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The concentrations of zirconium and hafnium have been determined in Orgueil, Murchison, Allende, Bruderheim 
and Alais by RNAA. The mean Zr/Hf weight ratio in the first four of these meteorites is 31.3 _+ 2.2 indicating no 
major fractionation of Zr from Hf. Alais contains anomalously high amounts of many refractory lithophile elements, 
including Zr and Hf. Orgueil contains 3.1 ppm Zr and 0.l 1 ppm Hf, corresponding to 9.0 and 0.16 atoms, respectively, 
relative to 106 Si atoms. 

1. Introduction 

It is widely accepted that,  of  all matter  so far stud- 
ied, C1 chondrites are most representative of  the mean 
composit ion of  the total  condensable mat ter  of  the 
solar system [ 1 - 3 ] .  The solar system abundances of  
all but the most volatile elements are thus readily ob- 
tainable through precise measurements of  their con- 
centrations in this class of  meteorites. Because of  analyt- 
ical difficulties [4], however, considerable uncertainty 
still surrounds the abundances of  Zr and Hr. In the 
course of  our investigations into the condensation 
characteristics of  refractory elements [5,6], it became 
important  to know the abundances of  Zr and Hf to a 
high degree of  accuracy in order to ascertain if they 
had fractionated from one another. We therefore de- 
cided to determine their concentrations in several 
meteorites. 

2. Experimental 

Three separate irradiations were performed. Rock 
standards and meteori te specimens analysed in each are 
described in Table 1. No areas of  fusion crust were 
sampled. In the first irradiation, two well-analysed rock 

1 Also Enrico Fermi Institute. 

standards were used in order to eliminate any possible 
source of  error connected with the preparation and 
processing of  chemically prepared standards. For Zr, 
we used the NBS Flint clay 97a, 0.063 -+ 0.003% ZrO2, 
and for Hf, the standard pot  of  Perlman and Asaro 
[7], 6.23 -+ 0.44 ppm. 

Samples and standards were irradiated for five days 
at a thermal neutron flux of  2 × 1013 n cm -2 sec -1 in 
the CP-5 reactor at Argonne National Laboratory.  Aftel 
irradiation, separate carriers for Zr and Hf were added 
and the samples and standards were processed by con- 
ventional radiochemical methods similar to those used 
by Keays et al. [8] with the exceptions that nickel 
crucibles were used and Ce 4÷ was not added. After re- 
moval of  rare earth fluorides from the rare earth frac- 
tion, Zr and Hf were precipitated as Ba(Zr,Hf)F6 and 
then as (Zr,Hf)(OH)4. At  this stage, special at tention 
was paid to removal of  Eu through repeated LaF3 
precipitations. Finally, Zr and Hf were precipitated 
together as the tetramandelate and counted on a high- 
resolution Ge(Li) detector [6]. 

Gamma-ray spectra from the samples and standards 
indicated no extraneous contaminants. In particular, 
no 152Eu activity was detected in any of  our spectra. 
This is important  because the 1S2Eu fl S4Eu activity 
ratio is ~21 and l SaEu, having 3'-ray peaks at 723.3 
and 756.8 keV, is a potential ly serious interference 
with 9SZr whose peaks are at 724.4 and 756.9 keV. We 



TABLE 1 

Concentrations of Zr, Hf and U in meteorites and rock standards (ppm) 
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Meteorite Type Irradiation Description Source Zr * Hf U Zr/Hf 

Orgueil CI 1 60 rag, chunks FMNH 1 Me 509 3.1 -+ 0.1 0.11 - 
3 64 mg, chunks FMNH Me 509 3.0 +- 0.2 - - 

Murchison C2 1 61 mg, powder FMNH Me 2640 4.6 ± 0.2 0.14 - 
Allende C3 1 52 mg, powder USNM 2 Split 23, 5.9 ± 0.2 0.19 

Position 5 
Bruderheim L6 1 128 mg, chunk FMNH Me 2476 6.6 ± 0.1 0.20 

Alais 

Rock standard 
NBS Flint clay 

Standard Pot 

BCR-I 

Mean 

C1 1 40 mg, chunks FMNH Me 1486 173 + 1 2.28 

1 62 mg, powder NBS 
3 63 mg, powder NBS 
1 36 mg, powder Asaro 
3 71 mg, powder Asaro 
3 58 rag, powder USGS 

28.2 

32.9 
31.1 

33.0 

31.352.2 

75.9 

=4663 15.4 - 30.3 
465 ± 19 - 6.58 30.2 
214 _+ 3 ~6.234 34.3 
215 ± 3 =4.824 34.5 
173 ± 2 4.986 ~1.74 s 34.7 

1 Field Museum of Natural History. 
2 U.S. National Museum. 
3 National Bureau of Standards Certificate. 
4 Perlman and Asaro [7]. 
s Flanagan [10]. 
6 Grossman and Ganapathy [6]. 
* Uncertainties quoted represent 1 o counting statistics only. 

conclude that  our  Zr data are free o f  interference f rom 

Eu. 

