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FOREWORD 

The CODIIlittee on Nuclear and Radiochemistry is one of a number of 
CODIIli ttees working under the Board on Chemical Sciences and Technology 
of the CoDIDiss ion on Phys ical Sciences , Mathematics , and Resources of 
the National Academy of Sciences--National Research Counc i l . I ts 
members are drawn from academic , industrial , and government laborator ies 
and represent the areas of nuclear chemistry , radiochemistry , and 
nuclear medicine . 

The CODIDi ttee has concerned i tsel f with those areas of nuclear science 
which involve the chemis t ,  such as the col lection and distribution of 
radiochemical procedures , special ized techniques and instrumentation , 
the place of nuclear and radiochemistry in col lege and un ivers i ty 
programs , the training of nuclear and radiochemists , radiochemistry in 
env ironmental science , and radionucl ides in nuclear medicine . A major 
interes t of the Committee is  the publ ication of the Nuclear Science 
Series of monographs on Radiochemistry and on Radiochemical 
Techn iques . In 1 982 a thi rd series on Nuclear Medic ine was initiated . 

The Committee has endeavored to present monographs that will  be of 
maximum use to the working scientist . Each monograph presents pertinent 
informat ion requi red for radiochemical work w i th an indiv idual element 
or with a special ized techn ique or w i th the use of rad ionucl ides in 
nuclear medicine .  

Experts i n  the var ious subjects have been recrui ted to wr ite the 
monographs . The U . S .  Department of Energy sponsors the print ing of the 
ser ies . 

The current monograph is one of the series on Radiochemical Techn iques 
which grew out of the need for compilations of spec ial ized techn iques 
and instrumentat ion in th is field . The C011111 ittee is confident these 
publ icat ions will be useful not only to nuclear and radiochemists but 
also to research workers in other fields such as phys ics , biochemistry , 
or nuclear medicine who wish to use rad iochemical techn iques to solve 
specific problems . 

Edward S .  Mac ias , Chai rman 
Commi ttee on Nuclear and Radiochemistry 

Ui 
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IIITRODUCTION 

A 

RAISON D ' ETRE AND OVERV I EW 

In lunar and terrestrial rocks and in meteor ites , the rad iochemical 

neutron activation method described here enables determination of the 2 1  trace 

and ultratrace elements Ag , Au , Bi , Br , Cd , Cs , Ga , Ge , I n , I r ,  Ni , Os , Pd , Rb , 

Re , Sb , Se , Te , Tl , U ,  Zn , as wel l as 1 3  rare earth elements ( REE ) , Sc and Y .  

The Apollo lunar sample program st imulated the i n i t ial development of 

this analyt i cal procedure . Previous work on meteori tes had focussed interest 

on two groups of trace elements - s iderophiles and volat i les - and these were 

expected to eluc idate both the Moon ' s  origin and its history of meteor i te 

bombardment .  I n  the 1960 ' s  these elements in meteori tes were general ly 

measured a few ( 1 to 4 )  at a t ime . The imminence of the lunar program 

provided an incen tive to develop mul t i -element procedures , both to conserve 

rare mater ial and to permit  more prec ise determinat ion of interelemen t 

ratios . For many ( mainly l i thoph ile ) elements , instrumental neutron 

activat ion analysis ( INAA ) was satisfactory , but for most of the s iderophile 

and volatile elements - with abundances in the range of 10-g to 1 0_12 g . g-1 -

only rad iochemical analysis ( RNAA ) possessed the requ ired sens i t i v i ty and 

prec is ion . Accordingly , a comprehens ive scheme for the s imul taneous 

determinat ion of up to 20 elements was developed at Chicago , starting in 1 968 

( Keays et al . ,  1 974 ) .  The method proved extremely useful for many stud ies 

other than lunar ( Morgan , 1 977 ) . More elements of interest were added wi thout 

changing the bas ic  structure ( Gros et al . ,  1 976 ) . Availab i l ity of high 

resolution sol id state detectors relaxed the requi rement of ult imate 

radiochemical pur ity for those rad ionucl ides w i th useful gamma- or X-ray 

l ines . Although the procedure worked well and was used to analyze several 

1 
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hundreds of lunar, meteor i t ic and terrestr ial samples, it was labor ious, 

requir ing 3 or 4 chemists in the early stages to recover the shorter-lived 

radionuclides. Also, the separations had become convoluted due to graft ing on 

of add it ional elements . The procedure therefore was systematically redesigned 

between 1 977 and 1 979 . Where possible, precipitat ion and solvent extraction 

procedures were replaced by ion exchange steps that were themselves thoroughly 

optimized to give expeditiously higher yields and more rigorous 

decontaminat ion . The new procedure as described below may be applied to up to 

1 6  samples (including controls ) by two chemists with some part-time ass istance 

during the first few days . Using a thermal neutron flux of 1 01� n. cm- 2 sec-1 

or better, sensi t ivities fal l  in the following ranges ( in ng ) :  

1 0 2 - 1 01 Ni 
1 01 - 100 Rb 
1 00 - 1 0-1 Br 
1 0-1 - 1 0- 2 Cs, Ga, Se, Te, U, Zn 
1 0- 2 - 1 0-3 Ag, Bi, Cd, Ge, In, Pd, Sb, Tl 
1 0-3 - 1 0-� Au, I r, Os 
1 0-� - 1 o-s Re 

Radiochemical yields are generally determined gravimetr ically for the 1 5  

elements having sui table stoichiometric precipi tates; for the remainder, 

recoveries are assayed by re- irradiation or, in the case of Cs and Rb, by 

addit ion of Cs137 rad ioact ive tracer . 

The precision of the method is generally 1 0J or better for abundances well 

above the l imit of detect ion with reasonably homogeneous samples (as shown for 

example in Morgan, 1 977 ) . In favorable cases, as with the H-chondrite work 

descr ibed in a later section, the precis ion has allowed differences in 

elemental ratios as small as 5 to 1 0J to be demonstrated ( Morgan et al . ,  

1 985 ) . The results of repl icate analyses l isted below give an idea of the 

precis ion that may real istically be expected: 

2 
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Orgueil( a )  Allende( b )  BCR- 1 ( c ) 
mean a( J )  mean a ( J )  mean a ( J ) 

Re 38 ppb 1 1  68 ppb 8 0 . 82 ppb 5 
Os 532 ppb 9 833 ppb 8 :s 2 ppt 
Ir 466 ppb 5 776 ppb 5 1 .  7 ppt 35 
Pt 920 ppb 7 
Pd 535 ppb 9 705 ppb 1 2  :s 0. 2 ppb 
N i  1 . 1 QJ 5 1 . 42J 5 9 ppm 1 1  
Au 1 36 ppb 1 9  1 37 ppb 7 0 . 52 ppb 30 
Sb 1 82 ppb 1 6  74 ppb 7 565 ppb 8 
Ge 32. 4 ppm 4 1 5. 3  ppm 1 5  1 . 52 ppm 6 
Ag 223 ppb 1 1  9 1  ppb 2 24 ppb 4 
Se 1 8. 0  ppb 3 8. 1 ppm 7 79 ppb 3 
Te 2. 2 ppm 4 0 . 96 ppm 5 5 ppb 3 1  
Zn 303 ppm 3 1 1 3 ppm 1 1 3 1 ppm 3 
Sn 1 .  7 1  ppm 1 1  
Br 3. 6 ppm 1 6  1 . 52 ppm 3 56 ppb 9 
In  74  ppb 5 30 ppb 50 93 ppb 7 
Cd 7 1 1 ppb 6 474 ppb 2 1 39 ppb 7 
Bi  1 03 ppb 1 4  45 ppb 4 45 ppb 3 
Tl 1 5 1  ppb 5 59 ppb 2 280 ppb 3 
Rb 1 . 93 ppm 1 9  1 . 04 ppm 8 47 ppm 5 
Cs 1 83 ppb 3 92 ppb 1 5  958 ppb 6 
u 1 4  ppb 9 

a} New data of Bbibara et al . 1 912, based on 4 repl icate anal yses . 
b) Data su.marized by �akahasbi et al . 1 9 71, based on up to 6 repl icate 

anal yses. 
c) COntrols run since Keays et al . 1 974, based on 1 5  replicate anal yses ; 1 2  

a t  Chicago and 3 a t  USGS, Reston . 

CHOICE OF ELEMENTS 

In designing this procedure, elements were chosen pr imar i ly to inform 

about planetary processes or fractionation in the early solar system; ease of 

analys is was a secondary issue . This represents a fundamental difference from 

the widely-used INAA technique, where the sui te of elements is governed 

chiefly by the presence of prominent photopeaks and less by the problems to be 

solved . For the most part, the elements selected for RNAA are not access ible 

by INAA . [ Nonetheless, a prel iminary INAA before RNAA on the same sample 

provides useful complementary information . )  

3 
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Volatile elements 

Volati l i ty ,  in the present context, refers to condensation temperature 

from a cool ing gas or solar composit ion ( predominantly H2 ) as calculated from 

thermodynamics ( Grossman and Larimer , 1974; Wasson , 1985). The highly 

volat ile elements have condensation temperatures for pressures about 1o-s atm . 

between 400 and 500K and include Tl, Cd, Bi , In , Pb ( and Cs? ) .  These elements 

are very var iable in chondr i t ic meteor ites and are potentially useful 

cosmothermometers. Lead was not included in the present suite or elements 

because or poor neutron act ivat ion sens i t ivity . A second group or moderately 

volat i le elements condenses in a range between 600 and 11 00 K ( just after the 

condensat ion or metall ic FeNi at 1200-1300 K). This group comprises such 

elements as Zn, Se, Te, Br, Ga , Rb; the s iderophile elements Ge and Sb also 

condense within this temperature range . The moderately volatile elements 

characteristically tend to be depleted as a group in any given planetary body 

or meteor i te; and in chondr i tes they show significantly less var iab i l i ty than 

the highly volatile elements . 

Siderophile elements 

Elements character ized as s iderophile& condense as free metals, and 

therefore end up in the most abundant metal phase, FeNi, regardless or 

condensat ion temperature . Thus, s iderophile elements cover a wide range or 

condensation temperature and may be crudely div ided into three groups on this 

bas is, depending on whether they come out or a cool ing gas phase before, 

s imultaneously with, or after metall ic FeN i . The refractory siderophile 

elements analyzed include Os, Re, and Ir; Ru, with a condensation temperature 

s imilar to Ir, could be added in principle, but in lunar samples or low Ru 

content, the Ru activity from U fiss ion becomes troublesome . The "normal" 

4 
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siderophiles accompanying metall ic Fe during condensation include Rh, Ni , Co ,  

Pd , and Au . Because or the very short half-l ife or the nucl ides produced by 

neutron activat ion, Rh was not included in the sui te or elements . Cobalt , 

formerly included in our RNAA procedure (leays et al., 1 974), may be 

determined conveniently by INAA if required . I t  is not as siderophile as the 

other elements l isted, however , and for many purposes is less informative . 

