Geol. 055 lsotope Geochemistry
lecture 7 Spring 2003

(GEOCHRONOLOGY III

THE SM-ND SYSTEM

"Sm decays to "”Nd by alpha decay with a half-life of 106 Ga (A = 6.54 x 10™y™). Because the
half-life is so long, the resulting variations in Nd isotopic composition are small and require precise
measurement. Sm and Nd are both intermediate rare earth elements (Figure 1). The distinctive fea-
ture of the rare earth elements is that inner electron shells (specifically the 4f and 5d shells) are be-
ing filled as atomic number increases. Normally an electron is added to the outermost shell when
atomic number increases. It is the outer electron shells that dictate the chemical behavior of ele-
ments. Since the outer electron shells of the rare earths have identical configurations, we would ex-
pect them to behave quite similarly. This is indeed the case. The rare earths generally have a +3
valence; the most important exceptions being Eu, which is +2 under some conditions, and Ce, which is
+4 under some conditions. The primary chemical difference between the rare earth elements is the
ionic radius, which shrinks systematically from 1.15 A for La (A=57) to 0.93A for Lu (A=71). Since
the rare earths form predominately covalent bonds with oxygen in the solid earth, their ionic radius
is a key factor in their geochemical behavior. Thus there is a systematic variation in their abun-
dances in rocks, minerals, and solutions (see box on rare earth plots). The ionic radii of Sm and Nd,
which are separated by Pm (an element that has no stable or long-lived isotope), differ by only 0.04A
(Nd=1.08, Sm=1.04). The ionic radii and relatively high charge of the rare earths make them fairly
unwelcome in many mineral lattices: they can be considered moderately incompatible, with Nd being
slightly more incompatible than Sm. Ce is generally the most abundant rare earth and forms its own
phase in rare instances. Some rare earths, particularly the heavier ones, are accommodated in lat-
tice structures of common minerals; for example the partition coefficient of Lu in garnet is in the range
of 4-10 (depending on the composition of the magma and the garnet). In mafic minerals, the lighter
rare earths, which have the largest ionic radii, tend to be excluded more than the heavies, but in
plagioclase, the heavies are the most excluded (though partition coefficients generally do not exceed
0.1). The high valence state of the rare earths results in relatively strong bonds. This, together with
their tendency to hydrolyze (that is, surround themselves with OH- radicals), results in relatively
low solubilities and low mobilities.
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Figure 7.1. Periodic table highlighting the rare earths (gray background) and Nd and Sm.
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RARE EARTH PLOTS Lo

The systematic contraction in | #
the ionic radii of the rare earth r *
elements leads to systematic '
variation in theirbehavior. This
is best ilustrated by viewing their
abundances on rare earth, or
Masuda-Coryell, plots. The plots
are oon structed by first
"normalizing" the concentrations
of the rare earth, i.e., dividing but
the concentration of the element +
in a standard. Generally, this
standard is the abundance in
chondritic meteorites, but other 0.0
values are also used (for example, La Ce¢ Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
rare earths in sediments and Figure7.2. Concentrations of the rare earthsin the carbona-
seawater are often normalized to ceous chondritic meteorite Orgueil.
average shale). This normalizing
process removes the sawtooth w R |
patern thatresults from odd-even f =
nuclear effects, and also the effect [
of decreasing concentration with
atomic number. Those con centra-
tion wvariations, illud¢rated in
Figure 7.2, reflect diferences in 7
nuclear stabilityand the nucleo-
synthetic process, and therefore
affect the abundances of rare
earths in all matter. Removing
these effects by normalization
highlights diffeences in con-
centration due to geochemical |
processes. After nor malizing, the

log of the abundance of each La = :

element is plotted against atomic Figure 7.3. A rare earth plot showing rare earth patterns for
orgueil, average upper continental crust, and average mid-
ocean ridge basalt (MORB).
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number, as is ilustratedin Figure
7.3.

The rare earths are refractory elements (which is to say they have low vapor pressures or low boil-
ing points); what is more relevant is that they form refractory compounds. As is the case with other
refractory elements, it can be assumed that their relative abundances in the Earth are the same as in
chondritic meteorites. This assumption is strengthened in the case of the rare earths because of the
general similarity of their chemical behavior: i.e., we do not believe that processes in the early solar
system fractionated the rare earths. The important point is we have good reason to believe the
Sm/'Nd ratio of the Earth is the same as the chondritic value, 0.1967, which corresponds to a
Sm/Nd of about 0.32. A general assumption is that the solar system was isotopically homogeneous
when the Earth formed. This is to say that the initial "*Nd/'*Nd ratio of the Earth should be iden-
tical to the initial "*Nd/"*Nd ratio of other bodies formed 4.55 Ga ago, including meteorite parent
bodies. Since the initial ratio and the Sm/Nd ratio of all bodies in the solar system are identical,
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the present-day ratios of '“Nd/"*Nd should also be identical, and they should have been identical
at every point in their histories, provided they are closed systems.

