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magma were formed at - 3.9 AE in two different layers and were then erupted at 
the surface, we would observe a difference in initial Sr and Nd in the basalts 
which would indicate that they were derived from different "layers" or "parent 
reservoirs." The major issues are whether substantial differentiation of the old 
layered mantle took place after -4.4 AE and whether there exists a significant 
volume of the moon which remained undifferentiated. In the ensuing discussion 
we will use the terms "layer" and "reservoir" or "parent reservoir" inter­
changeably. In each case these terms are used to describe regions of the lunar 
interior analogous to the layers described above from which basaltic magmas 
have been melted and erupted at the surface. 

Figure 8 shows a schematic evolution of a radiogenic isotope in two reser­
voirs A and B. Basalts (A I and BI) produced at the same time with different I 
values must have been melted from different reservoirs ("layers") with distinct 
(P/D) ratios. Basalts At and A2 produced at different ages were extracted from 
a single reservoir A without altering the Pf D of the parent reservoir A. This 
simple evolution model, where basalt parent reservoirs are formed at one time 
T0 (-4.4 AE), and the basalts are formed at later times is analogous to the lunar 
history scheme I of Fig. 7. For model II of Fig. 7, where parent reservoirs are 
being formed after T0 , more complicated trajectories are possible in Fig. 8. For 
instance, it is possible to produce basalt A2 from a reservoir B' which at some 
time prior to T 2 (e.g., at T1) was produced from B with a Pl D sufficiently large 
to evolve from point B 1 to point A2 in the available time T 1 - T2. The extent to 
which a reservoir can reach A2 from B 1 is only constrained by the size of 
fractionation in Pf D. 

We consider the evolution of the Sr and Nd isotopic composition prior to the 
time of crystallization of a basalt. The 87Sr and 143Nd evolution is constrained to 

RES-A 

"' ~\ I I "-
RES- B I ~ Al 
-._ I SLOPE a: ).(P/D) 

--1 ~ ~ "-< 
lo ----I---+---~--

I I I 

NOW T2 T1 
TIME 

Fig. 8. Evolution of a radiogenic isotope in two distinct reservoirs as a function of 
time; the difference in slopes is proportional to the parent/daughter ratio ( Pl D) in the 
rock, the magma and the parent reservoir. Basalts A I and BI produced at the same 
time from distinct reservoirs will have distinct initial isotopic composition as deter­
mined from their isochrons. Basalt A2 is compatible with production from reservoir A; 

however. alternate, more complex or independent evolution paths are also possible. 
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yield the initial 87Sr/86Sr Us,) and 143Nd/ 144Nd ([Nd) determined by the isochrons at 
the time of crystallization. For Rb-Sr (Papanastassiou and Wasserburg, I 97 Ja) 
and Sm-Nd we get similar equations: 

ls, - l's,= ARh(81Rb/86Sr)1 • 11 T1 + ARb(87Rb/86Srh • 11 T2 + · · · 
[Nd - /Nd= Asmc1 41Sm/ 144Nd)1 • 11 T1 + Asm<1 47Sm/ 144N dh. 11 T2 + ... . 

If T0 is the time of formation of the moon and Tx is the time of crystallization of 
a particular basalt then : 

11 T1 + 11 T2 + 11 T3 + · · · = T0 - T, 

The ratios (87Rb/86Sr)i/(87 Rb/86Srh and (1 47Sm/ 144Nd) 1/(147Sm/ 144N dh are the frac­
tionation factors for Rb-Sr and for Sm-Nd between stages I and 2. l s, and /Nd 
are the initial ratios with which the moon formed. For two basalts with identical 
ages, a difference in the / values requires differences in the Pl D ratios in parent 
sources lasting for some finite time intervals 11 T;. The size of the differences in 
Is, and /Nd depends on the degree of fractionation of Pl D elements and on the 
length of the intervals 11 T; for which particular (Pl D); values remain constant. 
Differences in ls, and in !Nd provide distinct information about the parent 
reservoirs. One of the basic distinctions between Rb-Sr and Sm-Nd systematics 
is that the maximum magnitude of Sm-Nd fractionations is expected to be m;..1ch 
smaller than possible Rb-Sr fractionations. Therefore, production of large 
differences in /Nd requires relatively large time intervals 11 T;. 

Initial 87Sr/86Sr values of lunar rocks are presented and discussed in terms of 
a (T, I) diagram identical to Fig. 8. However, because Sm/Nd varies by a much 
smaller amount relative to the average Sm/Nd of most reservoirs than does 
Rb/Sr, we have represented the Nd isotopic data in a different way, as discussed 
at some length by DePaolo and Wasserburg (I 976b). In this represent ation. the 
initial ratios are compared to the evolution of 143Nd/ 144Nd in a reference reser ·oir 
(CHUR) which has a chondritic Sm/Nd and initial Nd equal to that measured in 
Juvinas (Lugmair et al., 1975; Lugmair et al. , 1976). Initial Nd for a rock which 
crystallized at T is given as the fractional deviation in parts in 104 of the initial 
143Nd/ 144Nd from the 143Nd/ 144Nd in CHUR UrnuR(T)). This quantity is termed 
e1cHuR and defined 

E
1
cHuR = /RocK - l cHuR(T) x 104 

lrnuR(T) • 

The initial 87Sr/86Sr data for Apollo 11 basalts are shown in Fig. 9, and the 
initial 143Nd/ 144Nd data for all mare basalts measured are shown in Fig. 10. For Sr 
a single straight line evolution curve can be drawn through all of the A-11 low-K 
basalts, which indicates that these basalts could all have been derived from the 
same reservoir at distinct times. Because of the very low Rb/Sr in the parent 
reservoirs of these basalts, departures from a single reservoir are difficult to 
detect. In contrast to this result, Beaty et al. (1977) have presented arguments for 
distinct groups of A-11 low-K basalts based on major element chemistry, and 
stated that the observed major element differences are neither the result of 
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Fig. 9. Age (T). Initial 87Sr/86Sr (I) for Apollo 11 mare basalts. All high-K rocks 
(including 10072) are tightly grouped in both T and /. Low-K rocks show a distinct 
range in T and relatively lower I values. Unlabelled low-K rocks are 10044 and 10058. 
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Fig. 10. Fractional deviations in parts in 104 of the initial 143 Nd/'44 Nd of lunar rocks 
from the evolution of 143Nd/ 144Nd in a chondritic Sm/Nd reservoir (CHUR) plotted 
versus time. Solid lines diverging from CHUR at 4.4 AE represent Nd evolution in 
reservoirs fractionated from CHUR at that time with Sm/Nd 1.4 and 0.85 times 
chondritic. Filled points are samples for which Sm-Nd internal isochrons have been 
determined. Open points are calculated from whole rock Sm-Nd data of Lugmair 
(1975) and Rb-Sr internal isochron ages. CHUR line is calculated using modern 

143 Nd/ 144Nd = 0.511836 and 147Sm/ 144 Nd = 0. 1936 (De Paolo and Wasserburg, 1976a). 
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differences in the extent of partial melting in the source at different times nor of 
near surface crystal fractionation prior to crystallization. Thus, this must be the 
result of differences in parent reservoirs of the basalts which are not reflected in 
their isotopic compositions. 

The A-11 high-K basalts could all be derived from a single reservoir at the 
same time; however, their parent reservoir must obviously have been different 
from that of the low-K basalts. This general conclusion (d. Papanastassiou and 
Wasserburg, I 971 a) and the inferences based on experimental petrologic studies 
(Walker et al., 1975) are in accord. Based on Rb-Sr, the reservoir which 
produced the high-K basalts could have been formed early in lunar history with 
a relatively low Rb/Sr or as late as the time of extrusion of some of the luw -K 
basalts (- 3.9 AE) with a considerably higher Rb/Sr. If the high Rb/Sr of the 
high-K basalts was a characteristic of their parent reservoir, then that p:1rent 
reservoir could not have been formed earlier tha n -3.9 AE, the model age of 
these basalts (Papanastassiou et al., I 970). 

For Sm-Nd, rocks 10072 and 10062 were clearly produced at distinct times. 
From Fig. 10, e1cHuR for 10072 is slightly below that for 10062, even though 10072 
is the younger basalt. Therefore, it is not possible to derive 10072 from the same 
reservoir as 10062. This conclusion is in agreement with the Sr data. It can also 
be seen in Fig. 10 that Apollo 15 basalts 15555 and 15065 (Lugmair , 1975 ; 
Nakamura et al., I 977) could be derived from a reservoir similar to that of 10072, 
a somewhat surprising result considering the striking chemical differences in 
major elements between Apollo I I and 15 basalts (Table 5). This conclusion on 
A-15 basalts is in agreement with Rb-Sr data (Papanastassiou and Wasserburg, 
1973). It can also be seen that Apollo 17 basalts must be derived from a different 
reservoir than the Apollo 11 basalts as discussed more fully below. We note in 
Fig. 10 that sample 77215 falls in a nearly inaccessible part of the diagra m and 
this may be the result of experimental artifacts, or due to partial isotopic 
equilibrium achieved for this sample, which is a clast in a highland breccia 
(Nakamura et al., 1976). 

Sources of high-Ti mare basalts 

Models of the early history of the moon depict the entire outer moon as being 
extensively melted very soon after the moon accreted (Taylor and Jakes, 1974). 
In a model such as this, the layering of the outer moon represents crystal 
cumulates which formed as different minerals crystallized from this magma 
(Philpotts and Schnetzler, 1970). The isotopic data can be related h• the 
mineralogy of these layers and thus are directly applicable to the problem of the 
characterization of magma sources and lunar interior structure. The relationship 
of Rb/Sr and Sm/Nd to mineralogy is summarized below . The major minerals 
which crystallized from the magma are believed to be olivine, orthopyroxene, 
clinopyroxene, plagioclase, and ilmenite or spinel (Hodges and Kushiro, 1974). 
Of these, olivine, orthopyroxene, and ilmenite would crystallize with verv low 
concentrations of REE, Rb, and Sr, so crystallization of these minerals from the 
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magma will merely cause the concentrations of the trace elements in the residual 
liquid to be increased with no significant change of Rb/Sr or Sm/Nd. Clino­
pyroxene will crystallize with a higher Sm/Nd and lower Rb/Sr than the magma 
from which it crystallized (Shih et al., 1975). Thus layers rich in clinopyroxene 
will have high Sm/Nd and low Rb/Sr, and the liquid left after clinopyroxene has 
crystallized will have a low Sm/Nd and slightly higher Rb/Sr. Plagioclase will 
crystallize with a low Sm/Nd and extremely low Rb/Sr (Drake and Weill, 1975), 
so layers rich in plagioclase will reflect these traits as well as have a high-Eu 
concentration . Residual liquids left after most of the magma is crystallized will 
have high concentrations of REE and Rb, high Rb/Sr and somewhat low Sm/Nd 
relative to the original magma. The consequences of layering in the lunar mantle 
for Rb-Sr and Sm-Nd systematics in second generation magmas would be 
directly dependent on the different proportions of clinopyroxene and plagioclase 
(or their high , P, T equivalents) and the presence of interstitial, trace-element 
rich material. In most models, plagioclase and residual liquids ;tre 
expected to be more abundant in the upper part of the magma body ; i.e .. at 
relatively shallow depths in the lunar mantle. In addition, Ma et al. (1976) h;1ve 
emphasized the role of individual trace phases such as apatite in determining Ihe 
trace element pattern in the layers. However, the following discussion will be 
limited to major phases. 

It has been observed that the low-K, high-Ti basalts found on the Apollo 17 
and 11 missions are similar in both major and trac~ element abundances (d. 

Table 5) and that their compositions can be related by near surface removal of 
olivine (Walker et al., 1975; Dymek et al. , 1975). It might be expected, then, that 
these magmas were formed by melting of the same mineralogical "layer" in the 
moon. The ages and initial 87Sr/86Sr of these basalts are very similar, so from Sr 
isotopes it could be concluded that these magmas originated in the same layer of 
the moon. Inspection of Fig. 10, however, shows that EirnuR of Apollo 17 basalts 
is +6 to +7, while for Apollo 11 low-K basalt it is about +2. This indicates that 
the A-17 basalts were derived from a layer which had a much higher Sm/Nd than 
did the source of the low-K A-11 basalts. If it is assumed that the moon formed 
4.55 AE ago with 143 Nd/ 144Nd equal to the initial ratio of the Juvinas achondrite 
(Lugmair et al., 1975), then the layer from which the Apollo 17 basalts were 
derived must have had Sm/Nd at least 30% higher than chondritic. This 
represents a very high Sm/Nd and indicates that this layer must have been 
dominantly composed of clinopyroxene or possibly small amounts of garnet, the 
only major minerals which can have such high Sm/Nd. The layers from which 
the Apollo 11 basalts were derived , however, must ha ve included higher propl•r­
tions of plagioclase or residual liquid which have lower Sm/Nd. The initial 
87Sr/86Sr of the low-K basalts indicate that the source layer of the A-11 basalts 
had Rb/Sr the same or lower than did the parent layer of the A-17 basalts. It is 
difficult for the A-11 source layer to be enough enriched in residual liquid to 
have a lower Sm/Nd and still have a low Rb/Sr. However, an increased amount 
of plagioclase in the A-11 (low-K) source layer would provide a low Rb/Sr and 
Sm/Nd. This conclusion is not in disagreement with experimental results on 
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Table 5. Chemical composition of mare basalts. 