The volatile siderophile elements condensing after Fe include Ge and Sb , with 

condensation temperatures corresponding to the "moderately volatile" non­

s iderophile elements d iscussed above . 

Incompatible elements 

These elements do not fit eas ily into the lattice or many rock-forming 

minerals, ei ther because or h igh ionic charge ,  as in the case or U, or large 

ionic  size , as with Rb and Cs. These elements are sens i tive indicators or 

igneous fract ionat ion processes and were therefore included in the RNAA 

procedure; they are particularly useful when used with REE and other data. 

As ment ioned earl ier, REE can be included in the RNAA procedure for levels 

beyond the sens itivity or INAA. Detailed methods for REE are available 

elsewhere ( Laul , 1979; Wandless and Morgan, 1 985 ) .  The present procedure 

describes step-by-step separations only for the first 21 elements l isted in 

the title. 

APPLICATIONS 

Sol id solar system mater ial has undergone one or more or the following 

processes: condensation and accret ion from the solar nebula ; large scale 

planetary differentiation, includ ing separation or a FeN! metal core; magma 

format ion by partial mel ting or planetary mantle; igneous emplacement and 
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fractionation by crystall ization; modification by weathering , metamorphism ,  

recycl ing , �. etc . An important part of any study is to determine which 

of these processes apply to the subject mater ial , and how they affected it . 

Chondr ites 

These meteor ites are the most abundant type seen to fal l  and are the 

least fractionated , having undergone only superficial changes s ince formation 

- . 6  x1 0' years ago. The name is derived from mill imeter-s ized globules of 

s ilicate called chondrules that all except one chondr ite class contain. 

Oos•1c abundances 

Many lines of evidence converge to ind icate that the C 1  chondr ites are 

the most pr imit ive , least fractionated chondr ite class. Unl ike other 

chondrites , they contain no chondrules , but are r ich in volatiles , organ ics 

and H20. Analysis of several d ifferent specimens of the 3 avai lable C1 fal l s  

(Kr&henbuhl et  al . ,  1973; Ebihara et  al . ,  1 982) combined with known isotopic 

abundances has pinned down important areas of the cosmic nucl ide abundance 

curve . In combination with critically evaluated l iterature values for other 

elements , these data have provided the bas is for a revised cosmic abundance 

table ( Anders and Ebihara , 1 982). Cosmic abundances are of importance to 

nucleosynthetic models , and provide a valuable basel ine for understanding 

cosmochemical and planetary fractionation. 

carbonaceous chondrites 

The fine structure of trace element patterns reveals no evidence of 

nebular fractionation in C 1  chondrites. Hydrothermal transport on scales 

between em and km may be responsibl e ,  however , for internal abundance 

variations of a few elements such as Br (Ebihara et al . ,  1982). Nonetheless , 

the C 1  chondr ites remain the best available sample of unfractionated sol id 
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solar system mater ial . Other C-chondr ites show progress ively less aqueous 

alteration, increas ing presence of high temperature minerals ( pr incipally in 

the form of chondrules ) and are divided on this bas is into C2, C3 (and C4 ) 

types . Most C2 chondr ites are denoted C2M ( after Mighei, the type 

specimen ) ;  they contain about 50� chondrules i n  a fine-grained volati le-r ich 

matrix . The trace element pattern reflects this . Elements with high 

condensation temperatures ( > 1 200 K )  show no depletion , but volatile elements 

( <800 K )  are uniformly depleted by a factor of 0 . 48 , a value close to the 

plan imetri cally-determined matr ix content of 0 . 50 (Wolf et al . ,  1 980 ) .  The C3 

chondr ites fall chiefly into V igarano ( C3V ) and Ornans (C30) groups . Volat ile 

elements are depleted by a factor of 0 . 25 - more than would be expected from 

matr ix content ( 0 . 43 in C3V and 0 . 37 in C30 ) ( Anders et al . 1 976; Takahashi 

et al . ,  1 978 ) . Apparently the C3 matr ix rece ived var iable amounts of volatile 

elements due to dust-gas fractionation in the solar nebula . 

H-Group chondri tes 

Precise s iderophile analyses demonstrate conclus ively that the 

petrological types H3 to H6 ( numbers increas ing with degree of metamorphism )  

do not form an isochemical metamorphi c  ser ies; rather, the H3 ' s  are depleted 

relative to other types by 1 0� not only in Fe but also in the siderophile 

elements Os , Re, I r, Ni, Au, and Pd ( Morgan et al. ,  1 985 ) . The highly 

volatile elements Cs, Br, Bi, Tl , In, Cd decrease in abundance by • 1 0- 3  

pass ing from H3 to H6 , as also shown for L-chondr ites ( Keays et al . ,  1 97 1 ) .  

The trends do not resemble those expected for metamorphic loss, but appear to 

be a primary feature derived from nebular condensation, perhaps with gas-dust 

fractionation . 
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•nstatite chondrites 

Enstatite chondr ites , l ike other chondrites , are apparently nebular 

condensates; but their highly reduced nature suggests unique cond itions in 

the region or the solar nebula where they formed . These meteor ites are 

divided into a high-iron ( EH )  group , compr ising the E4 ' s  and a low - iron (EL ) 

group cons isting of ES ' s  and E6's. The EL and EH groups contain s imilar 

amounts or refractory s iderophiles Re , Os , Ir at approximately Cl levels ,  

suggesting that both groups received a full complement or high-temperature 

early condensate . For elements more volatile than Ni , however , the EL group 

has abundances consistently lower than EH; 

element volatil ity ( Hertogen et al . ,  1 983 ) . 

the d ifference increases with 

The d istr ibution or volatile 

elements agrees well with that expected from metamorphism ,  judg ing from 

heating exper iments ( Binz et al . ,  1 974 ) . A s imilar compar ison with 

condensation is hampered by the lack of thermodynamic data for the unusual 

trace element host phases in enstatite chondrites . 

Achondr ites 

Unl ike the chondr ites that are thought to be nebular condensates , the 

achondr ites appear to have formed on parent bod ies by igneous different iation 

or primitive chondr ite-l i ke mater ial . In particular , the achondr ites 

themselves tend to be low in Fe-Ni metal and siderophile elements , even though 

associated occasionally as brecc ias with massive meteoritic iron . 

!Ucrites and diogenites 

These achondr ites are unequivocally igneous in origin , though most 

specimens have suffered subsequent impact brecciation . The frequent 

occurrence of eucr ites and d iogenites intimately mixed in impact breccias 

( howard ites ) suggests , along with other l ines or evidence , that these 
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meteorites were derived from the same parent body . Similarities in trace 

element distribution support this v iew . The trace element pattern strongly 

reflects planetary differentiation, showing severely depleted s iderophi le 

element abundances as a result of core formation of the parent body ( which may 

be the asteroid Vesta ) . Abundances of volatile elements ( Rb ,  Cs , Br , Bi, Tl ) 

relative to such refractory elements as REE and U are very low, suggesting 

that the eucrite parent body is as volatile-poor as the Moon (Morgan et a1., 

1 978; Wolf et al . ,  1 983 ) . 

Aubrite• 

These enstatite achondrites are undoubtedly related to the E-chondr ites 

as illustrated by s imilar ities in mineralogy and a common un ique oxygen 

isotope signature . It has been suggested that the aubr ites may actually be 

nebular condensates rather than igneous d ifferentiates but trace element data 

suggest otherwise . The siderophi le elements pattern is typically that 

resulting from planetary d ifferentiation; correlat ion between volatile and 

non-volatile s iderophi le elements indicate that the overall s iderophile 

depletion results from metal separation rather than incomplete condensation 

(Wolf et al . ,  1 983 ) .  The low ratio of volati le to non-volatile l ithophile 

elements suggests that aubrites may have been der ived by igneous processes 

from parental mater ial resembl ing the EL chondrites . 

Ureilite• 

These unusual meteorites consist predominantly of ol ivine and 

cl inopyroxene of cumulate orig in, shot through with carbon-r ich veins 

containing Fe-Ni metal and shock-induced d iamonds . Analys is of bulk ure il ites 

(Higuc�i et al . ,  1 976 ) and vein separates ( Janssens et al . ,  1 987 ) shows that 

the siderophile and volatile elements occur predominantly in the ve in 

material , wh ich possesses a metal phase with an unusually high ( Os, I r, Re ) /Ni  
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ratio ; a second metal phase , poor in Os, Ir, Re is associated with the 

ultramafic rock . The high Os, Re, I r  in vein metal is accompan ied by high Ge, 

a volatile siderophile element; thus the trace siderophile pattern is not due 

to nebular condensation but to fractional crystall ization of metal . The 

volatile element pattern suggests that the ureil ites formed by a multistage 

process from mater ial akin to C3V chondrites . 

The Moon 

The Moon's crust is predominantly composed of the l ight-colored 

anorthos ite of the highlands and the dark mare basalts . Comparison of these 

igneous rock types with analogous terrestrial and meteor itic rocks can place 

tight constraints on lunar compos ition . Not all lunar rocks are igneous, 

however . To a far greater extent than on Earth, lunar geology has been 

determined by impact processes, the products of which include melt rocks, 

breccias and the comminuted lunar soil . 

Igneous rocks 

Lunar mare basalts and fresh terrestrial ocean ridge basalt glasses 

( Hertogen et al . ,  1 980 ) have essent ially identical volatile trace element 

patterns, suggesting that both bod ies assumed their volatile content from a 

similar source, and that the Moon is not the product of some cosmically un ique 

event (Wolf et al . ,  1 980 ) . The lunar basalts are lower in average volatile 

content by a factor of 0 . 026, however, indicating that the Moon acquired 

sign ificantly less volat ile-r ich component than d id the Earth . Marked 

s iderophile depletion in mare basalts relat ive to terrestr ial analogues 

reflects the low f02 in the lunar source region and the secondary enr ichment 

of the Earth's mantle in these elements ( K imura et al . ,  1 974; Morgan, 1 986 ) . 
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Comparison of lunar highland anorthos ites with Ca-r ich anorthosites from 

the layered Fiskenaesset , Greenland complex shows surpr isingly uniform 

volatile contents (when normal ized to C 1 -chondr ites ) ;  again with the lunar 

rocks showing a relative depletion s imilar to that seen in basalts 

( Morgan et al . ,  1 976 ) . 

Iapact breccias 

The lunar highlands are predominantly composed of melt-r i ch brecc ias 

chiefly derived from bas in-forming collisions and large crater ing impacts in 

the first 600-700 m . y .  of the Moon ' s  history . S iderophile and volatile 

elements in the breccias reveal characteristic patterns with selenographic 

groupings that seem to be associated with specific large impacts 

( Hertogen et al . ,  1 977 ) . The compos ition of the coll iding planetes imals shows 

a secular trend in which the most "moon-l ike" volatile-poor bodies fell  

earl iest and compositions became increas ingly refractory-poor with time . This 

sequence may reflect the sweep-up of moonlets in Earth orbit during tidal 

recession of the Moon .  