Rather  than simply assuming that  the Zr and Hf  

gravimetric yields were identical,  we verified bo th  o f  

their  chemical  yields in a second irradiation. Because 

the m a x i m u m  difference observed be tween  the gravi- 

metr ic  and react ivat ion yields was only 5.9% (relative), 

we conclude that  no major f ract ionat ion o f  Zr f rom 

Hf  took  place in our chemical  procedure.  

Ehmann  and Chyi [4] have warned about  the prob- 

lem of  Zr and Hf  contamina t ion  by use o f  glassware 

used in previous analyses. Labora tory  contamina t ion  of  

our samples is thought  to be negligible since these were 

the first samples processed in our newly buil t  laboratory  

and our glassware had never been used previously. 

The third irradiat ion was designed primari ly to 

check the Zr abundance in the Flint  clay standard used 
in the first i rradiat ion since the NBS certified value 

was obta ined by spec t rophotomet ry .  The weight  loss 
o f  specpure ZrO2 on ignition to 1000°C was found to 

be only 0.13%, indicating no water  o f  hydra t ion .  Con- 

sequently,  12.24 mg of  this material  were weighed into 

a quar tz  tube and used as a primary standard. Irradiated 

along wi th  the Flint  clay and ZrO2 were samples of  

BCR-1, the standard pot  and an addit ional  sample o f  

Orgueil. Af ter  irradiation, Zr carrier was added to all 

but  the pr imary standard. Thermal  neut ron- induced 

fission o f  1/2g o f  U produces  9SEt activity equivalent  

to 7.087/2g of  Zr. In order to determine the concen- 

t ra t ion o f  U in the Flint  clay, Ba carrier was added to 

it and to the standard pot  whose U concent ra t ion  is 

4.82 ± 0.44 ppm [7]. No Hf  carrier was added,  H f w a s  

not  de termined and Zr gravimetric yields were not  

verified by re-irradiation in this series o f  analyses. 

Aside f rom these differences,  Zr was de termined  in 

the same way as in the first i rradiat ion and U was 

determined radiochemical ly  through its fission product  

14°Ba. The primary Zr standard was counted  in identical 

geomet ry  to the samples but  wi thou t  any chemical  

processing. No 1S2Eu activity was seen in the spect rum 
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of the primary standard and the activity ratio of  the 
two 9SZr photopeaks in it was within counting statistics 
of  that in the chemically purified samples, indicating 
no interference from l S4Eu. 

3. Discussion 

3.1. A ccuracy and precision 

Analytical  data for all rock standards and meteorites 
are given in Table 1. The U content of  the Flint  clay is 
6.58 + 0.05 ppm and accounts for 9.1% of  its 9SZr 
activity. After correction for this fission contribution,  
the Zr content  of  the Flint clay was found to be 465 
+ 19 ppm compared to the primary ZrOz standard. 
This measurement is in exceptional agreement with 
the NBS certified value which corresponds to 466 + 
22 ppm Zr, justifying our use of  the Flint clay as a 
standard in the first irradiation. Our fission-corrected 
value for the Zr content of  BCR-1 is 173 + 2 ppm. As 
always, however, direct comparison of  this determina- 
tion with literature data is hampered by a wide range 
of literature values, from 110 to 270 ppm [9]. The 
average of  the XRF measurements in [9] is 177 ppm 
and Flanagan [10] quotes a "magnitude" of  190 ppm. 

Based on the data for the standard pot,  the re- 
producibil i ty of  the Zr data is excellent. After cor- 
recting for fission with the U content determined 
in [7], its Zr content was found to be 215 + 3 ppm 
and 214 + 3 ppm in two separate irradiations. 