Thus we believe we know the Earth’s Sm/Nd ratio, present-day '“Nd/'Nd ratio, and the evolu-
tion of "*Nd/'“Nd through time. It turns out that this is a very useful thing from both a geochemical
and geochronological standpoint. It also leads to a useful notation for Nd isotope ratios. Because we
know the bulk-earth "*Nd/'*Nd at any instant in time, it is useful to consider relative deviations of
Nd/™Nd from the bulk-earth value. These deviations are small, so we write them in deviations in
parts in 10,000. This is the ¢ (epsilon) notation. The &y4 value is defined as follows:

143 144 143 144
Eng = ( Nd/ Nd)sample ( Nd/ Nd)CHUR} % 10000 71
(143Nd/144Nd)CHUR
where CHUR stands for 'chondritic uni- ST
form reservoir’; i.e.,, (**Nd/™Nd)cyur is - il Semp/ N inintl i}
the value of the ratio in chondrites. We e dcpleted al 3.5 Gl
can calculate an gy, for any point in time. __ 12 * Ly
For the present, the value of a; Rﬁ"‘--ﬁ_ Y, ',:'-Iill'i' ,I;:fllf._.-
(**Nd/"™Nd)cyor  is  0.512638 when =& .5 — ST TR
N/ #Nd = 072191, The range in ey, =2 “ T nall Farth

values in virtually all whole rocks is +14 = " _
to -20. The gross features of the evolution $00 _

of Nd isotope ratios are illustrated in Fig-

ure 7.4. Fnd Credfed af 3.5 tud .
The similarity of the chemical behav- . I
ior in Sm and Nd means that the range in N 1 1 5.0 j.0

Sm/Nd and '"*Nd/'*“Nd ratios is generally F12
quite limited. For this reason, and because i f
of the difficulty in separating these ele- t+8 -r"llf-'"-'flg:
ments, this system has been used for only
20 years. (We should note at this point :
that Mother Nature was kind to isotope
geochemists and did not make any Pm, the
element that occurs between Nd and Sm.
Purification of Nd and Sm would have i
otherwise been more difficult). 4

The limited variation in Sm/Nd is cer-
tainly the major drawback of this system L
for geochronology. As things turn out,
however, Sm-Nd compliments Rb-Sr
nicely. Sm/Nd variations tend to be larg-
est in mafic and ultramafic rocks and
smallest in acid rocks, exactly the oppo-
site of Rb/Sr. A relatively wide spread in
Sm/Nd may be achieved if garnet, or a
garnet-rock is included in the samples
analyzed. Garnets tend to have rela-

fime; G

Figure 7.4. (a) Nd isotope evolution in mantle and
crust. Bold line shows the evolution of the bulk earth or
CHUR (chondritic uniform reservoir); also shown is the
evolution of crust created at 3.5 Ga, the corresponding
residual mantle, and the evolution of a continuously de-
pleted mantle. (b) Evolution of bulk earth, crust, and
mantle when *Nd/**Nd is transformed to eng.

IThere are essentially two normalization schemes (i.e., mass fractionation corrections) for Nd. Cal
Tech, and some former Cal Tech students, normalize to *Nd/"**Nd = 0.636151. Using this scheme, the
present-day '"“Nd/"Nd chondritic value is 0.511847. All other laboratories, including Cornell, use
"*Nd/'"Nd = 0.7219. The value of gy, for a given rock should be the same, however, regardless of nor-
malization.
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tively high Sm/Nd ratios. Failing this,
inclusion of both plagioclase and pyrox- 513

ene can result in a satisfactory spread in Ly
Sm/Nd ratios. Because the range in
Sm/Nd ratios tends to be small, even
small variations in initial "*Nd/"™Nd - , 5
can result in erroneous ages. There are = e

several such cases in the literature. T \ "

Perhaps the greatest advantage of ) FETCS AT T ) |
Sm/Nd is the lack of mobility of these o '
elements. The Sm-Nd chronometer is -H
therefore relatively robust with respect

to alteration and low-grade metamor-
phism. Thus the Sm-Nd system is often Figure 7.5. Sm-Nd model ages. The "“Nd/™Nd is ex-

the system of choice for mafic rocks and trapolated backward (slope depending on Sm/Nd) until
for rocks that have experienced low- it intersects a mantle or chondritic growth curve.