Lunar soils 

The continuous comminution of the lunar surface by impacts in many s ize 

ranges leads to a uniform cover ing of finely-d ivided mater ial . In mare 

regions , where the target rocks are basalts low in siderophile and volatile 

elements, the enrichment of these elements seems largely due to a constant 

rain of micrometeor ites . The s iderophile-volatile pattern approx imates that 

of Cl chondr ites , and abundances reach a saturation level of 1 . 5 to 2 . 5J Cl; 

this component may be of cometary origin ( Horgan et al . ,  1 977 ) . 
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Earth 

Terrestrial studies based on sideroph ile and volatile trace elements have 

focused on three topics: compar ison or basalts and anorthos ites with lunar 

and meteoritic analogues , as discussed above; abundances in ultramafic 

xenoliths and in the upper mantle; and, character ization or bodies 

responsible for large impact craters . 

Ultraaaf1c nodules 

The upper mantle is sampled by nodules (or xenol iths ) or per idotite that 

are brought to the surface in kimberl ite d iamond pipes or in basaltic 

eruptions . The accretionary history or the mantle is hinted at by inferred 

mantle abundances , which fall into three groups (Morgan and Wandless , 1 979; 

Morgan et al . ,  1 980 , 1 98 1 ;  Horgan , 1 986 ) ;  highly s iderophile elements ( Os ,  

Re , I r ,  Pd , Au , Re ) 0 . 007 x Cl and chalcogens (S , Se, Te ) 0 . 003 x Cl; 

moderately s ideroph ile elements ( N i , Co ) 0 . 2  x Cl and (Ge ) 0 . 03 x Cl; and 

volatile elements ( Zn )  0 . 2  x Cl , ( other volatile elements are lower ) .  

Although the highly s iderophile elements in the mantle are markedly depleted 

relative to chondrites , their abundances are about 1 03 t imes larger than 

expected for sil icate in equil ibrium with a metal phase . The moderately 

siderophile elements are less depleted , and the ir  ratio to highly s iderophile  

elements , exemplified by N i / I r , is much higher than the range in chondrites , 

suggesting some unusual fractionation process dur ing core formation . In 

addition , the low ratio or Ge ( a  volatile moderately s iderophile element ) to 

Ni and Co indicates a volatile-poor source for these elements . The following 

scenario explains these (and other ) observat ions , but perhaps not un iquely . 

Apparently the Earth initially accreted from volatile-poor ,  chondr ite-like 

material that was suffic iently reduced for Ni , Co , Ge and the highly 

s iderophile elements to be entirely in a d isseminated metal phase . At later 
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stages , more oxid ized carbonaceous mater ial accreted , introduc ing increas ing 

amounts or volatile elements . Concomitantly, partial ox idation or metal 

released some 20J or Ni and Co from the metal to the s i l icate phases , while 

about 80J or these elements and all or the highly s iderophile elements 

remained in rel ict metal . Core formation removed metal and sulfide ( s ince Fe­

Ni and FeS form a low melting point eutectic) , completely str ipping the mantle 

or highly s iderophile elements and chalcogens and also removing 80J or Ni and 

Co . A late influx of planetes imals of chondritic compos ition during the first 

600 m . y .  or Earth ' s  history , consistent with that observed on the Moon, 

introduced the present mantle abundances or the highly s iderophile elements 

and chalcogens . 

I•pact craters 

Because or the atmosphere and plate tectonics, impact geology may be less 

important , and is certainly less vis ible , on Earth than on the Moon . Large 

(> 1 km d ia )  terrestr ial impact craters or widely varying ages and s izes do 

exist , however , and in some cases, the projectile can be identified from its 

chemical "signature" . Such stud ies provide "ground truth" for lunar crater 

investigations , and offer ins ight concern ing the compos ition or large objects 

not represented in museum meteorite collections . 

Nevertheless , high terrestr ial crustal levels or s iderophile and volatile 

elements make the character ization or the impactor more difficult on Earth 

than on the Moon .  I n  add it ion , under ox idizing terrestrial cond itions , such 

elements as Re , Se , and Ge may be lost by volatil izat ion dur ing impact , and by 

weather ing at very old craters . Extensive stud ies lead to the following 

conclusions ( Morgan et al . ,  1 975, 1 979; Palme et al . ,  1 979, 1 98 1 ;  Janssens 

et al . ,  1 980; Wolf et al . ,  1 980; Morgan and Wandless , 1 983 ) . At craters 

where discrete samples or the project ile ex ist ( e . g . , Wabar and Meteor 
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Crater ) ,  the ir trace element signatures match those in crater ejecta, 

confirming the val idity of the method. Elsewhere, a meteoritic s ignature is  

most commonly found in the melt rock sheet, when this is access ible . Such 

stud ies resolved a long-stand ing paradox: whenever meteor ite fragments are 

found at a crater invar iably they are irons ( or stony irons ) ,  although among 

observed falls irons are outnumbered by stones 1 3: 1 . This inbalance began to 

disappear when craters lacking meteorite fragments were examined for chemical 

traces of the projectile; several appear to have been made by stones , both 

chondrites and achondrites . The absence of stone meteor ite fragments at 

craters seems to reflect merely their faster weathering rate and low crush ing 

strength . 

NUCLEAR DATA 

The relevant data for the 2 1  pr incipal elements measured in this procedure 

are given in Table 1 .  The most l ikely interferences are also l isted . 

IRRADIATION 

I rrad iations are made in batches generally cons isting of 1 2  samples with 

appropriate standards; more samples ( up to 1 7 )  are irrad iated when fewer 

elements are sought . Number 1 2  or 1 7  always is a reference sample of known 

compos ition, such as Columb ia River Basalt BCR- 1 ,  or Al lende C3V chondr ite 

( standard sample of U . S .  National Museum ) . For sample sets of very diverse 

compos ition, both standards are included . Most runs use the National Bureau 

of Standards reactor in Wash ington, D.C . ,  which yields a dose of -2 x 1 0 20 n 

in a 1 0-day irrad iation . Samples contain ing high abundances of these 

elements, ( e . g . ,  chondritic meteor ites ) are irrad iated for shorter periods at 

a lower-flux reactor ( 5  x 1 013 n/cm2 sec. ) . 
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ross 
Stable Isoto) Section Isotope (I abundance barns produced 

Au197 (lOO) 98 . 8  Au1sa 
Aglot (48 .  65) 3. 2 Ag11o• 

81209 (lOO) 0 . 01 5  81210 
Bru (4 9 . 46) 3 . 26 Braz 

Cdlllt (28 . 86) 1 . 1 Cd115 

0. 14 Cdlu• 

cs111 (lOO) 30 Csll'+ 
Ge70 (20 . 55) 3 . 2  Ge'l 
lnlll (4 . 23) 8 . 0  lnll'+• .... lrUl ( 3 7 . 3) 910 1r1s2 VI 

N151 (67 . 76) 4 . 4  N1st 
osuo (26.  4) 4 0S191 
Pdl02 (0 . 96) 4 . 8  Pdlol 
RbiS ( 72 . l 5 )  0 . 9  Rblfi 

Reus ( 3 7 . 07) 105 Rella 
Sb123 (42 . 75) 3 . 3 Sb12'+ 

Se''+ (0 . 8 7) 30 Se15 

sn112 ( 0 .  96) 1 . 2  snul 
Snlu (l4 . 2) 0 . 006 sn111• 
re122 (2 . 46) 1 . 0  Telu• 
Tl203 (29 . 5) 1 1  T120it 
uus ( 0 .  72) 579 (n,f) reuz 
wuo (O . l 3) 10  wu1 
zna'+ (48 .  89) 0 . 82 znas 

Table 1 .  Nuclear Data 

Half-11fe 
(dece.y mode) 

2 . 696 d (8-� 252 d (8-
5 . 0 1  d (8-� 35 . 34 h (8-

53 . 4  h (8-) 
44 . 8  (8-) 

2 . 062 y (8- � 
1 1 . 2  d �EC 
49 . 5 1  d IT ,EC) 
74 . 2  d 8-) 

7 .Sx!O• y rC� 15 . 4  d 8-
17 .0  d EC� 18 . 8  d 8-
90 . 6  h �:=� 60 . 2  d 

1 18 . 5  d (EC) 

1 15 . 1  d ml 14 . 0  d 
1 19 . 7  d 

3 . 77 y (8-
78 h �8-

121 d EC) 
244 . 1  d (EC) 

y-energy (keV) (I abundance) Interferences 

41 1 . 8  (95') Hgua (n,p) 
657 . 6  (96') CdllO (n,p) 

lnlu (D, CJ) 

554. 2 (66') Kraz (n,p) 
619 . 0  (4nJ Rbas (n, CJ) 
335 . 0  (In115•, 4 . 5b) uus (n,f) 
527 . 7  (2") 
934. 1 (l. ") lnlu (n,p) 

1289 . 9  ( 0 . ") Snlu (D, CJ) 
796 (8")-802 ( 7') Ball'+ (n,p) 

Ga x-re.y Se''+ (n, CJ) 
190 . 2  (l�J . 558. 2 , 725 . 1 Snll'+ (n,p) 
316 . 5 (8nJ 
468 (4ft) 

Co x-re.y 
129 . 4  (25,) 

Rh x-re.y 
1076 . 6  (8.nJ sru (n,p) 

yu (D, CJ) 
137 f") 0s11 1 (n,p) 
602 . 7  (9�) Telzot (n,p) 

1691 (50.) 1127 (n, CJ) 
136 (5�) Kr11 (n, CJ) 
264 . 6  (60.) 
391 . 7  (InlU•, l.6b) 
158 . 4  (83') Te12o (D, CJ) 
158 . 8  (8") Xelu (n, CJ) 

Hg x-re.ys Pb2oot (n,p) 
230 (0') 

Ta x-re.ys 
1 1 1 5  (49') 
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In, Te, 
Tl, I r, 

Sam le + carriers in Zr-cruc ibles 

-fusion Na202 /NaOH 
-dissolut ion 
-+Na2S 
-+Fel+ carrier 

Ag, Au, 8i, Cd, Co, Cu, In, I r  
N i , Tl, Zn, Os, REE, ( Te ) ,  ( Sb )  

I 
soln: 

I 
Fe, Zn, 
Au, Ni,  

_I_ 
c 

0 

L 

u 

M 

N 

A 

-distillation • Oa 
-conversion to Cl-

I 
3 H HCl-0. 08 H HF �: AgCl • Ag 

Cd, 8i, Pd, 
Co, Cu, REE 

-3 . 5  H HCl + HF 

-3 . 5  H HCl + In, 

-0 . 5  H HCl + Te, 

-0 . 3  H HCl • Zn 

-0 . 00 1  H HCl + Cd 

-0 . 1  H H2S03 + Tl 

-6 H HCl • Ir 

- H20 

- 1 H H2SO" + Bi 

- 1 H HClO" • Pd 

-H20 

- 1 0� thiourea + 

+ + + + + + + I Ni, Co, REE, Cu I 
Fe 

Fe 

I 
DMG 

I 
I 

�: N i ( DMG ) 2 • Ni 

Au 

1 6  

I 
�: Fe( OH ) 3 

REE, Sc 

I 
soln: Co, Cu , 

discard 

Flow Chart 
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I 
soln: ( - 1 20 ml) 

__________ :J[ __________ __ I Br, Cs, Ge , Rb , Re, Sb, Se, Sn, ( Te ) ,  W I 
-evaporate to 50 ml 
- 1 II HCl 
-boil orr H2S 
-5 II HCl 
-distill 

I 
diotillate

r
:;� 

CCl, 

1
- I 

I 
aqueous: discard 

xtract H20 

1 - I 
aqueous: Ge orsanic: Br 

1 7 

I .. r:� HCl 

1-
--------

soln: �: Se, Te 1 boil  orr S02 

evaporate to < 1 00  ml 

C -4 II HCl + Rb, Ca, V, Fe 

0 - 0 . 3  II HCl + Ga, Mo 

L -0 . 5  II LiOH-0. 5 II LiCl + Sn 

U -H20 

M -0. 2 II HClO,. 

