead distribution patterns on Lake Erie also correspond to the location 
of major sources of lead inputs to the lake: atmospheric emissions (7.54 x 105 kg/y), 
industrial effluents (2.2 x 103 kg/y), municipal effluents (2.16 x IlP kg/y), and other 
man-made sources (9.9 x 104 kg/y). 



Flin Flon (1.01) 

o%u,,,ib, 
(1.07) 

Q Cerro de Pasco (1.20) 
@Casapalca (1.20) 

Selected sources of lead ores used in the production of U.S. ( symbols) 

and Canadian (Osymbols) gasoline. The ratios of 2ocPb/207Pb for the ores 

are S-/~WI in parentheses- 
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Inferred distributions of lead isotopic compositions, 206PbF07Pb, in surface 

wafers (I-m depth) of Lakes Ontario and Erie in August 1987. 



Radioactive decay and chronology 

If there are N atoms of a radioactive nuclide at time, t, then 

dN/dt = -XN 

If N, is the number of atoms when t=O, then 

N = No e -xt 

The number of daughter atoms, D: at any time is 

D*= N,- N 

D*= N,- N,eext = No(l- esxt) 

Or D*= N(eX t - 1) 

The total number of atoms of D is 

D = D,+ D* 

where D, is the number of atoms in the sample initially. 

Considerthe case of 187 Re -> '870s 

187 187 107 
OS = OS,+ Re(e x t - 1) 

If we “reference” to an isotope not effected by decay, we obtain 

107 
Re 

+ jmos ---(e”t -1) 

The choice of 188 as the reference isotope is somewhat arbitrary but 
has the advantage of reasonable abundance, small mass difference from 187 
and no isobaric interference. 



lsoc hroris 

‘87 OS 187 
Re ___. = 

Ia8 OS 
L-(e xt _ 
’ ‘=os 

is of the form Y = mX tttwhere the intercept is the “initial” isotopic 
ratio and the slope, (e -1) , gives the age. 
This is the basis of the “isochron” plot used to determine geologic ages. 

For each oft le phases,‘each with differing initial 
187Re 

I** OS 
ratios, the 

isochron develops along each of the indicated phase development 

ines. Since the loss of each atom of Is7Rb results in the formation of a 
1870~ atom the slope of these lines is -1. 

187 
Re 



Metamorphosis and Development Diagrams 

Consider the s7Rb I 87Sr geochronometer. The observed 87Sr is the sum 
of the 87Sr that was initially present at the time that the original 

magma crystalized, plus the radiogenic 87Sr resulting from decay 

of 87Rb 

87Sr = 87Sro + 87Rb (eht - 1) 

Normalizing to the stable “Sr isotope 

($) =(g)o+(-$j (eht- 1) 

Note that ex can be expressed using a power series 

2 3 4 
ex=l+x+ x + x + z- + . . . . 

2 3! 4! 

For cases i >> T 

87Sr 
If we plot - 

@%I- 
versus t we can explore the development of 87Sr. The 

slope of such lines will depend on the initial concetration of ‘-‘Rb _ 

s 



Time in the Past 
PV32fl~ 

FIGURE 6.4 Strontium development diagram showing the isotopic homog- 
enization of the minerals of a rock as a result of thermal metamorphism. 
‘i = time elapsed since initial crystallization and cooling when the isotopic 
composition of strontium in all minerals was (“‘Sr/“6Sr)i; 2_ = time elapsed 
since closure of the minerals following isotopic reequilibration of strontium 
to (s’Sr[%r), by thermal m&morphism; t, and II are fictitious model dates 
of biotite and feldspar calculated relative to an arbitrary and inappropriate 
choice of the initial 87Sr/86Sr ratio. 

- - 

FIGURE 6.5 Evolution of strontium in three whole rocks (Rl, R2, and R3) 
and in the minerals of R2 (M2). The strontium in the minerals was isotopic- 
ally homogenized by an episode of thermal metamorphism of short duration. 
The slope of the whole-rock isochron corresponds to L, which is the time 
elapsed since crystallization of these rocks. The slope of the mineral iso- 
chron indicates I_ which is the time elapsed since the end of the thermal 
metamorphism. 
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Principal radioactive decay products of 232Th 

Nuclide 
Historical 
name Half-life 

Radiation Atom ratio, 
ppb in natural 

Type Max 7 MeV thorium 

‘g Th 
2gRa 
228 

a9AC 

2;;Th 
2211 

88 Ra 
120 

M Rn 
216 

84PO 

“A; Pb 
212 

83Bi 

2EPo 

‘g Tl 
‘g Pb 

Thorium 
Mesothorium 1 
Mesothorium 2 
Radiothorium 
Thorium X 
Thoron 
Thorium A 
Thorium B 
Thorium Ct 
Thorium C’ 
Thorium C” 
Thorium D 