10072" 10062b 75075' 15555d 

SiO2 40.53 38.8 38.51 44.57 
TiO2 11.74 10.3 t:<.33 2.10 
Al2O3 8.52 12.1 8.29 8.69 
FeO 19.76 18.3 18.85 22.53 
MnO 0.24 0.27 0.25 0.29 
MgO 7.68 7.21 9.68 11.36 
CaO 10.42 12.0 10.17 9.40 
NaiO 0.54 0.69 0.37 0.27 
K2O 0.27 0.07 0. 11 0.04 
P2Oi 0.14 <0.02 0.12 0.06 
s 0.24 0.06 
Cr2O3 0.35 0.25 0.55 0.6 1 

K 2752 607 435 230 
Rb 6.26 0.8 1 0.46 0.54 
Sr 176 192 165 74.1 
Sm 22.1 12.6 7.22 3.87 
Nd 64.8 35.5 17.0 11.8 

Sm/Ndc 0.34 1 0.355 0.425 0.328 
Sm/Eu< 8.7 6.6 4.7 4.4 

"Maxwell et al. (1970), trace elements from our data and Haskin 
et al. (I 970). 

bRose et al. (1970), trace elements from our data and Gast et al. 
(1970). 

'Rose et al. (1974), trace elements from Shih et al. (1975), 
Lugmair et al. (1975). 

dPapike et al. (1976), trace elements from Schnetzler et al. ( 1972), 
Lugmair et al. (1975). 

<Sm/Eu in chondrites = 2.6; Sm/Nd in chondrites = 0.32. 

Apollo 11 compositions (Walker et al., 1975) which indicate that plagioclase was 
not a residual mineral in the source, since all of the plagioclase present in the 
source layer could have entered the melt. The higher initial 87Sr/86Sr and 
relatively low € 1cHuR of the Apollo 11 high-K basalts indicate that their source 
layer was slightly enriched in residual liquid component (and possibly also 
depleted in plagioclase) compared to the sources of the low-K basalts . The 
amounts of olivine, orthopyroxene, and ilmenite are not indicated by the isotopic 
data, since these minerals are essentially devoid of the trace elements considered 
here. 

In summary, it appears that high-Ti mare basalts have been derived from a 
multiplicity of mineralogically distinct "layers" in the lunar mantle. The Apollo 
17 basalts must be derived from a layer comprised dominantly of clinopyroxene 
or perhaps some garnet and devoid of trapped late-stage residual liquid . The 
Apollo 11 low-K basalts must be derived from a similar clinopyroxene-rich layer, 



270 

Rb-Sr and Sm-Nd chronology and genealogy of mare basalts from the Sea of Tranquility 1663 

but containing significantly greater amounts of plagioclase. Apollo 11 high-K 
basalts parent sources could correspond to a clinopyroxene-rich layer which 
contains a small amount (1%) of trapped K, REE and Rb-rich liquid. In the 
simplest models (Taylor and Jakes, 1974) this would place the source layer of the 
Apollo 17 basalts at the greatest depth, with the source layers of the Apollo 11 
low-K basalts and Apollo 11 high-K basalts at successively shallower levels. 

Sm-Nd fractionation during basalt formation and the time of the early lunar 
differentiation 

We have reviewed recently the evidence for early lunar differentiation based 
on Rb-Sr and U-Pb (Papanastassiou and Wasserburg, 1976). We view as the 
strongest current evidence for early lunar differentiation the existence of two 
ancient rocks (a troctolite and a dunite) and of a polymict breccia (12013) highly 
enriched in KREEPUTh elements and with Rb-Sr systematics strongly indicat­
ing production of this material at - 4.5 AE. While the Rb-Sr and Sm-Nd data on 
troctolite 76535 indicate an ancient age, there exists a significant discrepancv. 
The distinct behavior of Sm-Nd and of Rb-Sr systematics for the troctolite 
(Lugmair et al., 1976; Papanastassiou and Wasserburg, 1976) requires further 
investigation, although possible mechanisms for making the Rb-Sr and Sm-Nd 
data compatible have been presented which consider the Rb-Sr ancient age ,,s 
the primary age. We have also reviewed extensively i.,_ the past the Rb-Sr modd 
ages of soils and most breccias and mare basalts which indicate in a general way 
an early interval for lunar differentiation. More recently Nyquist et al. (197ti) 
have presented more complex two-stage models to interpret the Apollo 17 mare 
basalt Rb-Sr data. These models require precursors to the parent sources of 
mare basalts from 4.6-4.4 AE with a significant range in Rb/Sr. Furthermore, the 
Rb/Sr in these early reservoirs are much higher than observed in basalts today. 
Whereas these models are constructed to assure that the Rb/Sr in the basalts are 
higher than in the parent reservoirs, these models do not provide a better definition 
of the chronology of early lunar differentiation processes. This is basically due to 
the small initial 87Sr/86Sr enrichments found for mare basalts which makes these 
calculations relatively insensitive. By contrast, U-Pb data on mare basalts and on 
highland samples yield a well-defined upper intersection with concordia at 4.42 AE 
(Tera and Wasserburg, 1974, 1976). Data on concordant whole rocks as well as 
isochrons for mare basalts of distinct ages define a unique intersection at 4.42 AE. 
Althouth this time is model dependent, it implies a precise time at which mare basalt 
reservoirs were produced. We review now the evidence for early lunar differen­
tiation based on Sm-Nd. 

The first Sm-Nd data bearing on early lunar differentiation were obtained by 
Lugmair et al. (1975) and Lugmair (1975). Their data on mare basalt 75075 
showed that the fractionated rare earth element pattern relative to chondrites of 
Apollo 17 basalts was a characteristic of the parent reservoir of these rocks. To 
estimate the time at which the parent reservoirs acquired their fractionated 
Sm/Nd, Lugmair et al. (1975) calculated two types of model ages, which are 
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illustrated in Fig. 12. TrnuR ages (also called T,cE by Lugmair et al., 1976) are 
based on the intersection of a basalt evolution line with the chondritic evolution 
line. The chondritic evolution line is calculated from data on the Juvinas 
achondrite. Sm-Nd model ages can also be defined which are analogous to TnAJll 
Rb-Sr model ages by extrapolation of the evolution of mare basalts to the initial 
143Nd/ 144Nd of Juvinas . Lugmair et al. (1975) found that TcHUR of 75075 was close 
to 4.4 AE and noted that this number was similar to the 4.42 AE event indicated 
by U-Pb. They noted that this TcHuR age could be explained if the parent 
reservoir for this basalt had formed at 4.4 AE with the Sm/Nd measured in 75075 
from a pre-existing chondritic Sm/Nd reservoir. If TcHuR ages of additional mare 
basalts were to cluster very near 4.4 AE, then this would provide substantial 
evidence for the time of early differentiation on the moon. In addition, this would 
imply that the Sm/Nd of each mare basalt was the same as the Sm/Nd of its 
parent reservoir and would therefore represent a strong constraint on the 
petrogenesis of mare basalts. To further investigate this possibility Lugmair 
(1975) obtained Sm-Nd data on three additional mare basalts. He found that 
75075, 75055 , and 15555 whole rocks defined an isochron indicating ari age of 
4.40 ± 0.06 AE and having initial 143 Nd/ 144Nd equal to the value expected in a 
chondritic reservoir at 4.40 AE. This is equivalent to saying that the three basalts 
have TcHUR ages which are all equal to 4.40 AE. These data thus provided support 
for the simple model for 75075 and were entirely consistent with a model for lunar 
differentiation in which the moon was formed with a chondritic Sm/Nd and then 
differentiated at 4.4 AE to form the different parent reservoirs of the mare basalts, 
and the basalts were formed from 4.0-3.0 AE with Sm/Nd unchanged from that of 
their respective parent reservoirs. One additional basalt, 70017. did not lie on the 
isochron defined by the other three rocks, but could be made consistent with the 
early differentiation at 4.4 AE if a change of Sm/Nd in the basalt of 2% relative to 
the parent reservoir had occurred during genesis of 70017 at - 3. 7 AE. Thus, all the 
data suggested that less than about 2% change of Sm/Nd occurred during melting 
extrusion and crystallization of the basalts. However, the TcHuR ages of Lugmair et 
al. (1975) and Lugmair (1975) were calculated relative to the 143N d/ 144Nd of Juvinas 
prior to its revision. The revision of the Juvinas data causes the TcHuR ages of those 
basalts to be increased by amounts greater than or equal to I 00 m. y. depending upon 
the Sm/Nd of the basalt. This change makes the whole rock isochron of Lugmair 
(1975) more difficult to interpret. If, for instance, the 4.4 AE isochron age is taken as 
the age of the basalt parent reservoirs, then the initial 143 Nd/ 144Nd from this isochron 
is not consistent with chondritic evolution prior to 4.4 AE. Assuming that the three 
point total rock isochron defines a true age, the distinct TcHuR ages of the basalts 
indicate that the Sm/Nd of the basalts is substantially different ( - 4-6%) from their 
parent reservoirs. This situation represents a substantially different Nd evolution 
model than the simple two-stage model suggested by Lugmair (I 975). Alternatively, 
it can be considered that the isochron is an accident and has no real time meaning. In 
any case, the revision of the Juvinas data has necessitated some major changes in 
interpretation of the Sm-Nd isotope, which have not been explored in the literature 
to date. However, it should be made clear that the conclusions from model age 
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calculations discussed here and by Lugmair are very sens1t1ve to the choice of 
parameters . As in the case of Sr evolution, it is not evident that a definite assignment 
for primary source ages is possible if multi-stage models must be invoked. 
Certainly, the Sm-Nd data show evidence of early lunar differentiation but do not 
precisely define the time of that event. 

The revision of the Juvinas data and the acquisition of a substantial amount 
of new data necessitate reevaluation of the Sm-Nd evidence bearing on the time 
of early lunar differentiation and the behavior of rare earth elements at the time 
of formation of the basalts. The two are intimately related so we have chosen to 
discuss them in terms of a diagram (Fig. 11) which shows the relationship 
between the time of formation of the source reservoirs of mare basalts and the 
inferred Sm/Nd fractionation during genesis and crystallization of the basalts. 
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Fig. 11. Sm/Nd fractionation at the time of crystall ization of mare basalts as a function 
of the time of formation of the source. We assume a single-stage evolution of the 
source and that the source was derived from a chondritic Sm/Nd reservoir . For a 
source age of 4.429 AE Sm/Nd fractionation range of 0.94-0.98 is obtained. For a 
fractionation of unity the T c HUK ages are obtained (see Fig. 12). Note bunched 
intersections of curves in the interva l 4.4-4.6 AE which, however, do not precisely 

define a unique T ,ou«e · Rock 70017 appears unique. 
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Fig. 12. Comparison of the evolution of 143Nd/ 144Nd in a sample and a reservoir with a 
chondrit ic Sm/Nd. The initial 143Nd/ 144 Nd and the crystallization age are determined 
from an internal isochron. Extrapolation of the evolution line of 143 Nd/ '44Nd in the 
sample to earlier times yields the TrnuR age where it intersects the chondritic curve and 
the model age (equivalent to T8 A HJ for Rb-Sr) where it intersects the initial 143 Nd/' 44 Nd 

of Juvinas Uwvl-

This diagram is calculated assuming a homogeneous moon originated with 
Sm/Nd and 143Nd/ 144Nd equal to that in the Juvinas achondrite (revised data, 
Lugmair et al., I 976) and that at some later time, Tsource, the source reservoir for 
each basalt formed with a fixed Sm/Nd ratio such that it could evolve to the 
initial 143Nd/ 144Nd of that basalt at the time of crystallization . The curves shown 
on this diagram are calculated from the following equation: 

f- (Sm/Nd)rock _ A('47Sm/ 144Nd)rock(T, - 7"'_., ) 
- (Sm/Nd) source - [€1CHUR(Tx). J CHUR(Tx)l. 10-4 + A( 147Sm/ 1-14Nd)rnuR(T,-- T , ) 

where T = 0 refers to the present; JCHUR(0) = 0.511836 : A= 0.00654 AE- 1
; 

('
47Sm/ 144Nd) cHuR=0.1936; Tx is the crystallization age of the basalt; and Ts = 

Tsource, the time at which the parent reservoir of the basalt was fractionated from 
a chondritic reservoir. In addition, / cHuR(T) = JcHUR(0) - A T(' 47Sm/' 44N d). For 
convenience we have chosen a chondritic Sm/Nd evolution prior to T,.,urcc· 
However, these calculations can also be performed with Sm/Nd values distinct 
from the chondritic value for the stage prior to T,ourcc· At this time it is not in fact 
known whether the moon formed with chondritic Sm/Nd. 