N -2 II HClO,. + Re 

B 

Flow Chart ( continued ) 
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In some cases ( Br, Ge, Ir, Rb ) chemical yields are measured by 

reactivation, us ing a 1 0  min . irrad iat ion at 1 012 - 1 013 n/cm2 sec and taking 

appropr iate care to avoid or correct for flux grad ient and self shielding. 

OUTLINE OF CHEMICAL PROCEDURE 

After irradiat ion, samples are fused in the presence or carriers in Zr 

crucibles , using a Na202 -NaOH mixture. The fus ion cake is dissolved in water 

and Na2S added . The separations are outlined in the preceding flow chart. 

The precipitate of mixed hydroxides and sulfides contains Ag, Au, Bi, Cd, 

In , I r ,  Ni, Os, Pd , Tl, Zn, and some Te and Sb . The precipitate is decomposed 

by HN03 • Osmium is distilled as OsO� ( Leddicotte, 1 96 1 ;  Walsh and Hausman , 

1 963 ) into NaOH , and is further pur ified by a second distillat ion from H2SO� -

H 202 solution ( Chung and Beamish, 1 968a, b ) .  The residue from the first 

distillation is converted to chlor ides ( Ag prec ipi tates and is removed for 

purificat ion, Glenden in, 1 95 1 ) and loaded onto an an ion exchange column (:A) 

in 3 H HCl containing Ce�+. The init ial effluent contains Ni, Co, Cu, 

So, REE; Ni is precipitated with dimethylglyox ime and pur ified by cation 

exchange ( Fr itz and Rettig, 1 962 ) .  If des ired, the REE can be recovered from 

this fraction after removal of the highly act ive so�• by cation exchange 

( Ebihara, 1 985 ) . The elements remaining on the column ( In, Te, Zn, Cd, Tl, 

I r ,  Bi , Pd , and Au) are then eluted sequentially ( Kraus and Nelson , 1 956; 

Strelow and Bothma , 1 967; Crocket et al. , 1 968 ) . Most elements are pur ified 

by one or more additional ion exchange steps, followed by precipitation steps 

( Laul et al . ,  1 970a, b ) .  Gold is prec ipitated with hydroquinone ( Beamish et 

al . ,  1 937 ) ,  and Pd , with KI ( Beamish and Dale, 1 938 ) followed by 

dimethylglyoxime. 

1 8  
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The supernate contains Br, Cs, Ge, Rb, Re, Sb, Se, Sn, W, and the 

remaining Te . After acidification with HCl , Ge and Br are distil led orr, and 

are separated by solvent extraction ( Marinsky, 1 96 1 ;  Rayner, 1 963) . The 

distillation residue is treated with S02 to precipitate Se and Te ( Wilson and 

Wilson, 1 962 ) ,  which are further purified by anion exchange . The solution is 

then loaded onto a second anion exchange column ( :B). The first effluent 

contains some or most of the W [which is coprecipitated with Fe ( OH) 3 and is  

then further pur ified] and Rb, Cs [precipi tated as tetraphenyl berates 

( Geilmann and Gebauhr , 1 953; Tomura et al . ,  1 968)] . The remaining elements 

Sb, Sn, and Re are eluted sequent ially; the latter is pur ified by ion­

exchange and precipitation ( Anders et al . ,  1 959; Horgan, 1 965) . 

MATERIALS AID TECHNIQUES 

SAMPLES 

Use powdered and finely divided material ( e . g . ,  U. S . G . S .  standard rock 

powders or < 1  mm lunar soils) as received, without further treatment .  Other 

samples should be coarsely crushed to <2 mm size in an agate mortar . ( Real ly 

fine grinding is not recommended, since this greatly increases the l i kelihood 

of contamination at the submicrogram level . )  Prepare i rrad iation vials ( -8 em 

long) from high purity silica• tubing, 3 mm internal d iameter with 1 mm 

wall . Clean in hot nitric acid, then aqua regia and wash at least 6 times 

•suprasil quartz tubing, suppling by Amersil, Inc . ,  Hil lside, New Jersey . 

1 9  
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with distilled water . Drain out as much water as possible; use some 

acetone . Dry in an oven, cool and weigh . Load the sample into a weighed 

tube, reweigh and seal to a length of 5 em .  

STANDARDS 

Prepare stock solutions for the required elements. Appropr iate 

gravimetric forms are given in Table 2 .  I n  order to maximize use of space in 

the i rradiation capsule i t  is convenient to prepare mixed monitors. Typi cal  

combinations are Ag-Se-Pd, Ni- In-Zn-Cd-Au, Te-Tl-Bi, Br-Cs-Rb, Ge-Sb-Sn-Re , 

Ir, Os-W. For U, the U . S . G . S. standard basalt BCR- 1 is used . 

Prepare d ilute working standard solutions, con taining the comb ination of 

elements in concentrations as given in Table 2 .  Determine the density of the 

working standard and calculate the weight concentrat ion ( �g/g ) . 

Weigh 0. 05 to 0 . 1 0  g of solution into clean s i l ica vials ( see Samples ) .  

Add 20-50 mg o f  specpure MgO t o  each v ial. ( This inert diluent reduces recoil  

and self-shadowing problems dur ing irrad iation . )  Evaporate the solutions to 

dryness in an oven, in itially at 60°C and gradually increas ing to temperatures 

of 80-90°C when nearly dry . Seal the vial at a length of 5 em .  calculate the 

weights of the standards and record . 

CARRIERS 

Prepare carriers for all elements to be determined ( except u, which is 

determined via fission Te ) .  The weighing forms used for mon itor preparation 

are sui table, but analytical grade rather than specpure chemicals should be 

used . The carrier solution should be just sufficiently acidic to prevent 

hydrolysis ( except for Br, Ge, and Sb, wh ich should be in neutral solution if 

the weigh ing forms from Table 2 are used ) . Typ ical concentrations, weighing 

20 
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N 
... 

TABLE 2. 

Ela�ent* Weighing Treat111ent 
For111 

Ag Ag •tBla cone. HN03 
Se H2Se03 b Pd Pd metal aqua regia 

Ni Ni metal� HN03 
In In 111etal 8 II HN03 
Zn Zn 111etale dil HCl 
Cd Cd metalg 8 II HN03 
Au Au •etal aqua regia 

Te Te me�alb 8 II HN03 
Tl T1N03 
Bi Bi(N03)3"SH20c 

(NH�)
�Ge

(C20�)3"4H20b Ge 
Sb K(SbO C�H�o,· � H20 
Sn (NH�)2SBC16 
Re NH�ReO� 

Br NaBrQ3 
Rb RbCl

b Cs CsCl 

Os (NH�)20sC16b 3 11 HCl/S02 
w Na2wo� · 2H20 

lr (NH�hlrCl,b 

*For U ,  BCR- 1 ,  is used as monitor. 

Preparation of standard solutions 

Stock Solution 
Add Ele��ent 
Cone mg/1111 

8 II HN03 2 
0.5 II HN03 2 
1 II HCl 7 

1 11 HCl 40 
1 .  5 II HN03 1 
0. 1 II HCl 3 
0 . 1 11 HCl 3 
1 11 HCl 1 

1 . 5  II HN03 4 
0 . 2 II HN03 2 
2 II HN03 2 

H20 2 
H20 2 
H20 2 
H20 2 

H20 4 
H20 4 
H20 1 

3 II HC1/S02 1 
H20 

0. 2 II HCl 1 

Dilute Working Standard 
Stock F1na1 

Solution Volu• 
•1 •1 

3 250, 0.4 II HN03 
2 

10 

4 100 , 1 II HCl 
5 
2 
5 
2 

2 100, 2 II HN03 
2 

10 

2 250, H20 
5 

10 
2 

10 50, H20 
10 

2 

5 100, 3 II HCl 
2 

2 250, 3 II HCl 

Mount 
Irradiated 

'llg 

4 
3 

20 

300 
5 

10 
20 

3 

8 
4 

20 

2 
5 

20 
2 

80 
80 

4 . 5 

5 
2 

5 

a� Matheson , Cole.an and Bell: b) Johnson-Matthey specpure, spectrographically pure: c) Fisher certified; 
d Tadanac, high purity: and e) Baker analyzed. 
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forma, and treatment or carrier solutions are given in Table 3 .  Check the 

Cs137-tracer for Cs13�-activity and correct for its contribution if necessary . 

Take an appropr iate number or clean Zr crucibles ( number or samples + 1 for 

each set - it saves time to prepare 2 sets at the same time ) and moisten the 

inside with 1 0  drops 6 H NaOH . Evaporate to dryness under a heat lamp . 

Pipet suitable aliquots or carrier solution, in order or increasing 

acidity ( see Table 3 ) .  After the addition or each carrier, add a sl ight 

excess or 6 H NaOH, and evaporate to dryness under a heat lamp . The 

preparation or the crucibles takes about one week when 2 1  elements need to be 

pipeted . Store the cruc ibles under vacuum in a desiccator until required; 

the longer they can be stored under vacuum, the better ( see treatment or the 

samples ) . Preferably, start crucible preparation about 2 weeks before 

starting the chemistry . 

It is i•perative to •ake the solution basic with NaOH after each addition 
of carrier, otherwise the HN03 in the carrier attacks the Zr .etal , causing 
holes to appear during fusion/ Add enough excess NaOH to keep the solution 
basic at all ti.es ; since the pH cannot be checked without causing loss of 
carrier, calculate the amount of NaOH needed, and add an excess, to be on the 
safe side . 