1.41ElO yr 
6.7 yr 
6.13 h 
1.910 yr 

3.64 days 
55s 

0.15 s 10.64 11 
60.6 min 
304 ns 
3.10 min 
Stable 

P>Y 1.84 
ci 

Q(Y) 
il 

ifi7 0.42 
a, 0, Y 1.81 
a 
8, Y 2.6 1 

10” 
0.48 
S.OE-5 

0.135 
7.1 E-4 
1.24E-7 
3.4E-10 
8.6E-5 
8.2E-6 
4.4E-16 
1.50E-7 

t Sixty-four percent of decays of 2i;Bi go to 2zPo, 36 percent to 2~~?.1. 
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Table 5.2 Principal radioactive decay products of ‘j8U 

Nuclide 
Historical 
name 

238 
92U 

2gTh 
2zPa 

5% 
ZTh 
“z Ra 
111 MRIl 
‘2 PO 
‘g Pb 
214 

83Bi 

“2 PO 
‘$ Pb 
210 *Bi 
‘g PO 
2gPb 

Uranium 1 

ux, 
ux2 

Uranium II 
Ionium 
Radium 
Radon 
Radium A 
Radium B 
Radium C 
Radium C’ 
Radium D 
Radium E 
Polonium 
Radium G 

flalf-life 
______~.- 

4.3 lE9 yr 
24.1 days 
1.17 min 
2.47E5 yr 
8.OE4 yr 
1602 yr 
3.821 days 
3.05 min 
26.8 min 
19.7 min 
I64 ps 
21 yr 
5.01 days 
138.4 days 
Stable 

Radiation 

Atom ratio, 
ppb in natural 
uranium 

9.927E8 
0.0145 
4.9E-7 
5.44E4 
1.76E4 
353 
2.30E-3 
1.28E-6 
1.12E-5 
8:25E-6 
1.14E-12 
4.62 
3.02E-3 
0.0835 
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NEUTRON NUMBER 

Principal radioactive deczy products of 235U 

Nuclide 
Historical 
name Half-life Kadiation 

Atom ratio, 
ppb in natural 
uranium 

235 
92u 

2g)Th 
231 

91 fa 

‘;; AC 

‘z1.h 
2;; Fr 

“‘83BRa 
‘2 RI1 

21s 
Z34PO 

‘EPb 
‘& Bi 
“;: Tl 
2;,7Pb 

Actinouranium 
Uranium Y 
Protactinium 
Actinium? 
Kadioactinium 
Actinium K 
Actinium X 
Actinon 
Actinium A 
Actinium B 
Actinium C 
Actinium C” 
Actinium D 

7.1E8 yr 
25.5 11 
3.25E4 yr 
21.6 yr 
18.2 days 
22 min 
11.43 days 
4.0 s 
1.78 ms 
36.1 min 
2.1 S min 
4.79 min 
Stable 

7.205E6 
2.95E-5 
330 
0.219 
4.99E-4 
5.9E-9 
3.18E-4 
1.29E9 
5,.73E-13 
6.97E-7 
4.1 SE-8 
9.25E-8 

t 1.4% of decays of 227Ac go to 223Fr, 98.6% to 227Th. 



U,Th-> Pbmethods 

233” -.+ 206Pb + 84He + 6 R t, = 4.5 x loQy 

235 
U- 207Pb + 74Ho + 4 fi t, = 0.7 x 10ey 

232Th - 208Pb + 64He + 4 n t, = 14x10Qy 

Only 204Pb is stable (extremely long t,/ .) 

206pb - 
204Pb 

207Pb _ 

2a Pb 

235 U 
--e 
204Pb ( 

208pb 232Th - 
204Pb 

--e 
0+ 204Pb. ( 

OI 
Prcxznt 1 2 3 4 

-....-.. . _-. 

XL 1) 
FIGURE 12.4 Plot of Equation 12.12 ~1 

235 relates the ratio of radiogenic 207Pb/206Pb 
z- uranium-bearing system to its age I. The ~2 

238 u ( ew - 1) 
of the calculations on which this graph ti b 
Fre compiled in Table 12.3. This curve czl 
u.& to determine “207-206 dates” of upa1 

* 235 U I=---- ( e)-j’ - 1) 
hearing minerals based solely on the m-1: 
isotopic composition of lead and on an a~u: 
isotopic composition of the lead incorporated 

23.3 
1) 

the mineral at the time of its formation. 