Toime, (d

grade metamorphism or alteration.
SM-ND MODEL AGES AND CRUSTAL RESIDENCE TIMES

A general assumption about the Earth is that the crust has been created from the mantle by magma-
tism. When a piece of crust is first created, it will have the ”Nd/'*Nd ratio of the mantle, though
it’'s Sm/Nd ratio will be lower than that of the mantle (a consequence of Nd being more incompatible
and partitioning more into the melt than Sm). Let's make the simplistic assumption that the mantle
has the same Nd isotopic history as CHUR. This means a piece of crust will have the same
"“Nd/"Nd as the mantle and as CHUR when it is created, i.e., ¢e"=0. If we know the present-day
Sm/Nd and "*Nd/'*Nd ratio of this piece of crust, we can estimate its age. Figure 7.5 illustrates how
this is done graphically, let's see how this is done mathematically. What we want to find is the
intersection of line describing the evolution of the sample and that describing the evolution of the
mantle. To do so, we simply need to subtract one equation from the other.

The closed system isotopic evolution of any sample can be expressed as:

"“Nd/* Nd,, ="* Nd/"** Nd, +'* Sm/* Nd_,, (e" -1) 7.02
The chondritic evolution line is:
Nd ™ Nd e = Nd '™ Ndy +'7 Sm /™ Ndy 0 (€ =1) 7.03

The CHUR model age of a system is the time elapsed, t =1, since it had a chondritic '"*Nd/"*Nd
ratio, assuming the system has remained closed. We can find t by subtracting equation 7.03 from
7.02, which yields:

143Nd/144 Ndsam _143 Nd/144 NdCHUR _ {147Sm /144 Ndsam _ 147 Sm /144 NdCHUR }(e}rc -1 7.04

Another way of thinking about this problem is to imagine a "*Nd/'*Nd vs. time plot: on that plot,
we extrapolate the sample’s evolution curve back to the chondritic one. In terms of the above
equations, this intersection occurs at (**Nd/'"*Nd),.

1 143Nd/144 Ndmm _143 Nd/l44 NdCHUR
Tcnur = K Iy 9T Gy 4 N AT G 144 N,y +1

sam

7.05

Solving equ. 7.04 for T:

An age obtained in this way is called an Nd model age (the model is that of chondritic evolution of
the mantle), or a crustal residence age, because it provides an estimate of how long this sample of Nd
has been in the crust. Note that we explicitly assume the sample has remained a closed system, in
the sense of no migration in or out of Sm or Nd. Because of the immobility of these elements, the as-
sumption generally holds, at least approximately.
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We can obtain somewhat better model ages by making more a sophisticated assumption about the
Nd evolution of the mantle. Since the crust is enriched in Nd relative to Sm, the mantle must be de-
pleted in Nd relative to Sm (analyses of mantle-derived rocks confirm this). So the chondritic as-
sumption must be wrong. We can assume instead a model of '"*Nd/'“Nd growth in the mantle that is
more rapid than chondritic, i.e., a higher Sm/Nd ratio. Once we decide on Sm/Nd and present-day
¥Nd/'®Nd ratios for this 'depleted-mantle’ (the latter can be estimated from the '“Nd/'*Nd of
MORB, mid-ocean ridge basalts), we can calculate a model age relative to the depleted mantle by
substituting the depleted-mantle terms for the CHUR terms in 7.2 and 7.3.

To calculate the depleted mantle model age, T, we use the same approach, but this time we want
the intersection of the sample evolution line and the depleted mantle evolution line. So equation 7.05
becomes:

143 144 143 144
_1, ("“Nd/* N, =" NdI* Nd,,, 206

TDM )\. 147 Sm /144 Ndsam _147 Sm /144 NdDM

The depleted mantle (as sampled by mid-ocean ridge basalts) has an average &\4 of about 10, or
Nd/'"™Nd = 0.51315. The simplest possible evolution path, and the one we shall use, would be a
closed system evolution since the formation of the Earth, 4.55 Ga ago (i.e., a straight line on a
Nd/'Nd vs. time plot). This evolution implies a 'Sm/"**Nd of 0.2137.

Because the Sm/Nd ratio is so little affected by weathering, and because these elements are so in-
soluble, Sm/Nd ratios in fine-grained sediments do not generally differ much from the ratio in the
precursor crystalline rock. Thus, the system has some power to ‘see through’ even the process of mak-
ing a sediment from a crystalline rock. The result is we can even compute crustal residence times from
Nd isotope ratio and Sm/Nd measurements of fine-grained sediments. This generally does not work
for coarse-grained sediments though because they contain accessory minerals whose Sm/Nd ratios can
be quite different from that of the whole rock.
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