22 
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Table 3 .  Carriers 

Final Typical amount 
Element Weishins form Treatment Solution !!!I 

Re KReO�t H 20 1 5  
Sb K( SbO ) C�tH�t06 • i HzO H 20 40 

Zn ZnC1 2 30 
Cd CdC1 2 • 2 i H 20 0 . 1  H HCl 30 
Au Au-metal aqua regia/HN03 40 

Se Na 2SeO,. 1 H HN03 40 
I r  ( NH,. ) 2 I rC1 6 1 H HCl 0 . 2  H HCl 1 0  
N i  Hi-metal 7 H HN03 0 . 4 H HN03 20 

B i  B i ( N03 ), • 5H 20 3 H HN03 40 
In In-metal cone . HN03 0 . 5  H HN03 40 
Tl TlN03 40 

Ag AgN03 1 H HN03 1 H HN03 50 
Pd PdC1 2 aqua regia 0 . 1 H HN03 1 H HCl 20 
Te Na 2Te0 .. · 2H 20 2 H HCl 40 

Rb RbN03 } 2 H HCl �8 Cs-Cs 1 3 7 CsCl 

Br KBr add few mg KHC03 H 20 40 
Os ( NH,. ) 20sC 1 6  3 H HCl 6 
Ge ( NH�t) zGe( C 20�t ) 3·4HzO 3 H HCl 40 
Sn SnC1 2"2H 20 3 H HCl 30 
w Na 2W0 .. ·2H 20 H 20 40 

23 
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NOTES ON ION EXCHANGE SEPARATIONS 

Throughout this  procedure , d irections for 

ion exchange separat ions are g iven for nominal 

columns or a spec ific length , d iameter , and flow 

rate . A typical column is shown in the 

accompany ing f igure . The procedures have 

generally been rehearsed for these or s imilar 

columns , and were scaled to the exact d imensions 

or the nominal columns . Elut ion volumes are 

g iven both in ml and "gross column volumes" 

( v = area x height or res in bed ) . Actual 

elution curves are included in the text , 

whenever available . Where known , 3 parameters 

are given , all in un i ts or V: 

v50 = Volume required to elute 50� or the 

spec ies sought .  

v99 = Volume requi red to elute 99� or the 

species sought . 

V = Recommended volume for a cut . 

When "est . "  is l isted after a numerical value , then th is value is based on 

publ ished volume distribut ion coefficients ( Dv ) , rather than an actual tracer 

experiment by the authors . The V values in such cases are very conservatively 

chosen , and should be ample enough to preclude any loss . I f  v for the actual 

columns d iffers from the nominal v by more than �5�. then V should be 

recalculated accordingly . In general , volumes specified for nominal columns 

can be scaled to columns or d ifferent d imens ions , us ing v as the scal ing 

factor . Care must be taken , however , not to overload the column ( we prefer to 

24 
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load to <20J or capaci ty ) or to use appreciably faster flow rates ( s2 . 5  em/min 

for prel iminary separations and 0. 5- 1 em/min for pur ificat ion or large load 

volumes seem good choices ) . The general columns A and B have espec ially small 

safety marg ins , having been designed close to  minimum s ize in  the interest or  

speed . I t  i s  therefore essent ial to keep volume and concentration or the load 

solution close to specifications or else ions w i th small Dv 
( Sb , Re , Pd ) will  

"break through" and elute prematurely or spread over several fract ions . 

The proportions or the column depend on the nature or the separat ion . 

Short columns ( length/d iameter <20 ) may be used for separat ions involving 

s imple "selective d isplacement" , [ where one element has a small Dv ( s2 )  and 

therefore emerges in a few column volumes , whereas the other elements , hav ing 

large Dv ( > 1 0 ) ,  rema in stuck at the top of the column ] . For more del icate 

chromatographic separations , where the element is  eluted more slowly 

( Dv • 1 0 ) ,  and both the preced ing and following fract ions are d iscarded , long 

columns , slow flow rates , and fine res in should be used , and the elut ion 

volumes should be scaled to the actual v .  

I t  i s  advantageous to use 200-400 mesh res in for most separat ions . This 

gives sharper separat ions than coarser res in , because the number of 

theoretical plates is inversely proport ional to the res in bead d iameter . Flow 

rates still are adequate ( >0 . 8  em/min ) at column lengths up to 12 em . Even 

for the general columns A and B ,  where speed is essent ial , such flow rates are 

acceptable and actual ly del iver fract ions at a more manageable pace than a 

raster column of coarser res in .  

Two pointers on techn ique : 1 )  Before insert ing the dacron or glass wool 

plug at the top of the column , make sure no res in part icles are stuck to the 

walls , otherwise they w i l l  get caught in the plug . 2 )  After loading a 

solution on the column and wash ing i t  with the spec i f ied few ml of wash 
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solution , r inse the column reservo ir at least twice w i th water or d i lute ac id , 

to remove any adhering traces of act ivity that would otherwise contaminate the 

effluent . Pour the wash l iquid into the reservoir  ( fi l l  i t  to the top i f  you 

l i ke ) swish i t  around to r inse the walls and then discard . Repeat , then 

remove the last traces of wash l iqu id w i th a Pasteur pipet , so that the wash 

l iquid does not penetrate into the plug or resin . 

PROCEDURES* 

A .  FUSI ON AND SULFI DE PREC I P ITATION 

When the irrad iated samples are ready for open ing , clean the outs ide of 

each vial ( except for standards ) in aqua reg ia and wash w i th d istilled 

water . Add 2 g of Na 202  and 1 g NaOH pellets to each Zr cruc ible . Open the 

vial and transfer the sample to the crucible . Add a further 2 g of Na 202  and 

cover the cruc ible with a Zr l id ,  allowing a gap of -3 mm at one s ide . Heat 

over a Meker burner at very low heat for about 5 minutes unt i l  all H 20 is 

dr iven off . ( I f  the cruc ibles have been stored for several days in a vacuum , 

this step proceeds very smoothly . ) Close the cruc ible completely . Gradually 

heat to  a dul l  red color and continue fus ion for about 20 minutes . Sw irl  the 

melt every few minutes to ass ist in d i ssolut ion and mix ing . Allow to cool for 

1 0  minutes . 

*The actual working procedure is g iven in roman type . Exp l ana t i on s ,  coamen t s ,  

and background informa t i on a r e  gi ven i n  i t a l i c  t ype . 
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Remove the l id from the crucible and wash w i th a fine jet of water , 

allowing the washings to run into a 250 ml beaker . Try to use no more than 1 0  

ml . Wash the outside o f  the cruc ible with water and d iscard washings . Stand 

the cruc ible in the beaker and cover the latter with a watch glass . Add ·so 

ml d ist i l led H 20 to the cruc ible and wai t  ( possibly overnight ) unt i l  the mel t  

has d issolved . Remove the crucible from the beaker and wash with H 20 ,  

allowing the washings to run into the beaker . Add ·2 ml of 1 : 1  H 2SO- to the 

cruc ible and heat to whi te fumes over a burner . Cool , d ilute with 1 0  ml of 

water , and transfer the solution to the beaker . ( This solution is usual ly 

blue due to I r . ) The total volume at this stage should be no more than 70-

80 ml . Check the pH of the solution , which should be strongly alkal ine 

(pH> 1 0 ) . 

Add a drop of · 1  H MnC1 2 solution ( to produce Mn0 2 that will  catalyze 

decompos i t ion of perox ide ) . I nsert a magnetic  stirr ing bar , cover the beaker , 

place on a s t irrer hot plate , and heat to near boi l ing unt i l  02 evolut ion has 

ceased ( s 1 5  minutes ) . Dropwise , from a burette , add suffic ient 1 H Na 2S 

( i . e . , 24 g Na 2S · 9H 20/ 1 00 ml solution ) over 1 . 5-2 minutes to prec ipitate the 

insoluble sulfides completely and to convert Re , Sb , Sn , Ge to the i r  soluble 

sul fosalts . Por the amoun t s  of carr i er l i sted in Table 3, the s t o i chio8etric 

amoun t  ( incl udi n g  sulfosal t s )  i s  1 4 . 4  •eq, so 10 •l of l H Na 2s should be 

ample, provided tha t all peroxide was destro�ed . Check that prec ipitation is  

complete , and add 5- 1 5  drops of 3 H Mgso_ . Heat and stir  for 1 5  minutes ; the 

Mg ( OH ) 2 prec ipi tate w i l l  carry down any col lo id . Cool in a cold water or ice 

bath . 
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Paster precipitation ( 1 0  sec} leaves more Ge and Sb in the supernate 
( 9 7  vs 89% and 89 vs 72%} , but •ainl g in col loidal for• . Hhen the colloid is  
coagulated, there is l i ttle  difference in giel d .  The amount of HgSO� shoul d 
be kept as small as possible, because Hg (OH} 2 carries Ge . The amounts 
remaining in the supernate, after scavenge with l . S  aH HgSO� , are : 

Before (%}  
After ( %} 

Ge 
89; 83 
76; 70 

Sb 
72; 78 
69; 75 

Sn 
93 
89 

Te 
70 . 4  
70 . 1  

A I S-minute leach of the precipi tate wi th 1 0  ml 1 H NaOH recovered onl g  2% 
Ge and l . S% Sb (of the total } . 

The behavior of Te depends on the temperature (Noyes and Brag, p .  326} . 
At room temperature, i t  forms Tes 2 , which slowl y  dissol ves in excess NaOH­
Na 2s, but on heating, i t  gradua l l g  decomposes to Te, which is insol uble .  A 
tracer experiment gave 5 9% Te in the supernate after the usual 2 •inutes 
precipitation and l S  minutes heating, but 70% after another 30 •inutes at 
lOO "C, with stirring . 

Transfer the solut ion and prec ipitate to a 250 ml centr i fuge tube . Rinse 

the beaker w i th the min imum amount of H 20 and spin down . ( The sol ution is  

evaporated to  40-SO •1 later, so  keep the volume smal l . }  Transfer the 

supernate to a 250 ml beaker and keep both fract ions for further treatment . 

The solution should be l ight yel low . The mixed sul fide-hydrox ide prec ipitate 

contains Ag , Au , B i , Cd , In , I r ,  Ni , Os , Pd , Tl and Zn together w i th ca . 40J 

of Te and 30J of Sb . The supernate contains Br , Cs , Ge , Rb , Re , Se , Sn , W ,  

and remain ing Sb and Te . 
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B .  THE MI XED SULFI DE-HYDROX IDE PRECIPITATE 

1 .  The Distillation of Os 

Cool the sul fide-hydrox ide prec ipitate in an ice-bath and dropwise add 20 

ml concentrated HN03 * , stirr ing the mixture . 

Transfer the solution into a 1 00 ml round-bottomed , short-neck 

distillat ion flask , washing w i th 10 ml water . ( The HN03 concentrat ion for 

distillat ion should be about 6 H) . The s t i l l , made from 6 mm I . D .  glass 

tubing , is attached to the disti llat ion flask w i th a ground-glass joint and 

suppl ied w i th an air inlet tube pass ing down to near the center of the 

flask . The outlet tube from the flask has a 20 em hor izontal section , 

terminat ing in a 35 em vertical arm . 