- 

“207 - 206” age depends only on the Pb isotopic composition. 
This is an example of a “model” age because one must assume the 
isotopic composition of the initial lead. Useful if system remained 
“closed” and initial lead concentration was low. 
If all model ages agree, sample dates are called “concordant”. 

The “instantaneous” 207/206 at any time in the past, t, is 

(zgg = (Z), (?) 



U - Pb Concordia diagram 

* 
205Pb 

253 U 

similarly 

207Pb* 

2s U 

200Pb _ - 
2MPb II 

( e 
238 U 

= ( e X5t- 1) 

* 
205Pb 

3r *07Pb 
“Concordia” curve is plot of ___ as a function of - 

2z-8 U 235 U 

for all values of t. Concordant points lie on the concordia curve. 
Points off the curve are called “discordant”. Discordancy can be caused 
by lead loss or uranium gain or loss. Gains and losses may be discrete 
or continuous. See figures below and on next page. 
Note that points above concordia have ‘iuture” 207/206 ages. 
Zircon is the most commonly used mineral for U->Pb dating. 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 

207pb4/235u 

FIGURE 12.5 Concordis dingram illustrating a history of episodic lead loss (or 
uranium gain). A U-bearing system on concordia lost lead when its age was T’. As a 
result, the system moved along a straight line (discordia) directed toward the origin. 
Point Q represents a system that lost only a fraction of its radiogenic lead. A mineral 
that had lost all of its radiogenic lead would be represented by a point nt the origin. 
Following the episode of lead loss (or uranium gain), the U-Pb systems reside on dis- 
cordia thnt intersects concordin at r and -rO, where r is the time elapsed since closure 
nnd rO is the time elapsed since originnl crystallization of the minerals (or rocks) 
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discordant data points obtzhed from 
various zircon populations of the 

/ 
/ 

/ 
/ 

I 
J I I I I! I I fJ J’ 1 LI’f: 

5 10 15 

i 

1 

trajectory 1 
1 
I 

Fig. 2. Concordia diagram showing data points of four zircon populations, c-g:, from 
various rock samples taken within the same granite pluton- For the uppermost data 
point the apparent U/l%-ages, as well as the PbjPb-age, are given by the irrfersecIiorls 
offhe dashed Iines with the concordia curve. Xormally, the lead/lead age is the highest 
aze, and the zo6Pb/238U-age the lowest age 

I I I 

I I .^ .I 

FIGURE 145 Isotope evolution of lead in val&c rocka fmn Hawr 
the context of the concordia diagram. The cexdinsts of points aen 
dated using the measunxl isotope ratio@ of lead and the cxxxentratic 
umium and lend. The common lead was aswmed to lx equal to prti 
lend:o, .=9Sandb, - 10.42 The upper intersection (r) indicate3 tb 
of the system in which lead evolution OCCUrPOd The rower irLkmx~( 
is the time elapsed since the U/Pb ratio of the source region ~a6 chang 
varying dwwa by gain or 1068 of uranium or loas of lead This interprrt 
implies a twoatage mnntle hifriory for these leads ad suggests tha 
heterogeneity of the upper mantie (with reqxct to ita U/Pb ratio) t 
Hawaii is a relatively nxe’nt condition (Interpretation of tniych 
based on data by Tatsumoto, 1!366a) 





Common-lead method 

“Common” lead is that with the isotopic composition found in minerals 
in which the Pb/U-Th is so high that the lead isotopic composition 
has not been altered by radioactive decay. The mineral most frequently 
used for common lead studies is galena - PbS. 

The isotopic composition of common-lead depends on the Pb/U in the 
source region from which the lead bearing mineral formed and the time 
of formation of the mineral. 

Holmes-Houtermans model of lead evolution in the Earth assumes that 
the earth was originally fluid and homogeneous, that the Earth 
became rigid at some point accompanied by U/Pb fractionations, and 
that the U-Pb system was closed until the formation of lead rich minerals. 
Model based on primordial lead plus that produced in a single growth 
stage. 

For a system that has remained closed for the age of the Earth, T 206pb = 
204Pb 

233 U 

2mPb ( e 

If lead was withdrawn at time t 

2.33 “OT_ I)- e (e‘h8t- 1) 
-e ‘2 > 

and similarly for the other radiogenic isotopes. 

The following symbols are customarily used. 