Referring to Fig. 11, if the source reservoir of 70017 was formed at 4.4 AE 
ago, then the Nd isotopic data indicate that the Sm/Nd of 70017 is 0.97 of Sm/Nd 
in its source reservoir, or that a 3% Sm/Nd fractionation occurred during the 
genesis of 70017 near the time of its crystallization at 3.7 AE. However, if the 
source reservoir of 70017 was formed at 4.2 AE, the data indicate that approxi­
mately 11% Sm/Nd fractionation occurred at 3.7 AE. The curves on this diagram 
intersect the dashed line corresponding to (Sm/Nd),ock/(Sm/Nd) source = 1.0, at a 
time T source which is equal to the TcHuR age of the basalt. Thus TcHUR = 4.47 AE 
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for 70017. If the curves for two basalts intersect on this diagram, then T,ourcc of 
the intersection is equal to the age of an isochron drawn for the total rock data 
for the two basalts. As can be seen in this figure, if the source regions for the 
mare basalts were formed from an original chondritic reservoir at about 4.4 AE 
ago, then the inferred Sm/Nd fractionation factors for the basalts show a narrow 
range of about 0.94-0.98. If the source regions were formed at younger times . 
for instance 4.3 or 4.2 AE ago, then, especially for Apollo 17 ba ~alts, the inferred 
Sm/Nd fractionation at the time of crystallization would change to values of 0.9 
or less. This would constitute quite significant Sm/Nd fractionation. It should be 
noted (Fig. 11) that essentially regardless of the age of the source of the mare 
basalts, some Sm-Nd fractionation, about 2-6%, must be inferred at the time of 
crystallization of the basalts. Also, it can be seen that T c HuR ages show quite a 
large spread, some being much greater than 4.6 AE, and therefore do not provide 
a precise estimate of the time of the early lunar differentiation. Nevertheless, the 
data in Fig. 10 show that large fractionations of Sm/Nd 0ccurred in the 
formation of the parent reservoirs of mare basalts at times significantly olde1 
than the time of mare volcanism (Lugmair et al., I 975). The data base is stil' 
small, but the range of E,CHUR values seen in Fig. IO indicates 1 hat, if the moon 
started out with chondritic Sm/Nd, then Sm/Nd fractionation~ which occurred 
early in lunar history range from 0.85 to a maximum of about 1.4. In contrast to 
this large Sm-Nd fractionation, the Sm-Nd fractionation which occurred at the 
time of mare basalt crystallization is probably on the order of 5%. Thus it can be 
concluded that the Sm-Nd data clearly indicate the existence of an early lunar 
differentiation , but presently do not precisely define the age of that event. 

Lunar Sm/Nd 

Interpretation of much of the Nd isotopic data is dependent on the Sm/Nd 
and initial 143Nd/ 144Nd of the moon. To evaluate the problem of lunar 
Sm/Nd it is instructive to compare lunar and terrestrial isotopic data. DePaolo 
and Wasserburg (1976a,b) have determined E,CHUR for a variety of terrestrial 
igneous rocks of ages ranging from O to 3.6 AE. Most of the-;e samples have 
E,CHVR approximately equal to zero. These results indicate the e \ istence of major 
magma sources with chondritic Sm/Nd over at least 4/:- of the earth's 
history. These autohrs consider this to be strong evidence that the earth has 
chondritic Sm/Nd to within a few percent. The most aberrant samples are 
mid-ocean ridge basalts, but even these samples are derived from a reservoir 
which has had an average Sm/Nd only about 10% higher than choridritic. Thus, a 
reasonable case can be made for a chondritic Sm/Nd for the earth. 

In contrast to the apparent uniformity of Sm/Nd in the earth ; lunar samples 
(Fig. 10) have E,CHVR which deviate greatly from O and have a range comparable 
to that observed in young terrestrial basalts . This range exists despite the fa1 t 
that the lunar samples are very old. Thus, large variations of E/°HUR were able to 
evolve in the moon over a time interval of only I AE, whereas similar variations 
on the earth took 4.5 AE to develop. The lunar data indicate a range of Sm/Nd of 



275 

1668 D. A. PAPANASTASSIOU et al. 

some 40-50% in magma sources on the moon compared to the ~ 10% on t 1e 
earth. Of the ten data shown in Fig. 10, only one has E 1cttuR = 0. Lugmair a11d 
Marti (1977) have interpreted their data on green glass balls as indicating that 
some magmas were differentiated from a deep chondritic lunar source. However, 
there is a general lack of evidence for the existence of a long-lived chondri1 ic 
Sm/Nd reservoir in the moon as found in the earth. The variability of Sm/Nd in 
the moon makes it impossible to deduce with confidence the bulk lunar Sm/Nd. 

The contrast between the lunar and terrestrial Nd isotope data may imply a 
grossly different early differentiation history for these two planets. The lunar 
data indicate that reservoirs with greatly different Sm/Nd were formed ve ·y 
early in lunar history and preserved over at least l.5 AE until the end of ma 1·e 
volcanism. Rare earth element abundance and Rb-Sr data also suggest early 
lunar differentiation in order to account for the Eu anomaly. The Sm/Nd and J :u 
fractionations probably resulted from the same lunar differentiation eve, t, 
although it is possible that they are the result of different processes. The ear h 
seems to have remained a fairly uniform Sm/Nd reservoir over most of its ear ly 
history. A possible explanation for this difference between the earth and tlte 
moon is that a profound differentiation event, such as affected the moon, nev !r 
occurred in the earth. However, this would be surprising since the gravitational 
energy possibly available for the moon is much smaller than for the ear1 h. 
Alternatively, the differentiation began in both planets early but it was "frozen 
in" on the moon at an early stage due to the limited energy available. In this 
case, the lunar reservoirs which formed early with variable Sm/Nd remained 
subsequently largely undisturbed and were able to evolve their widely varying 
143Nd/ 144Nd. On the earth, however, sufficient energy may have been available so 
that mixing processes, e.g., convection, competed with differentiation and pre­
vented reservoirs from being isolated long enough to evolve isotopic differences. 
In any case, this contrast appears to represent a first-order difference in 
planetary evolution and must be closely related to the early thermal histories of 
the two planets. 

Petrogenesis of Apollo 11 high-K basalts 

Most lunar basalts have Rb-Sr model ages of approximately 4.5 AE (cf. 
Papanastassiou and Wasserburg, 1971a). This indicates that Rb-Sr fractionation 
at the time of basalt crystallization was small (less than a factor of two). The 
Apollo 11 high-K basalts are an exception to this rule. Their model ages are 
approximately 3.8-3 .9 AE, very close to the age of their crystallization at 
3.65 AE. These low model ages correspond to about a factor of five enrichment 
in Rb/Sr at the time of crystallization. Thus these basalts have apparently been 
affected by some process during their formation which makes them unique 
among lunar mare basalts. Nyquist et al. (I 976) showed that some Apollo 17 
basalts also show a smaller but significant Rb/Sr fractionation. The Sm-Nd 
isotopic investigation of two Apollo 11 basalts presented in this paper was 
undertaken to determine if the apparent uniqueness of these basalts based on 
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Rb-Sr fractionation also applies to REE fractionation. As can he seen in Fig. 11, 
if the age of the source of all the basalts is the same and is approximately 
4.4-4.5 AE then the Sm-Nd fractionation factor for the /\polio 11 high-K 
basalts is essentially identical to the fractionation factors found in low-K Apollo 
11 basalts and in most other mare basalts. Thus there is no evidence for a unique 
fractionation history of the Apollo 11 basalts based on Sm-Nd isotopic sys­
tematics. 

Any hypothesis to explain the formation of high-K basalts must account for 
the following : (1) Rb/Sr fractionation factor of about five, (2) lack of largl 
Sm/Nd fractionation, (3) major element compositional similarity to low-K anl 
high-Ti basalts and similarity in Sr concentrations, ( 4) high concentrations of 
KREEPUTh elements, (5) large negative Eu anomaly, and (6) absence ol 
plagioclase as a near-liquidus phase at any pressure. Shih et al. (1975) have 
suggested that the high REE concentrations, relatively flat REE pattern , and 
fractionated Rb/Sr could be explained if the high-K basalts were derived by a very 
small degree ( - 1%) of partial melting of a source rock with clinopyroxene as the 
dominant residual phase. The Nd isotopic data indicate that if the source reservoir 
of high-K basalt 10072 was formed at 4.4 to 4.6 AE , then its Sm/Nd is only 2-5% 
lower than that of its source (Fig. 11). In contrast, the model of Shih et al. (1975) 
predicts that high-K magmas have Sm/Nd - 20-30% lower than their source . As 
can be deduced from Fig. I I, such large Sm/Nd fractionation during generation of 
high-K basalts could only be the case if the parent reservoir for these basalts was 
formed at - 3.8 AE rather than in an early lunar differentiation at 4.4-4.5 AE. 

The basic contrast of large Rb/Sr and small Sm/Nd fractionation at the time of 
crystallization of the Apollo 11 high-K rocks significantly complicates petrogenetic 
models for these rocks . Significant change in Rh/Sr with moderate fractionation in 
Sm-Nd can be obtained by removal of plagioclase, but for these high-K basalts, 
plagioclase is neither a residual phase at the time of magma removal nor a liquidus 
phase at any time during transit of the magma to the surface. It only begins to 
crystallize during the later stages of crystallization after extrusion . Thus if 
plagioclase crystallization is responsible for the unique trace element charac­
teristics of high-K basalts, then these characteristics must have been generated 
during the crystallization of the magma after extrusion. A conceivable way in which 
this could happen is by redistribution within a single lava flow of the last remaining 
1-2% of liquid after the flow is mostly crystalline and a large amount of plagioclase 
has crystallized. Simplified calculations indicate that these residual liquids could 
have extremely high Rb/Sr but Sm/Nd only slightly different from the original 
magma. Preferential concentration of this late liquid in certain parts of a lava flow 
could result in segments of the flow being enriched in trace elements and having 
high Rb/Sr and thus resembling the Apollo 11 high-K basalts. In this manner thes,~ 
basalts could be derived from lavas which originally had lowe r Rb/Sr and lower 
trace element concentrations more typical of other mare basalts. However, thv 
existence of a mechanism by which the late-stage liquid could be extracted from, 
major volume of a mostly crystalline lava flow and concentn,ted in a differen • 
portion of the flow is not clear, especially in thin lava flows . A p·~trogenetic mode 
for the origin of high-K basalts remains as a perplexing problem . 
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Chemical separation of Sm and Nd was accomplished using a 

procedure modified somewhat from that described by Eugster et al. (1970) 

for Gd separation. A detailed description of this procedure is given 

by Russ (1974). The following description of the procedures used for 

Sm and Nd is in part a duplication of the discussion by Russ (1974), 

but the procedures are sufficiently different that they are here 

described in full to avoid confusion. The discussion by Russ (1974), 

however, is valuable because it is explicit and complete and should be 

read in conjunction with the following by anyone wishing to duplicate 

the procedure. 

A. Crushing 

For most of the terrestrial samples measured, especially the 

geologically young samples, the primary aim was to obtain the isotopic 

composition of Nd, which should be uniform throughout a given rock 

sample. For this reason sample size was generally not strongly 

considered in preparing the sample. The rock samples,obtained by 

collecting or from other sources, varied greatly in mass ranging from 

a few grams to several kilograms. For the larger samples a fresh 

piece of ~20-200 g was usually obtained by breaking up the larger 

sample. This size sample was found to be optimum for handling under 

reasonably clean conditions. The sample was placed in a ~2 quart 

stainless steel pan (~4" deep) which was covered tightly with plastic 

wrap. A chisel was poked through the plastic wrap and all chiseling 



281 

was done inside the covered pan to prevent particles from flying out 

onto the work surface. Normally a one to 10 gram interior piece was 

chiseled from the sample. The sample was then examined under a low­

power binocular microscope to check the mineralogy, texture and any 

alteration effects. The interior piece was then placed in a clean 

electropolished stainless steel mortar and pestle and crushed to 

approximately -20 or -40 mesh . The crushed material was then poured 

out onto weighing paper. In most cases the sample was crudely split by 

pouring it onto overlapping pieces of weighing paper and then spreading 

it out and separating the pieces of weighing paper. This was done 

until a split of approximately 0.5 g was obtained. This was then 

poured into a plastic 3-1/2 dram vial with a snap-on top to be taken 

into the laboratory. The plastic vials were not cleaned prior to use 

except for a cursory wiping of the exterior with a kimwipe. However, 

caution was taken not to touch the outside of the vial with either hand 

or plastic glove which had been exposed to the sample in any way. This 

precaution is extremely important to avoid getting rock powder on the 

balance pan in the laboratory during weighing. 

For several samples , powders of rock which had been previously 

analyzed for other elements were obtained. In these cases the procedure 

used to crush the sample was verbally verified to be clean enough that 

contamination was expected to be negligible. About 500 mg of the 

powders were then poured into plastic vials and thereafter treated in a 

manner identical to that used for those which were crushed at Caltech. 

For samples of Precambrian age much larger samples were crushed 

to attempt to avoid problems caused by element redistribution at times 
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more recent than the crystallization age. For these samples the 

amount crushed range from ~25 g for finer-grained samples to more than 

2 kg for the coarse-grained granite sample ZL-3D. ZL-3D was crushed 

using a jaw crusher and pulverizer and then split to obtain a sample 

of about 1-2 g for dissolution. 

B. Dissolution 

The samples contained in the clean plastic vials were then taken 

into the chemistry lab for dissolution. The full vials were weighed 

and then the contents were poured into a clean teflon breaker con­

taining a few grams of 4N HCl and sitting in a teflon-coated stainless 

steel collar. The HCl and the collar tend to reduce static and thus 

prevent small particles from flying out of the breaker. Some of the 

sample powder tends to stick to the side of the beaker; this is rinsed 

down with more 4N HCl from a squeeze bottle until the entire sample is 

sitting in about 3-4 grams of HCl. The empty vial is then weighed and 

the difference is taken as the weight of the sample. 