Us ing a heating mantle at a Var iac sett ing of 80 V ,  distill  at a rate of 

1 -2 ml min- ' in a gentle flow of air ( 1 -2 bubbles/sec ) . 

Collect OsO� in a boi l ing tube conta in ing 20 ml of 6 H NaOH and cooled in 

an ice-bath . After about 1 0  min ( when nitrous vapors no longer are evolved ) 

the NaOH solut ion is colored pal e  yellow to orange . Continue the distillat ion 

for another 20 min . I f  decoloration occurs before the end of this per iod , 

stop the d istillat ion immed iately and add some more 6 H NaOH to the boi l ing 

tube in order to prevent loss of OsO� . Seal the tube with parafi lm and store 

in refr igerator unt i l  Os samples can be pur ified . 

*All ac ids used are concentrated , unless otherwise spec ified . 
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Transfer the res idue in the distillat ion flask back into the 250 ml 

beaker , using a minimtuol quantity of disti lled water , and place on a warm hot 

plate ( plastic  glove must not stick to i t ) . Cover the beaker w i th a watch-

glass . 

2 .  Convers ion to Chlor ides 

( a ) Add 2 mg Co carr ier and 20 ml HCl to the beakers . Digest the 

precipitate for several hours or overn ight , add 1 -2 ml 5 H L iCl , and then 

allow to go to near dryness . Add 1 0  ml HCl and aga in evaporate to near 

dryness . Repeat this evaporat ion at least tw ice with 5 ml HCl , unt i l  every 

trace of n i trogen oxides has been removed . 

Repeated evaporation is needed to convert ni trosyl complexes of Ir, whi ch 
tend to elute prematurel y,  to well -behaved IrC1 6

3- . The addi tion of LiCl a i ds 
this process, by providing a high Cl - concentration in the last stages of 
evaporation . 

If the samples are overheated or contaminated wi th traces of organic 
matter, reddish specks of metallic  Au wil l  form . If this happens , dissol ve 
the Au in a few drops of aqua regia ,  and evaporate at least twice wi th HCl to 
remove all traces of ni trate . 

( b ) Prepare an an ion exchange column , 1 x 1 2  em ( v = 9 . 4 ml ) , using Bio­

Rad AG1 -X 1 0  res i n , 200-400 mesh , Cl- form , and dacron plugs . Cond i t ion the 

column first w i th 1 5  ml 0 . 5  H HCl + 0 . 1 H Ce ( I V ) ( freshly mixed from a stock 

solution of 0 . 2  H Ce ( S0� ) 2 in 1 H H 2SO� ) , unt i l  yellow Ce ( I V ) appears in the 

effluent , then w i th 30 ml 3 . 5  H HCl . 

The exposure time of Ce (IV) to HCl and resin must be minimi zed, because 
Ce (IV) slowl y oxidizes HCl to Cl 2 , especiall y at  [ HCl ] > 1 H. The Cl 2 
interferes in the procedure by oxidizing Te from +4 to + 6,  and by degrading 
the resin to species that complex wi th Ir and change its anion exchange 
behavior . 
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3 .  Separation of Ag and Load ing of Column A 

Dissolve the res idue from step 2 ( a ) in the minimum volume ( - 1 2 ml ) of 3 . 5  

H HCl , by warming on a hot plate for a few minutes . A whi te precipitate of 

AgCl ( and some Si0 2 and BaSO� ) remains at this point . [ Redd ish specks 

ind i cate metall i c  Au , which must be red issolved accord ing to the note in 

2 ( a ) ] . Cool and add 1 ml 0 . 2  H Ce( S0� ) 2 in 1 H H 2SO� , to oxid ize I r  from +3 

to +4 , and -o . 1 ml of 1 0  H HF , to complex Pa 2 3 3 , These small amounts of 

fluor ide attack the glass column only to a sl ight extent ; plastic receivers 

should be used for the last 2 fractions , however . 

Centri fuge and filter the supernate through Whatman 54 1 paper onto the 

anion exchange column . Wash the precipitate with 8 ml 3 . 5  H HCl + 1 drop 1 0  H 

HF , centrifuge , filter the supernate onto the column , and save the precipitate 

for Ag pur i fication . 

Start the Ir oxidation onl � if vou have time to complete the loading, 
washing, and first elution step ia.ediatel v afterwards, so that exposure of 
sol ution and resin to Ce (IV) is •ini•i zed . The loading and washing step 
should be done fro• the •inimum amount of solution (no more than l . S  v + 1 v) , 
and at the slowest practicable flow rate, to keep the adsorption band sharp 
and narrow. The maximum flow rate of a 1 2  em, 200-400 •esh column r - o . B 
c•lmin) is acceptable, but if time permi ts, use a flow rate of SO . S  em/min .  

4 . An ion-Exchange Separation of 

Au , Bi , Cd , In , Ir ,  Ni , Pd , Te , Tl , and Zn 

Elute according to the fol lowing table , at a flow rate of sl em/min . The 

pr�nc ipal act ivities are REE , Co& o ,  and Fe s 9 ,  so use reasonable precaut ions 

until  these spec ies are eluted , and store the active fract ions behind lead 

bricks . 

4 . 1 .  Background Information on Column A 

The elution volumes were determined for a lxl O  em, 200-400 mesh column at 
a slow flow rate ( 0 . 9 c•/min) and a high degree of loading ( 20-24%) , and are 
not strictlv  appl icable to col umns of other dimensions or operating 

3 1  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .
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conditions . T.be safety •argins for V are large enough so that we were able to 
use the sa.e v • s  for a 1 2  c• col uan, but the v50 ,s and v99 ,s for such a colu.n 
(of s•aller loading) .ust be so•ewhat larger than those for a 10 c• colu.n 
given in the table .  T.be first 4 steps ( through In) have been rehearsed with 
tracer for a 12 c• coluan and [ HCl ] = 3 . 5 H, so the values given for these 
very critical fractions are accurate . v50 for In includes the wash soln . and 
the pre-In fraction . 

T.be adsorption bands follow the order of Dv •s in 3 H HCl : 

Au 7xl05  yellow Zn 1 700 
Tl (III) lxl o s  Te (IV) 1000 
Ir (IV) -3000 dark brown Pe (III) 1000 orange brown 
Cd 3000 Pd (II) 430 reddish brown 
Bi 2200 In 22 

Hhen loaded at a flow rate of 0 . 9 c•l•in, the Pd band appears at 3 . 7 c•, 
though the 1 . 95 .eq carriers (exclusive of In) theoreticall y  require only 1 . 3  
•1 • 1 . 6  c• of resin . Thus onl y 6 . 3 c• of resin is available for adsorption 
of weakl y-held In, and for development of all species . T.bings are a l i ttle 
worse in an actual run because so.e 0 . 5 .eq Pel +  .ust also be acco..odated, 
and for this reason we prefer use 12 c• columns . It is essential to keep 
volume and flow rate to a minimum during the loading step, and not to ski•p on 
coluan length . 

This is especial l y  important for In and Pd . Under proper conditions, the 
In adsorption band extends from the Pd band to somewhat above the base of the 
column, permi tting the el ution of 2 col umn volumes of a pre-In fraction 
containing RBE, CO, Pa, and other highl y active species . If load volume and 
flow rate are larger, or if the col umn is shorter, then the In band will 
extend to the base of the col umn, causing In to appear in the pre-In 
fraction . T.be present procedure does have a small safety •argin, because In 
nor•ally begins to elute onl y after 3-4 v of 3 . 5  H HCl (including the 2 v of 
the pre-In fraction) , but this •argin will  shrink rapidl y  if load volume and 
flow rate exceed specifications . 

Tbe Pd band moves appreciabl y during elution of Ir and Bi,  and nor .. llg  i s  
within 4 c• of the base of the column by the time Pd elution starts . I t  will  
elute prematurel y if col umn parameters are changed in  the wrong direction . 

5 .  Precipitation of Te 

To the 28 ml Te , Fe fract ion from column A ,  add 4 . 5  m1 HCl to raise 

acid ity to 2 H and bubble S0 2  through solution for 10 minutes , to reduce Te to 

the metal . Centr ifuge , and retain the precipitate for processing with the Te 

fract ion from the Ge d istillat ion . (T.be anion exchange procedure used for Te 

purification does not separate Pe fro• Te, because both have very si•ilar 
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Dv '• ·  �us re w1ll  have to be re.aved b g  wash1ng, after the prec1p1 tates have 

been coab1ned . } 

6 .  Precipitation of Ni 

( a ) Transfer the combined effluent and washes ( 48 ml ) from ion exchange 

column A into a 250 ml centrifuge tube . ( Recall  that the solution contains 

HF, so min imize exposure to glass . ) 

( b ) Add 1 0  mg Fe , 2 mg Co , and 2 mg Mn carr iers , stir and neutral ize with 

6 H NH3 until Fe( OH ) 3 begins to prec ipi tate at pH 3 ( about 28 ml may be 

requi red ) , then add 4 ml in excess . The final pH in this buffered solution 

should be between 8 and 9 ( [ NH 3 ] = 0 . 2-0 . 3  H ;  pH = 9 . 25 - log [NH! ] t [ NH 3 ] ) . 

( c ) Centr ifuge , transfer the supernate into a clean centrifuge tube , and 

d iscard the h ighly active prec ipitate , or save i t  i f  REE are to be analyzed . 

[ �he •aJn act1v1 t1es, res 9 and sc- & ,  can be conven1entl g re.aved bg a cat1on 

exchange step; (Bb1hara, 1 985} ) .  

( d ) To the supernate , add 2 ml of 1 H c i tr i c  or tartaric acid solut ion 

( to  complex any remain ing trivalent cations ) , and sti r . 

( e ) Add 25 ml d imethyglyoxime ( DMG ) ( 1 J in 95J ethanol ) and a few drops 

of a wett ing agent to the supernate . Retain the red Ni ( DMG ) 2 precipitate and 

d iscard the supernate , after testing for completeness of prec ipitation . 

Thoroughly wash the prec ipitate w i th 2-3 50 ml portions of H 20 ,  to remove the 

bulk or the Co activity . Centr i fuge , d iscard the supernate , and process 

accord ing to In-Ni pur ification procedure ( see In pur ificat ion ) . 

C .  SEPARATION OF Cs , Ge , Rb, Re , Sb , Se , Sn , AND Te 

�he supernate fro• the 1n1t1al hgdrox1de-su1f1de prec1p1tat1on conta1ns 
Br, cs, Rb, Re, Se, Sn, about 70' of Ge and Sb and about so' of �e . (Other 
e1e.ents expected 1n th1s fract1on that for• n, y or n , f  nucl 1des of .are than 
1 2  h half- 11fe 1ncl ude Be, Na, P, s, C1 , K, ca, Ga, As, Ho, �. and I . } �e 
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w 
.p. 