For the meteorite samples, errors due to counting 
statistics vary from 1 to 6% for 9SZr and from 0.2 to 
0.8% for 181Hf. The high chondritic Zr/U ratio would 
lead to a fission contr ibution of  only 1 -2% to the 
9SZr activity. Consequently, no fission corrections 
were applied to the meteorite data. Taking into ac- 
count all known sources of  error, including uncertain- 
ties due to counting statistics and in the determinations 
of  the yields, we estimate that our Zr and Hf concen- 
trations are accurate to within 10%. Replicate Zr anal- 
yses of  Orgueil, done in separate irradiations, are in- 
distinguishable from one another,  agreeing to within 3%. 

3.2. Comparison o f  meteorite data with previous mea- 
surements 

The Hf values for Allende and Bruderheim in Table 1 
are higher than those of  Ehmann and Rebagay [I 1 ] by 

18-19%. Relative to the Ehmann and Chyi [4] Orgueil 
and Murchison data, our measurements are again high- 
er, this time by 8 -10%.  Our Hf data are always within 
the stated analytical uncertainties of  the values in these 
two papers from the Ehmann group although there is an 
indication of  systematic differences between our two 
laboratories and perhaps between the two sets of Hf 
data from the Ehmann group. A more recent redeter- 
mination of  Hf in Allende by the Ehmann group [12], 
however, is in much better  agreement with our Allende 
value. 

Our meteorit ic Zr data are compared with other 
recent determinations in Table 2. Our carbonaceous 
chondrite data are consistently lower, meteori te for 
meteorite,  than the data of  the Ehmann group. The 
differences between our two laboratories, however, are 
seen to be greater for the earlier papers of  the Ehmann 
group than for the later ones as they have progressively 
revised their data in a downward direction. The 1970 
Allende and Orgueil data in [11 ] are factors of  2.2 and 
3.0 higher, respectively, than in this work. The 1974 
values for Murchison and Orgueil [4] are 35% and 68% 
higher, respectively, than here while the 1975 Allende 
concentration [12] is only 8% higher than ours. The 
most recent determinations of  Zr in Orgueil and Murchl- 
son by the Ehmann group [4] are not within the stated 
analytical errors of  our data. Their most recent Allende 
datum is in agreement with ours. Our value for the L- 
group chondrite Bruderheim is higher than that in [11 ] 
by 29% but the two values are barely within error of  
one another. 

Also seen in Table 2 are the data of  Palme [13]. The 
lower of  his two Zr abundances in Orgueil agrees with 
the data in this work and the higher one is within error 
of  the Ehmann and Chyi [4] data but not  of  our values. 
The Murray determination of  Palme [13] is in agree- 
ment with that of  Ehmann and Rebagay [ 11 ]. 

3. 3. Consistency o f  the data 

Recent work in cosmochemistry [5,6,14] suggests 
that the highly refractory elements were incorporated 
into the different classes of  chondrites in a single com- 
ponent in which they occurred in cosmic proport ion to 
one another. These models lead to the prediction that 
the Zr/Hf ratio should be nearly constant in all classes 
of chondrites. Excluding our data for Alais from this 
discussion for the time being, the mean Zr /Hf  weight 



TABLE 2 

Comparison of recent Zr determinations in meteorites (ppm) 
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Meteorite Ehmann and Ehmann and Ehmann et al., 
Rebagay, 1970 [111 Chyi, 1974 [41 1975 [121 
(-+ 15 - 20%) (-+ 10%) (-+ 5-10%) 

Palme, 1974 [13] 
(-+ 12-  20%) 

This work 
(-+ 10%) 

Orgueil 
lvuna 
Murchison 
Murray 
Allende 
Karoonda 
Bruderheim 
Chainpur 

10, 8.7 5.4, 4.7, 5.3, 5.5 
8.6 

6.4, 5.9 
4.9, 5.5 
10, 11, 11, 12, 14, 17 
11, 9.3, 8.3 7.8, 8.1 
5.1 
7.0 6.4, 6.7 

6.8, 6.0 

3.65, 4.3 

5.5 

3.1, 3.0 

4.6 

5.9 

6.6 

ratio for the meteorites studied here (Table 1) is 31.3, 
with a standard deviation of  7.0%. The relative con- 
stancy of  this ratio in these representatives of  four dif- 
ferent meteorite classes is in agreement with theoretical 
predictions [5] and analytical data for many other 
refractory lithophile elements [15]. For the same classes 
of  meteorites,  we note that the Ehmann group has 
reported a wide range of  Zr/Hf ratios, from 25 to 81. 