A one-to-one mixture of concentrated HF and concentrated HCl0
4 

is 

then added to the sample; usually in the amount of about 1 ml per 

100 mg of sample. The mixture is then vigorously swirled to prevent 

the sample from forming a cake, which will be difficult to dissolve 

because the inside is not exposed to the acids. The sample beaker is 

then covered with parafilm, labelled and set aside . The samples 

are kept in or close to a hood to prevent the HF fumes from being 

circulated through the lab. The sample is allowed to sit in the 

HF-HCl0
4 

mixture at least overnight and sometimes for 2 to 3 days . 
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It is swirled vigorously as often as possible during this time to 

speed the dissolution process. When the sample has turned completely 

to a white fluff and there are few or no remaining unreacted particles 

it is then cooked down on a hotplate. The sample beaker is placed in 

a teflon-coated aluminum or stainless-steel base and covered with a 

teflon pot through which high purity dry nitrogen is passed. The 

sample is first heated at about 120-140°C. At this temperature most 

of the HF and HCl will evaporate after 2 to 3 hours. If the sample is 

heated hotter than this while there is still a significant amount of 

HCl left, the HCl will boil and the bursting bubbles will splatter the 

sample out of the beaker. After most of the HCl has evaporated the 

temperature can be increased to about 180°C. The nitrogen flow is 

reduced somewhat at this stage. High nitrogen flow tends to cool the 

pot lid and sometimes causes the HC10
4 

evaporating from the beaker to 

recondense on the lid. This should be avoided since the HC104 can 

leach metals out of the teflon and then drip back into the sample 

beaker. When the sample is essentially dry the nitrogen flow is 

turned off and the sample is heated slightly hotter to evaporate the 

remaining fluorides . After about one hour of this intense heating the 

sample is removed from the heat and allowed to cool. When cooled it 

is taken up in 1 . 5 N HCl. Generally the volume of the solution should 

be about 3-4 ml for each 100 mg of original sample. The sample is 

then usually left for several hours until the solution is clear. 

Again , swirling the solution will hasten the process. If the solution 

does not clear it is then heated gently under a heat lamp, which will 

usually clear it. If it does not the sample is allowed to sit and the 
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supernate is decanted off into another clean beaker. If the residue 

is very fine it may be necessary to centrifuge the solution to separate 

out the residue. The residue can then be treated with some additLonal 

HF-HCl04 , cooked to dryness, brought into solution in 1.5N HCl and 

then recombined with the rest of the sample. 

C. Aliquanting and Spiking 

When the sample is completely dissolved it is then ready to be 

passed through the ion exchange columns to separate the desired elements. 

The capacity of the ion exchange columns used is equivalent to approx­

imately 50 mg of a typical silicate sample. Since this amount of an 

average sample contains sufficient Nd for several analyses, 50 mg is 

the amount of sample normally passed through the chemical procedure. 

An aliquant corresponding to ~so mg is poured from the sample solution 

and the weight of the total sample solution and the aliquant are 

determined. Before pouring off the aliquant, the sample solution is 

poured back and forth between two teflon beakers about 20 to 30 

times to ensure that the solution is well-mixed and homogeneous. For 

samples for which only the Nd isotopic composition is desired, the 

aliquant can then be loaded directly on the first ion exchange column. 

For samples for which both a precise Nd isotopic composition and 

precise Sm and Nd concentrations are necessary, at this point solutions 

147 150 . of Sm and Nd tracers are added to the sample aliquant. These 

tracer solutions are kept in tightly capped polyethylene bottles and 

their concentrations are verified periodically as described below. 

The desired amount of lSONd tracer is poured into a clean teflon beaker 
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and carefully weighed, correcting for evaporative loss between the 

time the solution is poured and the time the weight is obtained. The 

evaporation correction is done by reading the weight about 3 times at 

one or two minute intervals and then extrapolating back to the time 

the solution was poured. The solution is then carefully poured into 

the sample aliquant so as not to cause any splashing. The empty 

beaker which contained the tracer can then be tared to determine t he 

mass of the tracer solution which has been added. 147 The Sm tracer 

is weighed out in a similar fashion. After both tracers have been 

added to the sample solution, the solution is poured back and forth 

between two beakers 20 to 30 times to mix the sample and tracers. The 

mixture is then dried down by placing the beaker into a teflon base, 

covering it with a teflon pot which has a quartz lid, and putting 

this under a heat lamp. High purity dry nitrogen is passed through 

the pot while the solution is evaporating. When the sample is almost 

dry it can be taken up in 2 ml of l.SN HCl. 

D. Ion exchange elution chromatography 

The separation of Sm and Nd involves two ion exchange columns. The 

first column is made of quartz glass and is 1 cm in inside diameter and 

filled to a height of about 17 cm with Dowex 50-8x, 100-200 mesh, 

cation exchange resin. This resin has a capacity of about 1.4 milli­

equivalents/ml so the column has a total capacity of about 19 milli­

equivalents . For good separation the sample should be limited to less 

than 2 milliequivalents (10% of the total column capacity) and 
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preferably less than one milliequivalent. A 50 mg sample comprised of 

50% Diopside (Ca Mg Si2 0
6

) and 50% anorthite (Ca Al
2 

Si
2 

0
6

) 

represents about 1.18 meq of sample (Si is removed as Si F
4 

during 

dissolution). Before an elution the resin is first prepared by passing 

through it 300 ml of high purity 4N HCl in 3-100 ml batches. This is 

followed by 10 ml of l.SN HCl. The l.SN treatment is to increase the 

pH on the upper part of the column so the sample will be strongly 

partitioned onto the resin and will therefore be held on the top of the 

column. The addition of the l.SN HCl causes the resin to expand by 

about 10% in volume. The sample solution is then centrifuged in a 

glass tube and loaded onto the resin with a disposable Pyrex pipette. 

The sample solution is expelled from the pipette as close to the top of 

the resin as possible to avoid getting sample smeared on the reservoir 

at the top of the column. The sample solution is allowed to pass 

through the column under its own weight until no liquid remains above 

the resin. Next, 2 ml of l.SN HCl are poured onto the column and allowed 

to pass through. This 2 ml rinses down onto the resin any sample 

which is remaining on the walls of the column above the resin. At 

this point the elution of the sample from the column is begun. A 

typical elution curve is shown in Figure AS-1. As shown in Figure AS-1, 

this elution procedure with HCl results in some separation of rare-earth 

elements from each other. In order to be certain that all of the Nd is 

recovered, a large fraction is collected which contains most of the 

heavy REE (terbium) as well as barium. Strontium is also recovered as 
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Figure A5-l: Typical elution curves for Sr, REE, and Ba from first 

cation exchange column. 
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shown, and the solution containing the Sr can be evaporated to dryness 

under a heat lamp and loaded directly on a filament for the mass spec­

trometer run . The solution containing the REE and Ba is also dried 

down and is then ready to be loaded on the second ion exchange column 

where Ba will be eliminated and Sm and Nd are cleanly separated both 

from each other and from the other rare-earths. 

The second ion exchange column is made of thick-walled Pyrex tubing, 

is 33 cm long with a 0.2 cm inside diameter, and is capped by a reser­

voir of about 8 ml volume. The column is filled with Dowex 50W-X4 cation 

exchange resin to a hei~ht of 30 cm. The decreased amount of cross­

linking (4% rather than 8% for the first column) is thought to facilitate 

more rapid ion exchange and therefore decreases kinetic effects which 

tend to widen the elution bands (F. Tera, personal communication). The 

total capacity of this column is about 1.3 meq. A typical 50 mg basalt 

-4 sample contains about 4 x 10 meq of REE and Ba, so the amount of 

sample typically loaded onto this column is negligible compared to the 

column capacity. The resin is held in the column by a piece of filter 

paper which covers the bottom of the column and is held in place by a 

machined teflon nipple which fits over the end of the column. The 

resin is discarded after each elution and the column is then filled 

with new resin for the next sample. The top of the column is connected 

via a ground glass ball joint to a Tygon tube. This Tygon tube is in 

turn attached to two 2 liter bottles half-filled with water which are 

connected by about 3m of Tygon tubing and suspended one about 2.5m 

above the other to provide air pressure to the top of the column to 
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increase the rate at which the eluant passes through the column. The 

amount of effluent leaving the column during an elution is monitored 

with a photoelectric drop counter. The drop counter can also control 

a fraction collector so that individual drops can be collected in 

separate vials for column calibrations. 

Resin for this column is prepared in batches large enough for 

about 40 or 50 elutions. The resin is first placed in a 30 cm long 

column with 2 cm inside diameter which is capped by a reservoir of 

500 ml volume. The column is usually filled with resin up to the 

bottom of the reservoir. The resin is first rinsed by passing 1 liter 

of distilled water through it. Next 1 liter of 4N HCl is passed through, 

followed by another liter of water. This is followed by 1 liter of 

0.4M 2-methyllactic acid with pH adjusted to 4.7 and finally by another 

liter of water. The top 1/3 of the resin is discarded ~.f. Russ , 1974). 

The resin is then stored in a polyethylene bottle under water. 

The 2-methyllactic acid is prepared by simply weighing out 0.4 

moles of the acid which is obtained in solid form and dissolving it in 

one liter of H2o. The pH of this solution is then adjusted to 4.7 by 

adding concentrated NH40H. The NH40H solution is prepared by bubbling 

NH4 gas through high purity distilled water. This solution acts as a 

buffer so the pH is stable over long periods. 

Samples are eluted from the second ion-exchange column with 0.2M 

2-methyllactic acid with pH adjusted to about 4.6. Before a sample is 

passed through the column the column is first calibrated by eluting a 

• f d. • (152E 154Eu, 151sm, and 147Nd) 1.·n the m1.xture o ra 1.oact1ve tracers u, 
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same manner as a sample would be eluted. 147Nd (T1 = 11 days) must 
~ 

be ordered specially from a radiochemical supplier; the Eu and Sm 

species are stock items. 147Nd can be obtained inexpensively from 

Oak Ridge National Laboratory, but only immediately following a 

reactor run. A typical elution curve using these tracers is shown in 

Figure A5-2. Two or three calibrations are done before the resin 

and eluant are used for samples, to make sure the elution curve is 

reproducible . 

As is shown in Figure 2 the separation of individual rare-earths 

by this method is extremely efficient. The Nd fraction can be better 

than 99.95% pure as determined from mass spectra . The main impurities 

are La (0.01-0.02%) and Sm (0.002 - 0.01%). More than 95% of the Nd 

can be recovered. The purity of the Nd separate obtained by this 

method is much better than is required for measurement of isotopic 

ratios to 2-3 parts in 105 It would be entirely adequate even if the 

precision of the measurements was improved by a factor of 10. With 

this separation method the purity of the Nd separate is mostly dependent 

on the way in which the sample is loaded onto the column to begin the 

elution (discussed below). 

The procedure used for the second ion exchange column is as 

follows . The resin used for the previous sample is first removed from 

the column and discarded. This is done with a 40 cm long, 1.5 mm 

outside diameter capillary tube connected to a 5 or 10 ml disposable 

syringe . The resin is sucked out of the column and into the 

syringe and then expelled into a waste beaker. After the resin has 
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Figure AS-2: Typical elution curves for Eu, Sm, and Nd from second 

cation exchange column. Note the excellent separation of Nd from 

Sm. 
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been removed, the reservoir atop the column is filled with n
2
o four 

or five times and this is sucked out through the capillary. The tip 

of the capillary should be held as close as possible to the bottom 

of the column so that the water circulates through and rinses the 

column. Care must be taken not to damage the filter paper with the 

tip of the capillary. At some time during this process the capillary 

should be held very close to the filter paper and the water sucked 

hard enough to actually draw air up through the filter paper. This 

serves to blow out the filter paper which tends to get clogged up 

with fine resin particles resulting in slower flow rates through the 

column. About 2 ml of H
2

0 is left in the column and reservoir after the 

last rinse. At this point new resin is put into the column. The 

bottle containing the stored resin is thoroughly shaken. Then, 

a clean disposable pyrex pipette is used to suck up resin from 

the bottom of the bottle and then expell it into the reservoir at the 

top of the column. Care is taken not to touch the pipette to the sides 

of the column if possible. Enough resin to fill the capillary part 

of the column and about 3 or 4mm of the reservoir is added 

all at once. The resin settles in the column so that the finest 

resin particles will be concentrated at the top and can be 

removed so they will not clog the filter paper during the elution of 

the sample. When the resin has completely settled (about 2 hours) the 

pipette can be used to remove the topmost resin down to the top of the 

capillary and then to draw off the excess water. Then the reservoir 

is filled with 0.2M 2-Methyllactic acid with pH adjusted to 4.6. 

This can then be left to drip through the column overnight or 
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it can be passed through under air pressure to save time. At least 

100 drops are normally passed through before continuing. After this 

the disposable pipette is used to remove extra resin. until the 

height of the resin is 30 cm and then to remove and discard the extra 

eluant. The column is then filled to the top of the capillary with 

H20 and this is passed through under air pressure. Care must be taken 

to remove the air pressure just as the last water is reaching the top 

of the resin. If this is not done the air will force all the liquid 

out of the resin, causing the resin to dry out and crack, and then the 

resin will have to be removed and the process started over. 

At this point the sample is loaded on the column. In loading the 

sample, the aim is to get the entire sample down onto the top of the 

resin before beginning the elution. This is critical for a good 

separation. The sample is first dissolved in two drops of 0.75N HCl 

from a squeeze bottle. It is then loaded onto the column using a 

clean disposable pipette. The pipette used to load the resin should not 

be used for this purpose. This is because the inside of that pipette 

is usually coated with resin. The sample, when drawn up into the 

pipette will be partitioned onto that resin, and may not come back out 

when the sample solution is expelled from the pipette. The sample 

solution is put onto the column by touching the tip of the pipette to 

the bottom of the column reservoir immediately adjacent to the top of 

the capillary. If the sample is slowly expelled from the pipette it 

will run down the side of the capillary to the resin and gradually fill 

the capillary. This liquid can then be left to pass into the resin or 

it can be pushed through under pressure. Extreme care must be taken 
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not to touch the tip of the pipette to any other surface of the 

reservoir. If sample gets onto the side of the reservoir, then when 

the reservoir is filled with eluant for the elution, the eluant will 

dissolve the sample and become a REE solution and heavy rare earths 

will be found in every fraction of effluent collected. An additional 

two drops of 0.75N HCl are then put into the sample beaker to assure 

that the entire sample is recovered from the beaker. This is then 

loaded onto the column in the pipette by touching the pipette to the 

same spot on the bottom of the reservoir and slowly expelling the 

sample. This liquid is then also allowed to pass into the column or 

is passed through under pressure. At this point most of the sample is 

absorbed on the top of the resin in a thin disk. However, some sample 

still remains on the sides of the capillary above the resin as well 

as on the bottom of the reservoir. 