E LUT I ON SCHEDULE FOR COLUMN A 
(AG- 1-X10,  200-400 mes h ,  1 x 12 em ,  v = 9 . 4 ml , f l ow  rate 0 . 8  cm/M 1 n )  

Vo l ume 
ml v Vso Vgg 
-- -- -- --

s12 s1 . 3  
s 8 s0 .9 

28 3 
94 10 4 . 4 9 

28 3 2 

75 8 

42 4. 5 1 . 5  3 . 3  

132 14 7 . 7  1 1 . 3  

1 1 5  12 5 . 8  10 . 3  

1 1 5  12 <3 9 . 8  

20 2 

94 10 6 9 

19 2 

28 3 

57 6 2. 7 ? 
10 1 

94 10 

-- --- --- ---

Reagent 

Load ( 3 . 5  H HCl + Ce�+ + HF ) 
Wash ( 3 . 5  H HCl + HF)  
3 . 5  H HCl - 0 . 05 H HF 
3 . 5  H HCl 

0 . 5  H HCl 

0 . 5  H HCl 

0 . 03 H HC l 

0 . 001 H HCl 

0 . 1  H H 2S0 3 *  

6 H HCl 

H 20 

1 H H 2SO� - 0 . 003 H HCl 

Aqua regia - H 2 0  ( 1 : 1 )  

H 20 

1 H HCl O� - 0 . 003 H HCl 

H 20 

10% th1  ourea 

*Use 60 •1 saturated SOz so1n . per 1 000 •1 . 

Speci es 
E l uted D 1 spos1 t 1 on 

N 1 , Co , REE I N1 pptn.  Mg , Pa , Cr,  
Mn , F-
I n ,  F - In-N1 pur.  

Te , Fe Te pptn.  

Fe D i scard 

Zn Zn pur . 

Cd Cd pur . 

T 1  Tl pur . 

I r  I r  pur . 

HCl  D i scard 

B i , cr 8 1  pur . 

D i scard 

( Ir )  D i scard 

Pd Pel pur . 

HCl O� D i scard 

Au Au pur . 

Notes 
F 1 g . #  

ab 

b 1 

c 

d 

ae 2 

af 3 

g 4 

h 5 

a 

1 6 

j 

ak 

al 
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NOtes on Blution Schedule for OOluan A 

(a) Thoroughl9 rinse reservoir before adding eluent . Use plastic receivers for fractions 
containing ,.- . 

(b) About 1* of the Ir appears in these two fractions; •uch .are if NO-co•plexes were not 
destroved, or were allowed to re-for•. so.e Zn (2') and Cd (l ') also el ute, .ainl v in 
pre-In fraction . 

(c) Ir conta.ination 0 . 1 -1 • .  
(d) I t  is  safe t o  use .are th an  8 v 0 . 5 H BCl to elute l'e, because Cd an d  Z n  have high 

Dy 's  in 0 . 5 H BCl (2000 and 200) . However, l'e (III) , despi te its Dv of 0 . 8, .av be 
slow in �ing off the col �, so check whether a larger vol u.e actuall9  is better . 
Huch of anv l'e re.aining shoul d co.e off with 2'1 , after having being reduced to 
l'e (II) . 

(e) 4 v suffices for 99' recoverv of Zn, but 6 v leaves less ZD in the Cd fraction . Ir 
conta.ination 0 . 06,.  

(f) A white BiOCl band appears on the colu.n at this stage . Ir conta.ination 0 . 04, .  
(g)  The H2S03 reduces Au  and Pd to the .etals (grav to black) , and IrCl 6 z- (brown) to 

IrC1 6 3 - (vellowish green) . Ir conta.ination 0 . 7, . 
(h) About 80-90' of the Ir appears in this fraction . 
( i )  The 0 . 003 H HCl keeps the PdCl � z - fro. dissociating; i t  is not needed if all the Pd 

was reduced to the .etal b9 H2S03 • Larger a.aunts of Cl - will significantlv retard 
Bi , so be sure to rinse all traces of 6 H BCl fro. the reservoir . Ir conta.. 0 . 3, . 

(j} Use half-strength aqua regia;  it is just as effective as full-strength in dissol ving 
Au and Pd, but does not generate bubbles that clog the col � .  so.e 2' of the Ir 
appears in the aqua regia fraction and associated B2o wash .  

(k) In rehearsals, when 0 . 1 H BCl-0 . 05 H Cl 2 was used instead of aqua regia to dissolve 
Pd, onlv  86-88' of the Pd was recovered, and the shape of the el ution curve suggests 
that this  was not due to nor.al tailing. Aqua regia gives better vields . Ir 
conta.ination 0 . 6, .  

(l ) Au elutes faster in neutral 10' thiourea ( <l Ov) than i n  the traditional 0 . 1 H BCl-0. 1 
H thiourea .ediu. (20-25 v) . 
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solution should be clear and light �ellow, free of an� traces of the sulflde­
h �droxlde greclpl tate . ( This precipitate is far aore active than the 
sugernate, and contains some tenacious conta.lnants, such as Fe 5 9 and Ir 1 9 2 . 
It is therefore imperative to reaove all traces of the precigitate, b� careful 
decantation and other appropriate means . Posslbll i tles Include : 
(a) filtration;  (b) two Hg(OR) 2 scavenges Instead of one ln Part B, but each 
with one-half the amount, to minimize loss of Ge) . 

1 .  Disti llat ion of Ge 

Asse�le the stills beforehand, so that the dlstlllatlon can be started 
1.-edlatel � once the samples are read� . The still consists of a 250 ml round­
bottom flask without air Inlet and with a 24/40 joint, a still head and water­
cooled condenser, and an lee-cooled 1 25 ml Brlenme�er flask . 

( a ) Add 3 or 4 SiC boil ing chips to the solution in a 250 ml beaker and 

evaporate to about 40-50 ml , when salts beg in to crystall ize . There is no 

harm in letting the evaporat ion go to dryness , but the solution may bump and 

the residue may be hard to d issolve . Cool and neutral ize w i th 6 H HCl . 

( About 20 ml should be required ; near the neutral point , the in i t ial ly bluish 

green sulfide prec ipitate changes to yellow . ) Add a suffic ient excess of HCl 

to make ( � ]  = 1 H HCl . Ignore the prec ipitate , and boi l  for a few minutes to 

expel H 2S and to d issolve the bulk of the sulfides . Add an extra 1 /2 ml HCl 

to in i t iate the react ion i f  necessary . Stop when brown N0 2 fumes are no 

longer evolved . ( The oxidat ion is effected by No 3- from the carriers , which 

general ly survives the fus ion . ) Brief bo i l ing should cause no s ign i ficant 

loss of GeCl � , as long as the acidi ty is  not much above 1 H .  Cool . 

( b ) When you are ready to start the distillat ion , accurately measure the 

volume of the first two solutions . Transfer them to 250 m1 d istill ing flasks 

contain ing 6-8 boi l ing chips . Add suffic ient HCl to the flasks to make [ � ]  = 

4-4 . 5  H ( total volume should be around 1 00-200 ml ) , and immediately attach the 

still head . 
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O.I M H2 503 
Pftetdod 11r 2w 3 11  HCI 

10 10 

5 5 

- - - - - - - - - - - - - - - - - - - · · · 

0 

Zn 15 Ir (m) 
6 0.03 M HCI 6M HCI 

• 200·400 111111,10c1o • 0.80 cooZ � 
e 0.9coolllio :::0 10 + � + 100·200 - . 19COI I 0 79ctoZ 

4 2.5 coololio + 0: 
+ e :::0 

15 
u 5 

2 

0 
--- - - - - - -- - - - - -

_ _ _ _ _ _ _ _ _ . .. ..  

15 Cd 15 Bi 
0.001 M HCI t M  H2S0.-0.003 M HCI 

10 10 

5 ..... - 5 
--

--
-

---
-

------
0 

0.01 0.1 5 10 50 99 99.9 0 01  0.1 5 10 50 

Fraction Eluted , %  

F igures 1 -6 . Elut ion curves for Column A ( Bio Rad AG 1 -X 1 0 ,  200-400 
mesh , 1 0  em x 0. 82 em2 , flow rate = 0. 9 em/min ) . Data are plotted on 
probabi l i ty paper , on wh ich a Gauss ian curve g ives a straight l ine . 
Deviat ions from Gauss ian shape are largest for In , which i s  weakly held , 
and for I r ,  wh ich undergoes complex chemical changes dur ing reduction 
and elution . 

The two curves for Zn show the super ior performance of a shorter 
column w i th finer res in and slower flow rate , even though the elut ion 
t imes of the two columns are s imilar . 
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( c ) Distill  at 60 V unt i l  the solution is clear and pale-green , and no 

longer evolves N0 2 • Raise the vol tage to 80 V ,  and cont inue unt i l  40 ml has 

distilled or the solution starts bumping -- wh ichever comes first . Tightly 

stopper the rece iver with a ground glass stopper ( Br 2 and N0 2 attack rubber ) 

and store in refr igerator unt i l  you are ready to start the Ge extraction . 

(Once As 7 6 and BrB 2 have decayed, the activi t y  of the distillate is  qui te 

low - t ypicall y  <10�  dp•J . Now acidify the next 2 samples , and process 

accord ing to ( b ) and ( c ) . 

NOte l . c . According to Prestwood, only water but no Geel � distills until 
[ Hel ] has risen to constant-boi ling ( = 6 N} ,  but then Geel � co�s over 
rapidl y .  At higher Hel concentrations, Geel � is swept out wi th Hel gas, and 
•ay not recondense . Bubbl ing of air, especiall y  at rates of .are than 2 
bubbles/sec, is definitel y har�ul ; Nelson and Kraus (1 960} have found that 
Geel � is  swept out with a half-ti� of 2 •inutes ( I }  when N2 is bubbled at  •a 
.aderate rate • through 12 N Hel . 

Because the sol ution contains excess Cl - ,  distillation of Geel � starts at  
[H+ ] < 6 N .  In one experiment wi th 1 20 al 5 N Hel and the usual amounts of 
Nael , 99 . 3' of the Ge distilled appeared in the first 20 al . Nhen the ini tial 
acidi t y  was 4 N,  onl y about 79' distilled in the first 20 al , but the 
re•ainder distilled rapidl y, wi th onl y  0 . 7, re•aining after 34 al (Fi g .  7} . 
The total recoveries in these experiaents were onl y  91 ' and 88,, perhaps due 
to losses in the ini tial acidification, or incomplete condensation . 

If Br is incl uded in the procedure, then - o . os-0 . 1 g Nae1o3 aust  be added 
to the flask before distillation, to oxidize Br- to Br 2 •  

2 .  Separat ion of Ge and Br 

Several hours before start ing the exper iment , refr igerate 1 . 5 l i ters of 

concentrated HCl , 0 . 6 l i ters of 9 M HCl , and 1 l i ter of CCl � . Add 0 . 1 -0 . 5  g 

NaC103 to each Ge d istillate , to oxid ize As ( I I I ) to As ( V ) . 