=b, 

238 U _ zz P 
204 Pb 

232Th ___ = k 
238 U 



Commonleadcontinued 

- bo 1 e 
h,T X,t 

-e ZZ ( > 
137.8 h3 T 

a0 ( e -e ‘Bt > 

Points with fixed T and t lie on straight lines with slope given by 
above equation. If t=O, can solve for T -the age of the Earth. 
tine for t=O is the “geochron”. 
Troilite, FeS, from meteorites, least radiogenic Pb known, is used as 
“primordial” 

i I / / I i-- 

40- A = 4.6 x 109yrs 

B=45xlO"yrs 

1 t 1 I 0 1 IO , 20 
30 40 50 

f'b70"/f'b204 



I , 
IO 20 30 40 50 

Pb2*“/Pbzo4 
Fig. 2. The relationship between common earth lea& and the 

meteoritic lead isocfxon. 

I I 1 I I I 
18 - 

I = 3.0 20 1.0 0 

--I 

a I 1 I I I I 
a 10 12 14 16 18 M 2-2 

%Pb/ ‘04 Pb 
FIGURE 13 2 Graphical representation of the I-lalmes-IIouterxnsns model. The curved 
lines are lead growth curves for U-Pb systems having present&y ,LI values of 8, 9, and 10. 
The straight lines are isochrons for select& values of t. For exnmple, the coordinates of 
point P are the 207p,,/-pb and 206 Pb/“‘Pb ratios of a gnlena lead that was Cthdrawn 
3.0 x  lo9 years ago from a source region whose present 238U/204Pb ratio (pi) is 10.0. This 
diagram was constructed by solving Equations 13.4 and 13.5 assuming that the age of the 
Earth is T = 4.55 x 10’ y. 
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13 14 15 16 17 18 19 20 

206Pb/ 204Pb 

FIGURE 13 4 Isotope ratios of lead from conformable ore deposits that 
appear to fit a singlestage growth curve having p = 8.99 & 0.07. The con- 
constants are:,?, =  1.537 x IO-"y-', i., =  9.722 x lo-"' y-',aO = 956, 

6, = 10.42, T  = 4.55 x 10’ years. The data are from a compilation by 
Kannsewich (1968) and include samples from the following deposits: 
(1) Hall’s Peak, N.S.W., Australia; (2) Bathurst, N-B., Canada; (3) Cobar, 
N.S.W., Australia (five mines); (4) Captain’s Flat, N.S.W.. Australia; 
(5) Sullivan Mine, B C., Canada; (6) Mt. Isa, Queensland, Australia (two 
mines); (7) Broken Hill, N.S W ., Australia (five mines); (8) Finland (five 
mines including Orijtiti); (9) Errington Mine, Sudbury, Canada (two sets 
of values); (10) Cobalt, Ontario, Canada. 

15.4 I 1/ I 1 I 
! 

18.0 10 0 20.0 21 0 

*=Pb/ *04 Pb 
FIGURE 14 3 Isotope ratios of lead from young volcanic rocks. x  Ascension 
Island, A Gough (Gast et al,, 10%); @  St. Helena (Gust, 1967); 0 Tcnerife, 
Canary Islands (Oversby et al., 1971); 11 Hawaiian Islands (Tatsumoto, Ima) 
The data show both intro- as well as interisland ditYerences in the isotopic 
composit ion of lead. These variations are evidence for the heterogeneity of 
UjPb ratios in the upper mantle and indicate that the source regions of these 
volcanic rocks have not remained closed systems throughout geologic time. To 
put it another way, the data show that leads in volcanic rocks hive hnd multi- 
stage histories 
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FIGURE 14.2 Isotopic evolution of a suite of three-stage leads. Lead initially evolves along a 
growth curve corresponding to p , = 8.99. At t, = 2.5 b-y., when the lead is at point I’, it is trans- 
ferred to secondary systems having jr2 = 20 and p2’ = 40. Isotopic evolution continues from point 
Pilong diverging growih’cui-ves until I, = 1.8 b.y. At that t ime the lead is isotopically homogenized 
to point Qand transferred to tertiary systems having p, = 10 and p,’ = 20. Again lead evolution 
continues along diverging growth lines until t, = 0. Note that all leads in the secondary systems 
that had initial isotope abundances given by the coordinates of point P  lie on the secondary 
isochrori. Similaily, nil leads whose rnrtml isotope ratios are given by the coordinates of point Q lie 
on the tertiar-y isochron, provided both systems remained closed and provided the Ieads on the 
secondary isochron were isotopically homogenized at t,. Note also that the point P  lies on the 
primary growth curve of leads from conformable ore deposits (JL, = 8 99), while the point Q does not. 
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