At this point, about 7 or 8 ml of eluant is poured out into a clean 

teflon beaker. A clean disposable pipette is used to draw up about 

0.5 ml of eluant from this beaker. The column is then filled to the 

top of the capillary with eluant. This is done again by touching the 

tip of the pipette to the bottom of the reservoir and expelling the 

liquid slowly. This eluant should be used to rinse the sample down 

onto the resin from the bottom of the reservoir. Retain the remaining 

eluant in the pipette. The drop counter should be turned on and set to 

zero and the eluant passed through the column under air pressure. 

Again care must be taken to remove the air pressure before the eluant 
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runs out . Then the capillary is again filled with eluant while 

rinsing down the bottom of the reservoir and the liquid is passed 

through under pressure. Finally, the capillary is filled a third time, 

the remaining eluant in the beaker is poured into the reservoir, and 

the air pressure is applied . The flow rate through the column used for 

this work is normally about 30 drops per hour and can be kept constant 

to about ±10% . At no time should the pipette be returned to the eluant 

remaining in the beaker after the pipette has been touched to the column. 

The effluent fractions containing the Sm and Nd are collected in 

a clean teflon beaker. The solution is then dried down under a heat 

lamp . Aluminum or stainless steel bases are normally used for this 

evaporation because their use ensures that the beaker will get hot 

enough to completely evaporate the methyllactate, which is rather 

involatile. The sample should be completely dry before removing it 

from the heat . There is no worry about not being able to find the 

sample if it is dried completely because a brown residue always remains. 

Radioactive Eu is normally added to a sample every few runs to check 

if there is any shift in the elution curves. The Eu tracer used has 

been cleaned by passing it through the column and collecting the Eu 

fraction . It can be added to the sample prior to loading the sample 

on the first column or it can be added to the effluent from the first 

column before it is evaporated. The primary cause of shifting elution 

peaks is variability in the volume of 0.75N HCl used to load the 

sample onto the column . The HCl converts 1/8 of the resin from the 

+ + NH
4 

form to the H form and lowers the pH at the top of the resin and 
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thus has a rather large effect on the behavior of the column . If 

the volume of HCl is regulated to ±5%, there will probably be no effect. 

E. Blanks 

Total chemistry blank was measured several times during the cour se 

of the work. Because the blank levels have been entirely negligible 

• for the samples processed to date, the contributions to the blank from 

each step in the chemistry have not been determined. The blank has 

gradually decreased during the time from December, 1975, to October , 

1977, as the water produced from the M40 still has improved. The Nd 

blank was 120 picograms in December 1975, 75 picograms in February, 

1976, and was down to 22 picograms in October 1977 . Sm blanks are 

about 20% of the Nd blank, the approximate crustal proportion of Sm. 

A typical sample contains about 1 µg of Nd, so the blanks are negligible. 

F. Preparation of tracers and gravimetric standard~ 

The determination of ages of rocks by the Sm-Nd method requires 

precise determination of the concentrations of Sm and Nd. To do this 

by the isotope dilution method requires tracer solutions (in this case 

147 150 . Sm and Nd) whose concentrations are known both precisely and 

accurately. f f 1. 150 d Determination of the concentration o , or examp e N 

tracer solution , is done by mixing a measured mass of the solution with 

a measured mass of a solution containing "normal" Nd in known concentra-

tion and then measuring the change in the isotopic composition of the 

tracer solution by the addition of the normal Nd . 
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Nd gravimetric solutions were prepared from two different starting 

materials: Nd 203 salt and Nd metal. Specpure Nd
2
o

3 
was obtained from 

Johnson-Mathey Company. When exposed to air Nd
2
o

3 
absorbs co

2 
and 

H20 and thus must be dried at high temperature to insure stoichiometry. 

The procedure used is as follows. Approximately 250 mg of specpure 

Nd 203 powder was poured out of the vial received from Johnson-Mathey 

onto glassine paper. The powder was then poured into a quartz glass 

vial which has a quartz cover and the vial was carefully weighed. The 

vial was then placed into a quartz glass canister. The vial was left 

uncovered with the cap lying beside it. The canister was covered with 

2 nested quartz covers and placed on a Pyrex petri dish. This entire 

assembly was then placed inside a dessicator. The quartz canister was 

removed from the dessicator and placed in a furnace at 800°C and left 

overnight, about 18 hours. The next morning the temperature in the oven 

was decreased to 400°C. After the furnace had cooled to this tempera­

ture, the canister was removed from the oven and placed in the 

dessicator while still hot and the dissicator covered. About 30 minutes 

later the excess pressure built up in the dessicator was bled off and 

the canister allowed to cool to room temperature. When cooled the 

canister was removed from the dessicator, uncovered, and the vial 

containing the powder was weighed and then returned to the dessicator. 

To check whether the powder was rehydrating the vial was weighed again 

about six hours later. This heating procedure was repeated until the 

change in weight between two successive weighings was less than 0.05% 

of the total weight of the powder. Prior to putting the Nd 203 powder 

in the quartz vial, the empty vial was passed through this heating-
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weighing procedure three times to determine if the vial was losing mass 

as a result of the intense heating, which it was not. The total weight 

loss of the Nd 20
3 

powder was about 15%. The powder was dissolved and 

removed from the quartz vial by first placing the vial into a 100 ml 

teflon beaker and then immersing it in 4.0N HCl. When all of the powder 

was apparently dissolved, the liquid was poured off into a 2 liter 

polyethylene bottle filled with about 1.5 1 of H20. The 100 ml beaker 

was then refilled with 4.0N HCl and then decanted again; and this 

procedure was repeated an additional three times. The empty quartz vial 

was then dried and weighed to check that no change in the vial we ight 

had occurred during the process. The liquid in the polyethylene bottle 

was brought up to about 2£ volume by addition of more H20 and the 

bottle was then tightly capped. Prior to this the 2£ bottle containing 

teflon-coated Alnico stir bar had been washed and carefully tared. The 

full bottle was weighed, shaken vigorously and then left on a st i rring 

plate overnight. The concentration of Nd in this solution was expected 

to be correct to ±0.1%. 

150 
A similar procedure was used to prepare the Nd tracer. The 

150 
weight loss for the Nd powder was also about 15%. Since only 

10.5 mg of this powder were weighed, the concentration of the tracer 

solution was considered to be correct to about 0.4%. 

Aliquants of both the normal Nd solution and the tracer solution 

were taken and diluted to the concentrations desired. Aliquants of 

these more dilute solutions were taken, dried down, loaded onto a 

filament, and individually run in the mass spectrometer to determine 

their isotopic compositions. The isotopic composition of the normal 
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Nd was calculated assuming that the ratio lSONd/142Nd = 0.2096 and 

using this value to correct for mass discrimination in the mass 

spectrometer. (This is discussed more fully in a later section.) For 

the tracer solution, which has an isotopic composition much different 

from normal, this mass discrimination correction cannot be made. Thus, 

when the tracer Nd was measured, a procedure was used which was 

identical to that used for the measurement of the normal Nd; the same 

amount of Nd was loaded onto the filament and data were taken at the 

same beam intensity and filament temperature. In this way the mass 

discrimination could be estimated within about ±0.02% to ±0.03% per 

mass unit. This estimate is sufficient for the tracer because it 

contains only small amounts of the isotopes other than lSONd. 

Measured amounts of the normal and tracer solutions were then 

mixed and the isotopic composition of the mixture was measured. The 

concentration of lSONd in the tracer solution [150Nd]t can be 

calculated from an isotope ratio measured in the mixture (e.g., 

c144Nd/150Nd) ) and the concentration of Nd in the normal solution 
m 

([
144

Nd]N). Thus: 

the value measured in the normal , c144
Nd/

150
Nd) 

is that measured in the tracer, MN and Mt are the masses of the normal 

and tracer solutions respectively which were added to the mixture, and 

concentrations are given in moles/gram. When this was done it was 

found that [150Nd] calculated was lower by 0 . 5% than that determined 
t 

t 



302 

by gravimetry. This was considered to be outside of analytical 

uncertainty and thus not acceptable as a confirmation of the 

concentration of the tracer. 

A second gravimetric standard was made by dissolving an ultra­

pure chunk of Nd metal obtained from Ames Laboratory, Ames, Iowa. The 

metal was analyzed for both cation and anion impurities at Ames and 

was weighed just prior to shipment. It was shipped here in evacuated­

glass tubes. The metal was removed from the container upon arrival at 

Caltech and weighed. The weight agreed with that measured at Ames to 

within 0.01%. The metal was then dropped into a 2£ polyethylene 

bottle and dissolved in 2 . 5N HCl . No stir bar was put in this solution ; 

it was shaken vigorously to homogenize it . An aliquant of this 

solution was then poured into a second polyethylene bottle (1£) and 

diluted. This solution was then used to determine [150Nd]t as described 

above. The calculated concentration in this case agreed with the 

gravimetric result to within 0.2% and a repeat determination agreed 

with the first determination to 0 . 08%. Because the Nd metal standard 

required essentially no handling, the value of [150Nd]t determined from 

it was assumed to be the correct value. The source of the discrepancy 

between this value and the value determined with Nd 2o3 rema ins 

unidentified. 

The 147sm tracer was prepared from an oxide powder in the s ame 

h h 150 d 1 • d [147Sm]t was way tat t e N tracer so ution was prepare . 

determined from a calibration using a Sm normal standard solution 

prepared by dissolving a chunk of ultra-pure Sm metal in the same way 

as the Nd metal normal was prepared. [147 sm] calculated from the 
t 
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tracer-normal mixture agreed with that determined by gravimetry to 

within 0.2% which was considered to be good agreement . 

The Nd and Sm standard solutions are kept tightly capped and 

weighed about every six months to monitor evaporation. The tracer 

solutions are calibrated against the standards at similar intervals. 

AS.2 Mass Spectrometry 

A. Loading and analysis 

Nd samples are loaded onto flat Re filaments for isotopic analysis . 

Polyethylene tubing (0.023" I.D.) connected to a syringe is used to 

transfer the sample to the filament. The tubing is first cleaned by 

drawing 4N HCl up into it and then expelling it 3 or 4 times. The 

outside of the tubing should also be rinsed down with 4N HCl from a 

squeeze bottle. Then approximately 5 to 10 µl of 1.SN HCl are drawn up 

into the tubing, and this is expelled onto the sample and the solution 

is allowed to stand for a few minutes . Then the tubing is used to 

scrape the sample up from the bottom of the beaker and to mix up the 

solution . When the sample is completely dissolved the solution should 

have a pale brown color. At this point the entire solution is drawn up 

into the tubing and its volume is determined by measuring the length of 

the solution in the tubing . The solution is then expelled and an amount 

equivalent to about 200 nanograms of Nd is drawn up . This is then 

loaded onto the center 1/4 of the filament in several very small drops . 

Each drop is evaporated by passing a current of O. SA through the 

filament. If after the entire solution has been placed on the filament 

and evaporated the sample is distributed unevenly, the tip of the tubing 
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can be used to gently spread the sample around and even it out. Care 

must be taken to make sure the filament is cold when the tubing is 

touched to it, otherwise the tubing will melt on the filament and cause 

deposits which can affect the beam stability . When the sample i s 

satisfactorily loaded on the filament the current is increased gradually 

up to about 1.8-2.0A in order to oxidize the Nd to Nd
2

0
3

. As the 

current is increased the organic residue burns away; the sample appears 

white or bluish-white when completely oxidized. During this pro cess the 

Re filament may also become somewhat oxidized and some recrystallization 

may be evident . 

After the filament has been loaded into the mass spectrometer 

source, it is heated up to a temperature of about 1250°C over a period 

of a few hours. It can be heated quickly up to 1000°C over about 10 

minutes, but should then be heated more slowly up to the running tem­

perature. At some point during the heating the signal may begin to grow 

by itself, without further increasing the filament temperature . How­

ever, usually the signal will not continue to grow throughout the run . 

The efficiency of formation of Nd O+ ions from the Nd 2o
3 

i s 

remarkably high, so that a sample of about 30 ng will provide a 

144 16 + -12 . Nd O beam of 8xl0 A for a period of several hours . Generally , 

the ratio of Nd O+ ions appearing at the collector to Nd atoms 

originally loaded onto the filament is about 0.05. Usually about 

100 ng of Nd is loaded onto the filament and the intensity of the 

144Nd O beam is kept between 7 and 9.5xl0-12A during data acquisition . 

This intensity is chosen so that all the isotopes can be measured on 

the same range of the digital voltmeter (DVM) to avoid scale corrections . 
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For the 10
11

D feedback resistor this results in voltages ranging i n 

148 + 150 + intensity from ~0.2V for Nd 0 and Nd O up to l.0V for 

142
Nd O+. For samples containing high enough concentrations of Nd, 

about 500-700 ng of Nd can be loaded and the ion beam intensity in­

creased by a factor of 10 . In this case the 1010r2 feedback resistor 

can be used resulting in the same voltages. 