Further,  the compilation of  Van Schmus and Hayes 
[16] shows that the atomic abundances of  Ca, A1 and 
Ti relative to Si are 40%, 32% and 38% higher, respec- 
tively, in Allende than in Orgueil and that this refrac- 
tory element enrichment is a general feature of  Viga- 
rano-type C3 chondrites. Table 3 shows atomic abun- 
dances of  Zr and Hf relative to Si determined in this 
work. These refractories are seen to be enriched in 
Allende relative to Orgueil by 27% and 15%, respec- 

tively, suggestive of  the findings in [16] for other re- 
fractories. We believe that our data thus pass an im- 
portant test of  internal consistency. 

3.4. Previous Zr data 

Setser and Ehmann [17] reported 92 ppm Zr in 
W-1 and Ehmann and Chyi [4] reported 107 ppm. 
Both of  these values are within 15% of  the recom- 
mended values of  100 ppm [18] and 105 ppm [10]. In 
retracting the Setser and Ehmann [17] meteorit ic Zr 

data, Ehmann and Rebagay [I 1] at t r ibuted the high 
values in the previous work principally to Eu inter- 
ference but suggested that this effect resulted in a less 
significant error in the higher Zr abundance terrestrial 
rocks. In view of  the fact that the Zr/Eu ratio in W-1 
is essentially the same as in chondrites (95 vs. 81), it is 

TABLE 3 

Atomic abundances of Zr and Hf relative to Si = 1 0  6 in the meteorite samples analysed in this work 

Meteorite Type Si(wt.%) Zr Hf Zr/Hf 

Orgueil C1 10.64 [26] 8.97 0.163 55.0 
Orgueil C1 8.68 - 
Murchison C2 13.39 [27] 10.58 0.165 64.1 
Allende C3 16.00 [28] 11.35 0.187 60.7 
Bruderheim L6 18.7 [29] 10.87 0.168 64.7 

Mean 10.44 0.171 61.1 

Alais C1 9.71 [26] 549 3.69 149 
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difficult to understand why the W-1 Zr data in [4] 
have changed so little since 1964 while their chondrit- 
ic Zr abundances have fallen by a factor of  8. Perhaps 
interference was not the cause of  the high values in 
[17], particularly since Setser and Ehmann [17] deter- 
mined that the half-lives of  their photopeaks matched 
those of  9SZr to within 1%. 

Ehmann and Chyi [4] stated that their new meteor- 
itic abundances are consistent with their previous Zr 
data for the same meteorites [11]. The only exception 
to this was their Orgueil data for which they suspected 
that their earlier sample was contaminated. Yet, Table 
2 shows that their old Orgueil value was in good agree- 
ment with the Ivuna value in [11] while the new Or- 
gueil value is now 40% lower than Ivuna. Thus, either 
both Ivuna and Orgueil were contaminated such that 
similar Zr contents resulted coincidentally or some of  
the Ehmann and Rebagay [11] data are systematically 
too high. Indeed, other evidence exists that the latter 
may be the case. The only other meteorites analysed 
in both [4] and [11] are Karoonda and Chainpur. As 
pointed out by Ehmann and Chyi [4], the Zr content 
reported for each of these meteorites in [4] is within 
error of  its value in [11 ]. As seen in Table 2, however, 
for both meteorites, every value reported in [4] is 
lower than every value in [11]. Also, the updated 
Allende determination in [12] is again lower than in 
[111. 

It appears that the abundances of  Zr and Hf in the 
solar system, based on the data presented here for 
Orgueil, are 9.0 and 0.16 atoms, respectively, per 106 

Si atoms. At the same time, it is recommended that 
these values be confirmed by several other laboratories 

3.5. Previous estimates o f  the solar system abundances 
o f  Zr and H f  

In Table 4, we compare our C1 values for Zr and Hf 
with the estimates of  other workers. Ehmann and 
Rebagay [11 ] determined the abundances of  Zr and 
Hf in Orgueil and Ivuna and found a Zr/Hf atomic 
ratio of  55. In compiling his table of  the abundances 
of  the elements in the solar system, Cameron [2] 
adopted the mean of  the CI data summarized by Eh- 
mann and Rebagay [19] for Zr. He considered the C1 
Hf data of  Ehmann and Rebagay [11 ] to be too high 
and computed the Hf abundance by dividing the 
Ehmann and Rebagay [11 ] Zr data by "the average 
chondritic Zr/Hf ratio". This weight ratio appears to 
be consistent with the Zr/Hf atomic ratio of  Cameron 
[20], 124, which was adopted from the Suess and 
Urey [21 ] value which, in turn, is heavily dependent 
on the work of  Von Hevesy and Wtirstlin [22,23]. 