A typical Nd O+ mass spectrum is shown in Figure A5-3. For a 

source slit width of 0.010" and collector slit width of 0.025" the 

peak tops are flat to 1 part in 1a5 of the peak intensity for ±1.5 

gauss from the peak center (equivalent to about ±0.07 mass units). 

Background (zeros) are measured at ±8.5 gauss from the peak centers 

(0.36 mass units). The background at ±0.36 m.u. is offset by 0.005% 

to 0.007% of the peak intensity from the value measured with the beam 

off. This proportional offset is approximately equal for all isotopes 

and thus cancels out in the measurement of isotope abundance ratios. 

Possible spectral interferences are monitored at mass 156 c140
ce O+), 

mass 157 
141 + 154 + ( Pr O) and mass 170 ( Sm O ) . Normally the peaks at 

-5 -5 -3 -6 -4 these masses are <10 , 10 to 10 , and 5xl0 to 10 respectively 

of the 144Nd O+ peak, and no corrections to the Nd isotope ratios due 

to interfering species are necessary. Corrections are made for inter­

ference from Sm if the peak at mass 170 is greater than Sxl0-5 of the 

144Nd O+ peak, however, this correction does not affect the measured 

143Nd/ 144Nd. La O+ (mass 155) and sometimes Ba+ (mass 138) are also 

-3 -4 
detected in the spectrum at intensities of about 10 to 10 of 

144Nd O+ but do not interfere. 
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Figure AS-3: (a) Strip chart recording of a magnetic field scan of 

the Nd mass region taken during a run. 154 + 
SmO can barely be 

detected at mass 170; in this run the peak at mass 170 is about 

0.2mV compared to 8.5 volts for 
144

Nd0+, a ratio of ~2.4 x 10-5 . 

The oxygen isotope spectrum can be seen clearly at mass 166, 167, 

and 168 . The apparent longer beam tails on the high mass side of 

all the peaks are due to the fairly long time necessary for the 

decay of the peak current in the feedback resistor; scan is from 

right to left (low to high mass). Note that there is no detectable 

PrO+ or CeO+ in the spectrum; LaO+ does not interfere. 
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Figure A5-3 : (b) Digital peak profile of 
144

Nd
16o+ peak taken during 

a run. The source slit was set at 0.010 inches wide and the collector 

slit was 0.025 inches wide. Overall peak width at 99% of full 

intensity is 4 gauss, and over a 2.5 gauss interval the peak top is 

flat to one part in 105 The magnetic field can be controlled to 

±0.1 gauss, and thus the peak intensity can be easily measured well 

within the flat section of peak top on each mass scan. 
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Figure AS-3: (c) Magnetic field scan of masses 167-173 taken 

during a run using an electron multiplier with a gain of ~7000 to 

enhance the ion currents. One large division on the chart scale is 

equal to lOmV for masses 169 to 173, 1.0 volts for mass 168 and 0.1 

for mass 167 . As shown, the intensity of the SmO 
+ beam is 10-S that 

+ of NdO , and the intensity of the GdO+ beam is 5 X 10-1 that of 

+ 
NdO . The electron multiplier is used to precisely determine the 

amount of any interfering species in the spectrum. This can be 

done even when the interferences are very small and reduces 

uncertainties in the Nd isotopic data due to these interferences to 

essentially nil . 

volt 
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Nd ion beam intensity ratios are calculated ralative to 144Nd O+. 

At each mass the peak intensity and the background on each side of the 

peak are measured. At each position the signal is integrated for 1 

second. The amount of time between the start of the DVM integration 

at the first zero position and the start of the DVM integration at the 

peak position, and between the peak and the second zero integration at 

each mass is kept constant at 2.94 seconds. The peak intensities are 

measured in the sequence 144Nd o+, 143Nd o+, 142Nd o+, 150Nd o+, 

148Nd o+, 146Nd O+, 145Nd O+ which corresponds to masses 160, 159, 158, 

166, 164, 162, and 161. Data are taken in sets of 10 mass scans , 

averaged, corrected for oxygen isotope composition, and then corrected 

for mass discrimination. Oxygen isotope corrections were made using 

the composition given by Nier (1950). The procedure used for making 

the oxygen corrections is outlined in Table AS-1. Mass discrimination 

corrections were made by normalizing to lSONd/ 142Nd = 0.2096, which is 

the average value measured in the Lunatic I mass spectrometer (Wasserburg 

1 1969) h • 1 f lSO d/ 142 d • h h" h h h et a., • . Tis va ue or N N is somew at ig er tan tat 

measured by other laboratories (c.f. Lugmair et al., 1975; O'Nions 

et al., 1977a; Tatsumoto et al., 1976). However, due to the better 

performance characteristics of the Lunatic mass spectrometer this value 

will be retained until such time as a precise determination of the 

absolute abundances of the Nd isotopes is made. The ratio lSONd/
142

Nd 

is used for the determination of mass fractionation because the dif-

ference of 8 mass units for these isotopes minimizes the error in 

determining the fractionation factor per mass unit. The fractionation 

factor per mass unit a is calculated from: 
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Table A5-l: Oxygen isotope corrections to measured NdO+ isotope ratios.* 

* A. 143 = (159/160)m - (158/160)m R17 
* * 144 = 1 - (158/160)m R18 - 143 Rl7 
* * * 145 = (161/160) 143 Rl8 144 Rl7 m 
* * * 146 = (162/160) - 144 Rl8 145 Rl7 m 
* * 148 = (164/160) - 146 Rl8 m 

* * 150 = (166/160) - 148 Rl8 m 

B. 142/144 (158/160) /144 * m 
'" ,., 

143/144 = 143 /144 

* * 145/144 = 145 /144 

145/144 = * * 146 /144 

* * 148/144 = 148 /144 

* * 150/144 = 150 /144 

where: R17 = 17o;16o; R18 = 18o;16o; m denotes measured (oxide) 

mass abundance ratio. 

*Numbers refer to the masses of the Nd isotopes and the masses of the 

NdO+ isotopic species. Thus 142/144 is equivalent to 142Nd/144Nd and 

158/160 is equivalent to 142Nd0/144NdO. 
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a = ..!_[(150Nd/142Nd)meas - 1] 
8 0. 2096 

Each measured isotope ratio (iNd/
144

Nd) is then corrected for 
meas 

mass fractionation using the formula: 

In many cases Nd isotopic measurements are made on samples to 

which 
150

Nd tracer has been added . The 
150

Nd tracer is approx imately 

95% 
150Nd. The small amounts of the other Nd isotopes in the tra cer 

significantly change the measured isotope ratios so that corrections 

must be made . These corrections are made using the measured isotopic 

composition of the tracer. As noted previously this measurement is 

quite precise, but additional uncertainty must be added to the measured 

ratios due to the inability to precisely measure the instrumental mass 

discrimination during the measurement of the tracer. As an example of 

the magnitude of corrections due to the tracer composition the net 

• 143Nd/144 d d 1 . k . d. • (150Nd correction to N un er norma spi ing con 1t1ons -tracer 

added equal to twice 
150

Nd in sample) is approximately (0.15 ± 0.0003) % 

where the uncertainty is due to uncertainty in the tracer composition . 

The added uncertainty to 143Nd/
144

Nd from this effect is therefore 

negligible. Due to the presence of the 
150

Nd tracer, 
150

Nd/
142

Nd cannot 

be used to correct for instrumental mass discrimination. Therefore , in 

these runs Nd isotopic ratios were normalized to 
146

Nd/
142

Nd = 0 . 636155. 

Th • • • 1 1· • 
150

Nd/ 142Nd 0 2096 f h is is equiva ent to norma 1z1ng to = . or t e 
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unspiked samples (DePaolo and Wasserburg, 1976b) and is essentially 

the average va lue that is measured in the Lunatic I mass spectrome ter 

(Wasserburg et al . , 1969) if no correction is made for mass fraction­

ation . The 
146

Nd/142Nd ratio is used for the determination of 

fractionation because this ratio still provides a difference of 4 mass 

' t • 1 b d Nd ' d h 'b • 142Nd uni s , invo ves a un ant isotopes, an t e contri utions to 

and 146Nd from the 150Nd tracer are small. 

B. Oxygen Isotopic Abundance 

Oxygen isotopic corrections to Nd isotope ratios were made 

assuming that 18o;16o = 0.002045 and 17o;16o = 0.0003708 (Nier, 1950) . 

However, since a large variability of oxygen isotope ratios is found 

18 16 17 16 . in nature, preliminary measurements of 0/ 0 and 0/ 0 in the 

Nd O+ ion beam have been made to determine if the ratios given above 

are actually the same as those found in the ion beam. This was done by 

measuring the ratios 150Nd 18o;150Nd 160 and 150Nd 17o;150Nd 160 on a 

150 sample of the Nd tracer, a spiked sample and on an unspiked sample. 

The isotope 
150

Nd was chosen for this measurement because it is the 

heaviest Nd isotope so that the peaks due to 150Nd 170+ and 

l 50Nd 180+ • f d • h b h Nd O+. are not inter ere wit y ot er ions. An analogue 

spectrum of masses 166, 167 and 168 is shown in Figure A5-3. Under 

normal operating conditions for measuring Nd isotope ratios (i.e . , 

collector slit width= 0.025"), the tail of the 166 peaks creates a 

sloping background at mass 167. To minimize this effect, when 

measurements of oxygen ratios were made the collector slit width was 

narrowed to 0 . 020". Under these conditions the peak tops are still flat 
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-4 
to ~lxl0 for about ±1.2 gauss from the peak magnetic field settLng. 

When measuring a small ion current such as at mass 167 (170) after 

16 
measuring a much larger current (mass 166, 0), ample time must be 

allowed for the current to decay from the circuit before the next 

measurement is made. To accomplish this, the current at mass 167 was 

measured twice (zeros and peak) during each mass scan, and the first 

measurement was discarded. Measurements were made with an ion current 

-11 
at mass 166 of about 7xl0 A, four times greater than shown in 

Figure AS-3. The current at mass 168 was then ~l.Sxl0-
11 and that at 

• 167 2 8 l0-14A A h • • • 18o;16o b mass was~. x . t t ese intensities, can e 

17 16 . 
measured with a precision of ~0.1% and 0/ 0 can be measured with a 

precision of ~0.4%. Interfering Sm ions at mass 168 (
152

sm 160+) are 

d f b . . 1545 160+ d . h correcte or y monitoring m uring t e run. A small peak 

was also sometimes detected at mass 169 (0.002% of peak at 167). This 

peak is probably due to 153Eu 160+ or possibly 169Tm+. It was assumed 

that the peak was 
153

Eu 
16

0+ and a correction for 151Eu 
16

0+ was 

made to the measured 167/166 ratio. Both the 167/166 and 168/166 

ratios were corrected where necessary for the contribution of 

As shown in Figure AS-4 the measurements by Nier (1950) show a 

18 16 . 17 16 
narrow range of 0/ 0 but there is one value of 0/ 0 measured on 

air that does not agree with the other three values. It is this 

discrepant composition which was selected to be used for the oxygen 

corrections to Nd ratios, mainly because it was the most precise 
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Figure AS-4: A comparison of the determinations of oxygen isotope 

abundances done in this work with those of Nier (1950). T represents 

a measurement made using a lSONd tracer solution and T+N is a 

measurement made on a mixture of lSONd tracer and normal reagent Nd. 

The two measurements made in this work and three of Nier's measure­

ments lie close to the same mass discrimination line. One of Nier's 

measurements appears to be anomalous. 
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determination and was the value listed by Lederer et al. (1967). The 

150 + 150 oxygen isotopic composition measured on Nd 0 for the Nd tracer 

(T) and the tracer-normal Nd mixture (T+N) show much higher 18o;16o 

ratios than the Nier measurements. The 150Nd O+ measurements are 

reasonably consistent with this difference being attributed solely to 

mass-dependent fractionation if the Nier measurements with the hig her 

17 16 
0/ 0 are accepted as correct . They are not consistent with simple 

fractionation relative to the Nier composition with the lower 17o; 16o. 

The difference in the isotopic composition measured by Nier and the 

150 + cur rent measurements of Nd 0 could be due to mass fractionation 

which occurs 1) in Nier's mass spectrometer 2) in the Lunatic mass 

spectrometer during evaporation and ionization of Nd
2 

o3 (s) to form 

+ Nd 0 (g) + o2 (g) or 3) during the process of oxidizing the Nd on the 

Re filament by heating in air . At present the cause is undetermi ned. 

However , the new results suggest that the low - 17o;16o point of Nier's 

is indeed discrepant, and that a consistent set of oxygen isotope 

ratios would be approximately 17o;16o = 0 . 00038 and 18o; 16o = 0.00205. 

However, the question of what is the absolute composition of average 

terrestr ial oxygen is raised by the new data . Although Nier took 

precautions to monitor mass discrimination in his mass spectrometers, 

it is well known that mass-dependent effects at low mass can be Vl!ry 

lar ge , of the order of several percent. Because the measurement of 

150Nd O+ involves high mass species, it was thought that it might give 

a closer approximation to the true oxygen isotopic composition . How­

ever , the evaporation and ionization of Nd O+ from a Re filament may 
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be a complicated process, and this assumption may not be true. The 

evaporation-process could be diagrammed as follows: 

We are interested in the isotopic composition of the Nd O(g) relative 

to the Nd 2 o
3

(s) on the filament. If the oxygen isotope compositions 

of these species are governed primarily by an "equilibrium" such as 

G) in the diagram, we would expect the Nd O units to behave as 

fractionating species of mass ~160 and thus we would expect little 

oxygen isotope fractionation between Nd O(g) and Nd 2 o3 (s). However, 

if the oxygen isotopic composition of these species are controlled by 

"equilibria" such as 0 and G), then there could be large differences 

18 16 17 16 of O/ O and 0/ 0 between the species involved and oxygen isotopic 

composition during a run could change at a rate which is much faster 

than the fractionation-produced changes of Nd isotopic composition. 

In order to make the right oxygen isotopic corrections to the 

Nd O+ isotope ratios, it is necessary to know the correct oxygen 

isotopic composition in the Nd O+ ion beam. To this end it is neces­

sary to know 1) the average O isotopic composition in the ion beam 

2) the variability of this composition from run to run 3) the varia­

bility of this composition during a single run and 4) whether or not 

the O composition can be determined during a Nd run. To begin with 
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the last question, the 
18o;16o ratio can be determined quite accurately 

on a sample during a run if the 144Nd O+ beam intensity is 5xlo-11A or 

higher during a run. For many samples such high beam intensities are 

impossible because the sample is too small. As shown in Figure A5-5. 

18 16 
0/ 0 can vary by at least 1.5% between two runs and in one run a 

variation of 0.8% was observed. In addition to the two runs shown in 

Figure A5-5, 
18o;16o was measured in two other runs, and fell between 

0 . 00210 and 0.00213. + Thus, the average value measured on Nd O appears 

to be about 0.00211 or 0.00212. 

The effect of varying O isotopic composition on the Nd element 

ratios which are calculated from a given set of Nd a+ ratios is shown 

in Table A5-2. One set of Nd isotope ratios was calculated assuming 

18o;16o = 0.002050 and 17o;16o = 0.000380 and the other set was 

• . 18 16 17 16 
calculated assuming 0/ 0 = 0.00215 and 0/ 0 = 0.000389. The 

first O isotopic composition is close to that measured by Nier and 

the second is fractionated from that composition along the 

line shown in Figure A5-5. As can .be seen from Table AS-2, the change 

in the calculated Nd isotope ratios is quite significant for such a 

change in the O isotope composition. Thus if the O isotope composition 

used to calculate the corrections were different from that in the ion 

18 16 143 144 
beam by this amount (~5% in 0/ 0), the calculated Nd/ Nd would 

-4 be in error by almost lxlO , much larger than the attainable precision 

of 3xl0-5 . These effects would be important in comparing Nd ratios 

measured on Nd O+ with those measured on Nd+ in other laboratories . 



Table A5-2: 

Oxide 
Ratios 

A) Corrected w/ 

1701160 = 0.00038 

1801160 = 0.00205 

B) Corrected w/ 

1701160 = 0.000389 

1801 160 = 0.00215 

Fractional 
Change per 
1% change in 
180;160 
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1.135411 .510971 .349506 .724456 .243949 .238478 

1.138280 .511831 .348963 .724106 .253086 .238584 

1.138393 .511876 .348949 .724111 .243052 ,238607 

+0.99 +0.88 -0.40 +0.07 -1.40 +0 . 99 

+0.21 +0.18 -0.08 +0.01 -0.29 +0.21 
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In order to limit the uncertainty in 143Nd/ 144Nd due to uncertainty 

• 0 • t • ' 1 10-5 • • k 180/ 160 in 1so ope composition to x it is necessa ry to now to 

0 . 5%. 

142Nd/ 144Nd is the isotope ratio which can be measured most pre­

cisely relative to the changes expected due to shifts in 0 isotope 

composition. Shifts in the measured 
142

Nd/ 144Nd larger than experi­

mental precision have been noted which may be the result of shift s in 

0 isotope composition. Furthermore, it has been found that the meas­

ured value of 142Nd/ 144Nd tends to be correlated with the Nd discrimina-

tion from run to run. 
· 142 

Figure A5-6 shows a plot of the measured Nd/ 

144 Nd versus the average Nd discrimination for several mass spectrometer 

runs where the precision was good. Although the error bars are large 

compared to the total variation, there appears to be a strikingly good 

correlation. This correlation could result from variations of 0 isotope 

composition from run to run only if 18o;16o were correlated with the Nd 

discrimination . From the dashed line shown in Figure A5-6 describing the 

approximate trend and the data in Table A5-2 it can be calculated that 

a total range of 18o;16o of ~5% is necessary to explain the range in 

142Nd/ 144Nd. In view of the fact that in the two runs shown in Figure 

A5-4 18o;16o differed by 1.5%, such a range seems plausible. 

At present there are not enough data to know the correct values of 

18o;16o and 17o;16o to use for the corrections. However, it appears 

18 16 17 16 
that an empirical relationship between 0/ 0 and 0/ 0 could be 

deduced. As a step in this direction, 
18o;16o was measured in a 

basalt sample Nd run where 142Nd/ 144Nd and the discrimination were well 

known. For this run the Nd discrimination= 1.00055, 
142

Nd/
144

Nd = 
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Figure AS-5: Graph showing a correlation between the measured mean 

142 144 
Nd/ Nd for a run and the average Nd mass discrimination for a 

run. Several mass spectrometer runs are shown. This effect is 

believed to be caused by variations of the oxygen isotope composition 

in the NdO+ beam which are correlated with the Nd discrimination. 

Corrections for the 0isotope composition which are applied to the 

NdO+ measured ratios are done assuming constant values for 
18o;16o 

and 17o;16o. Thus if the oxygen ratios are different from run to 

run, the (corrected) Nd isotope ratios will change, as appears to be 

the case. 
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1.138291±27 and 
18

01
16

0 = 0.002117±7. The discrimination and 

142
Nd/

144
Nd lie almost exactly on the dashed line in Figure AS-6. From 

these data we can calculate a tentative relationship between 1801 160 

and a, the Nd discrimination factor defined in a previous section: 

18 16 
0/ 0 = 0.002092 + 0.045a 

17 16 18 16 . 
0/ 0 can then be calculated from 0/ 0 provided one pair of self-

consistent 
18

01
16

0 -
17

01
16

0 ratios is known. This relationship implies 

that the variation of 0 isotopic composition observed in the mass 

spectrometer is due to processes occurring in the mass spectrometer 

during the evaporation and ionization of Nd
2

o
3

. If this relationship 

or one similar to it can be shown to be approximately correct, it would 

18 16 . 
be possible to easily determine the 0/ 0 to the required accuracy 

to make the appropriate corrections to the Nd ratios by an iterative 

procedure. 18 16 . 
The wide variation of 0/ 0 necessary to explain the 

142
Nd/

144
Nd effects suggests that the escaping o

2 
gas during the 

evaporatiofl of Nd
2

o
3 

from the filament may be playing an important role 

in determining the behavior of 0 isotopes in the process. 

C. Data Quality: 

144 + 
For mass spectrometer data taken when the Nd 0 signal is 

~9xlo-
12

A, the standard deviation of the mean of 10 measurements of 

143
Ndo/

144
Nd0 averages about 0 . 008%-0.009%. Each measurement of 

143 144 . 143 + -12 
Nd0/ Nd0 involves one integration of the Nd0 beam (4.5x10 A 

which is equivalent to 2.8xl07 ions) and two integrations of the 

144Nd0+ beam (2 • 9.0xlo-
12

A or 11.2xl07 ions). Thus from counting 
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statistics alone the standard deviation of the mean for 10 measurements 

of 
143

Nd0/
144

NdO should be about 0.008% (including uncertainty 

introduced by the mass discrimination correction). Thus at the ion 

beam intensity given above, the uncertainty in the measured isotope 

ratios comes essentially entirely from counting statistics and is not 

limited by beam stability or electronic noise. For 250 measurements, 

the 20 (95% confidence level) uncertainty in 143Nd/144Nd is about mean 

0 003% 0 004% A lo • h" h b • • • (144Nd0+ • o to . o. t times 1g er earn 1ntens1t1es = 

9xl0-11A), which can be obtained with larger samples, the error due to 

counting can be decreased by a factor of /io If the measurement 

of 143Nd/144Nd were still limited by statistics at these higher 

intensities, la for ten ratios would be expected to be 0.0025%. mean 

Two samples were measured at these higher beam intensities and the 

20 for runs of 170 ratios and 140 ratios were 0.0014% and 0.0017% mean 

respectively, very close to the expected counting errors of 0.0013% 

and 0.0014%. In these two runs all measured isotope ratios agreed 

within error with the previously determined grand mean values for 

those ratios. 

The Nd isotopic measurements described here represent the most 

stringent tests to date of the precision and reproducibility attainable 

with the Lunatic mass spectrometers. The results indicate that even 

-5 at a level of lxlO , inherent limitations in precision due to 

instabilities in filament current and filament temperature, electronic 

background noise, nonlinearities in the electrometer and DVM, 

instabilities in magnetic field and accelerating potential, and possible 

non-uniform peak shape are still small compared to ion counting 
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statistics. Thus isotopic ratio measurements to a precision of 

-5 6 ±lxl0 or perhaps ±5xl0- are apparently attainable with current 

instrumentation. 

The excellent ionization efficiency of Nd combined with its 

stable emission characteristics suggest that it may become a useful 

tool for mass spectrometer calibration and intercalibration. Because 

Nd has seven isotopes with isotope r a tios ranging from 0.2 to 0.9, 

all of which can be precisely measured, it is probable that 

linearity and scale factors for a given instrument can be worked out 

with confidence by performing the correct experiments and carefully 

considering the data. 

D. Isotopic Composition of Neodymium 

The first high-precision measurements of Nd isotopic abundances 

were made in this study. In all Nd mass spectrometer runs all seven 

Nd isotopes were measured. This was done as a means of monitorin g the 

precision and reproducibility of the measurements. The use of Nd in 

h • • h . f 143Nd/144Nd geoc emistry requires t e routine measurement o to a 

precision of 5 parts in 105 or better. Before this study, it was not 

clear that such precision and reproducibility over long periods could 

be attained with the present instrumentation. Measurement of all 

isotopes provides a built-in check to determine if isotope ratios that 

do not vary in nature can be reproducibly measured to very high 

precision. It also provides a check against possible artifacts 

introduced by the chemica l separation procedures. 
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Table A5-4: Isotopic Composition of Neodymium* 

A. 

B. 

1.138268 
±10 

1.138331 
±10 

0.348969 
±4 

0.348954 
±4 

0.724107 
±7 

0.724108 
±7 

*Normalized to 150Nd/142Nd = 0.2096. 

0.243083 
±5 

0.243067 
±5 

A. NdO+ measured ratios corrected for oxygen isotopes using 

1801160 = 0.002045 and 1701160 = 0.0003708. 

Chondritic 143Nd/ 144Nd = 0.511836. 

B. NdO+ measured ratios corrected for oxygen isotopes using 

1801160 = 0.00210 and 1701160 = 0.000384; current best 

estimate of Nd isotope ratios. Chondritic 143Nd/ 144Nd = 

0 .511852. 
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A5-3. 

The measured Nd isotope ratios for all runs are given in Table 

+ These data represent NdO ratios which were corrected for oxygen 

using 
17

oJ
16

o = 0.0003708 and 1801 160 = 0.002045. 

Grand mean values and 20 uncertainties for all the isotope ratios 

have been computed and are given in Table A5-4. These numbers were 

computed by averaging only those unspiked runs which were most precise 

and where the absolute value of the Nd fractionation factor a was less 

than 0.001. The latter stipulation was to minimize the possible 

effects of varying O isotope composition on the calculated Nd ratios. 

The criterion for the precision of a run to be selected for the grand 

mean averaging was that all isotope ratios (except 
148

Nd/ 144Nd) have a 

20 uncertainty for the run of 5 parts in 105 A total of thirty mean 

runs on Nd extracted from rocks were averaged. These 30 runs are 

marked by asterisks in Table A5-3. The grand means represent the 

current best estimate of the isotopic composition of terrestrial Nd. 

Measurements by Papanastassiou et al. (1977) show tha t lunar Nd is 

. 143 d isotopically identical to terrestrial Nd for all isotopes except N . 

Also given in Table A5-4 are the grand mean values recalculated us ing 

18 16 17 16 . 0/ 0 = 0.00210 and 0/ 0 = 0.00038, the current best estimate of 

the mean O isotope composition of the NdO+ ion beams. The s e cond set 

of Nd ratios should be considered the current best values of the Nd 

isotope ratios. 

E. Isotopic composition of Sm and A147 

The isotopic composition assumed for terrestrial Sm is that 

given by Russ (1974) with 144smJ 154 sm = 0.13510, 148sm/ 154sm = 0.49419, 
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149
sm/

154
sm = 0.60750, 

150
sm/

154
sm = 0.32440, and 152sm/ 154sm = 1.17537 

when normalized to 
147

sm/
154

sm = 0.65918. A value of A c147sm) = 
-1 

0.00654 AE was used for all calculations. This value is that adopted 

by Lugmair (1974) and is the weighted mean of recent experimental 

determinations by Donhoffer (1963), Gupta and McFarlane (1970) , and 

Wright et al. (1961). 

Selection of 150Nd and 
147

sm Tracers 

There are several factors which were taken into considera tion in 

selecting the isotopes to be used as tracers for the isotope dilution 

determination of Sm and Nd concentrations in rocks and minerals. 150Nd 

was selected because 1) 
150

Nd is a low-abundance isotope in nature, 

2) the 
150

Nd tracer contained very small amounts of 
143

Nd and 
144

Nd, 

143 144 . 150 . 
and 3) Nd/ Nd in the Nd tracer is close to the values found in 

nature. Thus a precise determination of Nd concentration can be obtained 

150 
by adding only a small amount of Nd tracer to the sample, and the 

small amounts of the other isotopes present in the tracer cause only 

small changes in the relative abundances of the other Nd isotopes for 

which precise corrections can be made. Because of this, a precise 

determination of 
143

Nd/
144

Nd can be made on a spiked sample, and 

involves only a small correction to the measured 
143

Nd/
144

Nd. 