Suess and Zeh [24] also considered the Ehrnann 
and Rebagay [19] C1 Hf value to be too high because 
its resulting cosmic abundance is unusually high com- 
pared to its neighboring elements. Suess and Zeh [24] 
suspected that the Zr figure in [19] is also overabun- 
dant by the same factor because they felt that these 
data exhibited the "well-known abundance ratio of  Zr 
to Hf". Consequently, they adopted the Ehmann and 
Rebagay [19] Zr and Hf concentrations in C2 chon- 

TABLE 4 

Comparison of estimates of the abundances of Zr and Hf in the solar system 

Estimate Concentration * in C1 chondrites 

Zr (ppm) Hf (ppm) 

Atomic abundance relative to Si = 10 6 

Zr/Hf weight ratio Zr Hf Zr/Hf atomic ratio 

Ehmann and Rebagay I 11 ] 9.0 0.32 
Cameron [2] 9.0 0.14 
Suess and Zeh [24] ** 
Ehmann and Chyi [4] 5.2 0.10 
W/inke et al. [25] 4.1 0.14 
This work 3.1 0.11 

28 26 0.47 55 
63 28 0.21 124 

13 0.22 59 
52 15 0.15 100 
30 12 0.21 57 
28 9 0.16 55 

* Italicized values are analytical determinations. 
** Based on data for C2 chondrites. 



drites for their abundance table because they are lower 

than the C1 data in [19] by a factor of 2.1 and the 
Zr/Hf ratio is nearly the same in both, 28 vs. 31. 

As a result of their redetermination of Zr and Hf in 
Orgueil by a newer technique, Ehmann and Chyi [4] 
recommended the values 5.2 -+ 0.5 ppm Zr and 0.10 -+ 
0.01 ppm Hf, corresponding to a Zr/Hf atomic ratio of 
100. In so doing, the Ehmann group lowered their 
previous Zr value by more than 40% and their Hf value 
by more than a factor of three. The only other recent 

Zr determination in Cl's is that by Palme [13] as re- 
ported in W~inke et al. [25]. He obtained 4.1 ppm Zr 
in Orgueil and W/inke et al. computed the Hf content 

by dividing his Zr concentration by a Zr/Hf weight ratio 
of 30. This choice of the Zr/Hf ratio seems to have 

been influenced by Suess and Zeh [24] and the re- 
sulting Zr value is 21% lower than the Ehmann and 
Chyi [4] value. The agreement between the derived 
Hfvalues in [25] and [2] is seen to be fortuitous. 
W~inke et al. [25] began with a Zr value lower than 
that used by Cameron [2] by slightly more than a factor 

of two and divided it by a Zr/Hf ratio which was also 
lower than his by a similar factor. The Hf concentra- 
tion reported for Orgueil in the present study confirms 
the value reported by Ehmann and Chyi [4] but our 
Zr value, like that of Palme [ 13], suggests a still lower 
abundance than theirs. It is again fortuitous that our 
Zr/Hf ratio agrees with that of Ehmann and Re- 
bagay [ 11 ] because both our Zr and our Hf concen- 
trations are a factor of three lower than in that study. 

3.6. A lais 

Our determinations of the Zr and Hf concentrations 
in the C1 Alais have been purposely ignored in the 
previous discussion. These elements are enormously 
enriched in our Alais sample compared to Orgueil, a 
factor of 54 for Zr and 21 for Hr. The resulting Zr/Hf 
ratio is much higher than in our other four meteorites. 
These are not the only refractory lithophile elements 
which have been found to be enriched in Alais. Gross- 
man and Ganapathy [6] showed by INAA that another 
sample of this meteorite, also from the Field Museum, 
is enriched by factors of 21, 16, 1.8 and 10 -80  in Ta, 
Hf, Sc and rare earths, respectively, relative to Orgueil. 
In addition, they observed that the siderophiles and the 
volatile lithophiles Na and Mn are depleted in that 
sample by factors of 2 - 4 .  We do not understand what 
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caused this complex enrichment and depletion pattern 

but it is clear that samples of Alais from the Field 
Museum should be used with caution in measurements 
of the cosmic abundances. 
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