F S 
144s • h 1 b d • b t t h or m, mist e east a un ant isotope, u was no c osen 

as a tracer because of the possible problems with interference on 

144Nd 'f h • 1 • f S d Nd • t f t 149s d i c emica separation o man is no per ec . man 

150
sm were not chosen because their abundances are variable in lunar 

samples due to neutron capture effects . Since 
152

sm and 
154

sm are the 
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14 7 148 
most abundant Sm isotopes, this leaves Sm and Sm as possible 

d • d t f t 14 7s h b • • • b • can 1 a es or racers. m was c osen ecause it is not iso aric 

with any Nd isotope. 
147 148 154 

Using the Sm tracer, Sm/ Sm can be used 

to provide a precise estimate of mass discrimination, and in addition 

to the Sm concentration determination 
149

sm/
154

sm and 
150

sm/
154

sm in 

the sample can be measured to monitor neutron fluence if desired. 

However problems arise in the measurement of 
150

sm and could be 

150 152 
due to interference from the Nd tracer. Sm may also be affected 

by neutrons in some lunar materials. 



APPENDIX 6: SAMPLE DESCRIPTIONS 

Old Mafic Rocks 

Sample Previous II 

DUL-4 Dul-gb 114 

*AR Ar-Gi-RC db Ill 

RH0-1 RH0-1 

WGA-210 OGG210 

MP22D MP-22 

Old Granitic Rocks 

ZL-3D ZL-3 

WYWR-4D WYWR-4 

RN-3 RN-3 

OGG128,10 OGG128,10 

344 

Description 

Anorthositic gabbro; Duluth Complex, 
obtained from L. T. Silver. 

Diabase, Sierra Ancha sill; 
Arizona; described by Smith and 
Silver (1975). 

Diabase, Great Dyke, Rhodesia; 
sample from Western Minerals 
collection. 

Anorthosite, Fiskenaesset, West 
Greenland; U-Th-Pb studied by 
Gancarz and Wasserburg (1977). 

Shonkinite, Mountain Pass, 
California, c.f. Lanphere (1964) 

Town Mountain Granite, Petrick 
Quarry, Lone Grove Pluton, Llano, 
Texas; Rb-Sr study by Zartman 
(1964). 

Granodiorite, Louis Lake batholith, 
Wind River Range, Wyoming; 
Rb-Sr and U-Th-Pb studied by Naylor 
et al. (1970). 

Granodiorite, Preissac-Lacorne 
batholith, Southwest Quebec. 
Described by Dawson and Whitten 
(1962); Rb-Sr and U-Th-Pb by 
Steiger and Wasserburg (1969). 

Granodiorite, Amitsoq Gneiss, 
West Greenland; U-Th-Pb studied by 
Gancarz and Wasserburg (1977). 

*Asterisk indicates that the major element chemistry of the sampl e is 
given in Appendix 7. 



Mid-Ocean Ridge Basalts 

Sample 

111240 

*113152 

*VG295 

*BD37-2 . 

*BD17-l 

*113031 
(OAB-1) 

Previous If 

USNM111240/195 

USNM113152.Dl21, 
VGAll 

VG295 

DSDP37-332B-19-l 
(107-110) 

DSDP17-164-28-6 
(71-73) 

USNM113031/43-53 

Oceanic Island Basalts 

**HN-1 USNM113095-50(0A-l) 

HT-1 USNM113095-56(0A-7) 

345 

Description 

Fresh basaltic glass from 
the Juan de Fuca Ridge. 
Somewhat enriched in Fe and 
Ti (44°40'N, 130°20 1w, 2195-
2220 m depth) 

Fe- and Ti-rich basalt, Galapagos 
Ridge (00°42.J'N, 85°30.0'W, 
1360 fathoms depth) 

Tholeiite, Mid-Atlantic Ridge 
(22.52°N, 45.05°W, 2495m depth) 
Dredge 14, R/V Thomas Washington. 

Olivine tholeiite, adjacent to 
Mid-Atlantic Ridge; described by 
Bence and Taylor (1976) and Hodges 
and Papike (1975). 

Tholeiite, Central Pacific Ocean 
Age:Barremian (overlying sediments) 

Alkali basalt, dredged near St. 
Paul's Rocks, equatorial Atlantic; 
described by Melson et al. (1967b), 
REE analyzed by Frey (1970) . 
(04oN, 29°24'w, 2990-1975m depth). 

Mellilite Nephelinite, Honolulu 
Series, Moliili Quarry, Honolulu, 
Oahu. Described by Cross (1915), 
REE analyzed by Schilling and 
Winchester (1969), Pb isotopes 
analyzed by Tatsumoto (1966, his 
sample f/HMc-2). 

Tholeiite, dike in roadcut near 
Makapuu Point, Oahu; described by 
Kuno et al. (1957), analyzed for 
Pb isotopes by Tatsumoto (1966, 
his sample I/HMc-1). 
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Oceanic Island Basalts (Continued) 

Sample Previous If 

GT-2 USNM113180, F436 

Continental Flood Basalts 

BCR-1 BCR-1 

*PG16D PG16 

SK-38 SK-38 

SWB-10 SWB-lA 

KAS-2 16/12/74-1 

PEA-3 PEA-3 

Description 

Volcan Fernandina, Galapagos 
Islands, caldera lava flow of 
December , 1973. 

Quartz tholeiite, Yakima section, 
Columbia River Basalts; chemistry 
given by Flanagan (1973), general 
chemistry of Yakima basalts given 
by Waters (1961), McDougall (1976) 
Nathan and Fruchter (1974), and 
Wright et al. (1973). 

Tholeiite, Picture Gorge , Ore ~on; 
Columbia River basalt; trace 
elements measured by Gales (1969), 
major elements of adjacent fl ows 
analyzed by McDougall(l976) 

Basalt, Miki's Fjord, East 
Greenland . Eocene flood basalt, 
obtained from A. McBirney. 

Tholeiite, Stormberg Series, Karroo 
basalts, Warmbad, South Africa, 
obtained from G. Gales 

Tholeiite, 600m above base of 
Stormberg Series near Barkeley 
East, Karroo basalts, South Africa; 
obtained from G. Gales . 

Basalt , Karroo series , Mozambique; 
about 1 mi. N.W . of Canxixe Vi llage , 
SW of Zambezi River, c.f . Mennell 
(1922, 1929) . 
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Continental Flood Basalts (Continued) 

Sample Previous fl 

PD-1 PD-1 

PAR-1 SPK-0048 

PAR-2 SPK-0050 

*ADT-2 M210 

AF-133 133-1(75) 

Island Arcs 

*BMR-1 51NG0217F 

*BMR-2 53NG1051 

Description 

Palisades diabase, 120' above 
base, Edgewater, New Jersey; 
chemistry of Palisades diabase 
described by Walker (1940). 

Parana basalt; from base of lava 
flow plateau at vertical fault 
scarp, Serra de Aparados-Turvo­
Bom. Jesus road, elevation 300m, 
Santa Catarina (49°55'W, 28°46'S). 
K-Ar age given by Amaral et al. 
(1966). l. 30%K, 121.2my. 

Parana basalt; from middle part of 
lava plateau, same profile as 
SPK-0048, elevation 750m. K-Ar 
age given by Amaral et al. (1966) 
0.855%K, 119.0 my. Chemistry of 
Parana basalts given by Cardani 
and Vandoros (1967) and Compston 
et al. (1966). 

Red Hill diabase, Tasmania, Quartz 
dolerite Sr isotopes measured 
by Compston and McDougall (1965). 

Afar flood basalt, Ethiopia; 
obtained from J. Aronson. 

Andesite, Sulu Range, New Britain, 
Bismark Volcanic Arc; obtained from 
R.W. Johnson. 

Dacite, Lolobau Island, North of 
New Britain, Bismarck Volcanic 
Arc; obtained from R.W. Johnson 



Island Arcs (Continued) 

Sample Previous II 

*BMR-3 5ING3064 

*BMR- 4 51NG0259 

*BMR-5 48NG0549 

*BMR-6 48NG0038A 

*BMR-7 5ING0271 

MAR-1 AG-1-3 

MAR-2 SRGN-5 

MAR-4 AG-10-1 

MAR-6 SAI-3 

GU-4 GU-4 

GU-7 GU-7 
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Description 

Dacite, Welcker Volcano, Talasea 
Peninsula, New Britain, Bismarck 
Volcanic Arc; obtained from R.W. 
Johnson 

Andesite, Dakataua Volcano, 
New Britain, Bismarck Volcanic Arc; 
obtained from R. W. Johnson. 

Dacite, Garove Island, North of 
New Britain, Bismarck Volcanic Arc; 
obtained from R. W. Johnson. 

Basalt, Undaka Island, North of 
New Britain, Bismarck Volcanic Arc; 
obtained from R. W. Johnson. 

Rhyolite, Talasea Harbour, New 
Britain, Bismarck Volcanic Arc; 
obtained from R. W. Johnson. 

Basalt, Agrigan Islands, Marianas; 
collected by R. J. Stern. 

Andesite, Sarigan Island, Marianas; 
collected by R. J. Stern. 

Basalt, Agrigan Island, Marianas; 
collected by R. J. Stern. 

Dacite, Saipan Island, Marianas; 
collected by R. J. Stern. 

Basalt (?), Alutom Formation, near 
Piti, Guam; obtained from F. Barker. 

Basalt (?), Alutom Formation, near 
Piti, Guam; obtained from F. Barker. 



Continental Margin Magmatic Arcs 

Sample 

*PER-1 

*PER-2 

*CAS-1 

MEX-1 

WMG-1 

SMG-1 

RL-1 

LAK-8D 

Previous II 

USNM113642 
(B19 121.30m) 

USNM113641 

242 

USNM113637 

Cal-SCB-36 
MRLgr /12 

LAK-8 

Continental Alkali Basalts 

*CSQ-3 CSQ-3 
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Description 

Andesite, (Pleistocene or Recent) 
El Misti Volcano, Arequipa 
Volcanics, Peru. 

Rhyolite, El Misti Volcano, 
Arequipa Volcanics, Peru. From 
Pleistocene or recent dome (Volcan 
Cilla) on N slope of El Misti. 

Olivine basalt, cinder cone, Mt. 
Shasta, N. California. Chemistry 
given by Smith and Carmichael (1968) 
and Peterman and Carmichael (1970). 

Basaltic andesite, Arenal Volcano, 
Costa Rica, erupted August­
September, 1976. 

Woodson Mtn. Granodiorite, 
Average chemistry given by Larsen 
(1948). 

San Marcos Gabbro, Peninsular Ranges 
batholith, Southern California (Pala), 
average chemistry given by Larsen 
(1948). 

Rubidoux Leucogranite, Peninsular 
Ranges batholith, S. California; 
described by Larsen (1948). 

Rhyolite, Mt. Konocti, California. 
Chemistry given by Bowman et al. 
(1973). 

Basanite, San Quintin, Baja 
California; described by Bacon and 
Carmichael (1973). 
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Continental Alkali Basalts (Continued) 

Sample Previous If 

PCB-1 

*ANB2128 2128 

*ANB2102Q 2102Q 

*RGB-1 74-005-JM-WSB 

WBK-1 WBK-1 

CHA-2 CHA-2 

V- 9 V-9 

Khibina 

Lavas of Extreme Composition 

*OLC-1 

Description 

Trachy basalt, Pisgah Crater, 
Mojave Desert, S. California; 
described by Smith and Carmichael 
(1969). 

Nepheline Basanite, Mt. Porndon, 
Newer basalts, Victoria, Australia; 
described by Irving and Green 
(1976), Stuckless and Irving (1976). 

Nepheline Mugearite, the Anakies, 
Newer basalts province, Victoria, 
Australia; described by Irving and 
Green (1976), Stuckless and Irving 
(1976). 

Alkali olivine basalt, Rio Grande 
Rift, New Mexico; described by 
Baldridge (1978). 

Miocene alkali basalt, Tiberios, 
Golan Heights, Israel. 

Quaternary basalt, Patagonia 
(Southern Argentian) 50°11.S'S, 
71°07'W K20=l.91%. 

Quaternary basalt, Patagonia 
(Southern Argentina) 49°28 1 S, 
12°2s'w K2o=0.79%. 

Apatite from Khibina nepheline 
syenite intrusion, Kola Peninsula, 
U.S.S.R., described by Gerasimovsky 
et al. (1974). 

October 1960 Na, Ca-carbonate lava 
flow, Oldoinyo Lengai Volcano, 
Tanzania; described by Dawson 
(1962, 1964); obtained from 
J . Gittins. 



351 

Lavas of Extreme Composition (Continued) 

Sample Previous If 

*LH-1 LH-1 

DUlll DU-111 

Ultramafic Rocks 

*SPP-1 NE-4 

Other Samples 

NAS-216D NAS-216 

DOS-1 

Description 

Wyomingite, Leucite Hills, 
Wyoming; described by Carmichael 
(1967). 

• 
Ugandite, Uganda; obtained from 
I. Carmichael. 

Spinel peridotite mylonite, 
St. Paul's Rocks, equatorial 
Atlantic; described by Melson 
et al. (1972); REE analyzed by 
Frey (1970). 

North American shale composjte 
prepared by P. W. Gast; REE f,iven 
by Haskin et al. (1966). 

Fish debris (apatite), Pacific 
Ocean floor, described by Arrhenius 
et al. (1957). 
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