It is not necessary to pre-equil ibrate the eel � with Hel because the 
sol ubility  of Hel in eel � is onl y 0 . 027N fro• 1 2  N Hel , and less fro• aore 
dil ute sol utions . 
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F igure 7 .  GeCl � d istills  more rapidly from 5 H HCl than from 4 H HCl . 
accord ing to ( b ) and ( c ) . 
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( a ) Pour 35 ml chilled CCl� into a 250 ml Teflon-stoppered separatory 

funnel , shake a few times , release the pressure , and repeat until  pressure 

bui ldup ceases . Add the ice-cold Ge , Br-d istillate and twice its volume of 

chi lled concentrated HCl . ( GeCl � is very volatile from strong HCl solut ions , 

so use ice-cold reagents and add the HCl last . ) Immed iately s topper the 

funnel and shake for three 15-second per iods , separated by 1 -minute 

intervals . Do not vent the funnel ,  but rel ieve pressure by drain ing the f i r s t  

few m l  o f  the CCl � layer into ( b ) w i th the stopper closed . 

( b ) Let s tand until  the phases have separated , then drain the organi c  

layer into a 1 25 m l  funnel contain ing 3 0  m l  chi lled 9 H HCl . Repeat the 

extraction with a fresh 35 ml port ion of CCl � , but with less extreme 

precautions : shake for 30 seconds , let phases separate , and add the organ i c  

phase t o  the first extract in the 1 25 m l  funnel . ( DGe and Dar are about 300 

and 23 , so 2 extract ions should recover 99 . 9� of the Ge and 98� of the Br . ) 

D iscard the aqueous phase . Wash the combined organ ic extract w i th the 30 ml 

9 H HCl in the 1 25 ml funnel ,  repeat once ( in another 1 25 ml funnel ) and 

d iscard the washings . Use extreme care dur ing washing -- remember that GeC l �  

is a s  volatile a s  CCl � . 

Notes 2 . a, b .  The steps for Br have not been checked or opti•i zed, because 
this ele•ent was no longer being .easured when this procedure was last 
revised . If Br is to be �asured, care •ust be taken to •aintain oxidizing 
conditions during the distillation ( e . g . , use sufficient NaCl03 ) and in the 
distillate and washings (•ake sure free Cl 2 is present, but that  Br 2 is not 
oxidized to BrOil . Horeover, Br 2 extracts poorl y fro• 9 H HCl -- hence dilute  
the aqueous layer after Ge extraction and re-extract . 

Bxtraction of Ge requires (HCl ) �8H: Dee i s  0 . 24 in 6 . 3 H HCl but l 2S in 
8 . 3  H and 597 in 1 0 . 3 H (Harinsky, l 96l } . However, a tracer experi•ent by R .  
Wolf gave D -40 after l •inute • s  shaking . The total yield was onl y 79,, 
probabl y due to insuffi cient cool ing during acidifi cation . 

Arseni c ( III) also extracts under these condi tions (D - 2 . 7 in 9 . S H 
HCl } .  The (n, y) product As 7 6 nor•all y  is of no concern because of its  27 hour 
half-l ife, but the fast-neutron product As 7 � [ 1 7 . 8 d; •ade by As 7 5  (n, 2n} or 
se1 � (n, p} ) could be troublesoae . Because As ( V} nei ther distills nor 
extracts, interference by As can be avoided by •aintaining an excess of NaCl03 
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during the distillation . Bo-ver, this .. y be difficult in view of the large 
.t80unts of sulfur, and so a second line of defense is to add NaCl03 to the 
distillate, thereby oxidi zing As (III) to As ( V) .  

( c ) Back-extract Ge into 20 ml H 20 .  Save the Br 2 -containing organic  

layer i f  Br  is to  be  measured . Transfer the aqueous layer to a centrifuge 

tube , add 1 -2 ml of 3 N NH 20H · HC1 , to reduce traces of Cl 2 and Br 2 ,  and 

acidify to 3-4 N HCl with 8 ml concentrated HCl . Add 4 ml 1 3J thioacetamide 

( TAA ) , stir ( but see Note 2 . c ) and seal the tube with parafilm . Allow to 

stand for at � 24 hours . ( GeS 2 tends to be colloidal and very difficult 

to filter unless i t  is given several hours to coagulate . ) Filter , wash , and 

mount accord ing to step 1 of the Ge pur ification procedure . The samples 

should be rad iochemically clean at this stage , and require no further 

pur ification . 

Note 2 . c .  P'resenius and Jander (Ge vol�U�e, p .  B )  reco-nd adding the 
thioacet .. ide solution (4,,  J . S 81 for each 10 � Ge) cautiously to the top of 
the tube, so it foras a distinct layer on top . This yields a rather coarse, 
easily fil terable precipitate . 

( d ) Combine the several Br 2 extracts and back-extract Br into 20 ml 0 . 05  

N NaHS03 ( freshly prepared from a rel iable , 1 -2 N stock solution ) . Add more 

HS03- , a few drops at a t ime , if the Br 2 color pers ists in the organ ic 

layer ; this may happen when much Cl 2 is present . D iscard the organ ic layer , 

and save the aqueous layer for Br pur ification . 

3 .  Prec ipi tation of Se and Te 

( a ) Decant the solution in the d istill ing flask c -ao ml , -6 N HCl ) from 

the res idue ( NaCl , s ,  Si0 2 ) . Wash the res idue with 1 5  ml H 20,  add H 20 to make 

[ HCl ] •4 N ,  combine the washing with the solution , and save the res idue . 

Filter the solution into a 250 ml beaker . The volume should be < 1 20 ml , else 

the adsorption band on Column B will  be too broad , caus ing premature elut ion 

of Re , W ,  and Sb . 
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A tracer experi•ent shows that after decantation, the ppt . retains a 
unifor• 7-B• of all ele�nts from the solution, •ainl y as intersti tial 
liquid .  A single wash removes most of it ,  except for - I of the W. The NaCl 
residue can be dissolved in H20 and combined wi th the Cs-Rb fraction fro• 
Oolumn B, but this  •ay not be necessary, as onl y a s•all ,  constant fraction of 
Rb and Cs ( - B•J is contained in the NaCl residue, and most of i t  apparentl y in  
interstitial liquid that should be  removable by a single wash . 

( b ) Bubble 50 2 through the solut ion for about 1 0  minutes ( about 4 l i ters 

802 is  required to saturate 1 00 ml of H 20 ) . Add 1 ml of 1 5� hydraz ine 

hydrochlor ide ( N 2H� · HC1 ) solution , and caut iously heat to boi l ing for 5 

minutes , to coagulate the Se , Te precipitate and expel some of the 80 2 • Add 

Aerosol wetting agent , centrifuge , and save the solution for step ( c ) . Save 

the precipitate for the Te-Se separation ( see Te pur ificat ion ) . 

Tbe HCl concentration is a compro•ise between the opti•um for Te ( 2 . 6-2 . 9 
H) and Se (�3 . 4  H) . Hydrazine hydrochloride makes the precipitation of Te 
more quantitative .  Tbe boil ing step, adopted from Wilson and Wilson, i s  
supposed t o  serve the same purpose .  I t  i s  essential,  else so•e samples may 
post-precipitate Se on the col umn . 

T.be so 2 treat•ent also reduces Sb ( V) to Sb (III) , which is essential for 
the ion exchange separation .  

( c ) To the solut ion from ( b ) , add - 4 teaspoon Cel i te filter aid 

( d iatomaceous earth ) , stir , and filter into the column reservoir . The 

fil tration removes silica,  which otherwise clogs the col umn . Load th is 

solution onto an ion exchange column B .  

4 . An ion-Exchange Separat ion of Rb , Cs , Sb , Sn , Re 

Ca, As, Ho, and W are also present in the load solution and can be 
included in the procedure if desired . However, the steps for the first J 
ele�nts have not been checked, and the behavior of W has not been brought 
under full control . 

Prepare a plastic ion exchange column , AG 1 -X 1 0 ,  200-400 mesh , Cl-form , 

1 4 . 9  x 0 . 79 em ( v = 7 . 3  ml ) ,  w i th dacron fiber plugs and 250 ml reservoir . 

Cond ition the column with 30 ml 4 H HCl , and elute accord ing to the fol lowing 

table . 
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Tbe column i tself consists of a plastic 1 0  ml serologi cal pipet (Falcon 
brand) . Tbe reservoir is a 2SO ml plastic bottle with the bottom cut off, 
wbich is attached to tbe column by a 1 -bole rubber stopper . The dacron plug 
is made of pillow stuffing . Ideall �, tbe col umn should be shorter but thicker 
( ·l o  x 1 . 2  em) for a l arger capacit� and faster flow rate, but tbe plastic 
pipets used for tbe col umns are available onl � wi th an ID of 0 . 79  em . 

It is essential that tbe volume of the load solution be as small  as 
possible ( < 120 ml ) ,  so Sb and Re do not elute premature! � .  If tbe volume is 
larger, reduce i t  by boil ing ( tbis is advisable an�wa�, as i t  expels so 2 and 
precipitates an� remaining Se tbat would otherwise precipi tate on tbe column) . 

D .  PURIFICATION OF INDIVIDUAL ELEMENTS 

Chemical �ields quoted in tbis section are for tbe first Chicago run using 
a preliminar� version of tbis procedure . Later runs, wi th tbe final version 
of tbe procedure, general l �  gave better �ields . 

Ant imony 

1 )  Check Ga-Mo fract ion { 36 ml ) from Column B for Sb act ivity , and 

combine with Sb fract ion , if necessary . Next check y-spectrum of Sb fract ion 

from Column B ( 44 ml 0 . 3  N HCl-1 N HF ) . I f  clean , proceed to step 5 ,  

otherwise to step 2 .  [ I f  a Ge( Li ) detector i s  available for Sb counting , then 

proceed to step 5 ,  whether or not samples are clean . ] 

2 ) Transfer solution to a 1 00 ml plastic beaker and add 2 mg each of 

zn 2• , Co 2• , Fe 3+ , Cr 3+ , Cu 2+ , and I r ( I V ) holdback carr iers . Make bas ic to 

·o . 5  N OH- with 6 N KOH ( about 1 4 ml ) , add 2 ml 1 3� TAA , and warm on a water 

bath with occas ional stirr ing , until  the sulfide-hydrox ide prec ipitate has 

coagulated . Ant imony will remain in solution as SbS3 3 - . I f  a colloid 

pers ists , add NH�Cl and heat . St ir well , cool , centr ifuge , and d iscard the 

prec ipitate . 
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� 
� 

ELUT ION SCHEDULE FOR COLUMN B 

(AG1 -X10 , 200-400 mesh , 0 . 79x14 . 9  em ,  v • 7 . 3  ml , f l ow rate -o . 6  cm/mi n) 

Vol u.e Spec i e s  
m l v V5o Vgg Reagent E l uted Di spos i t ion 

--- -- -- --

- 1oo - 1 4  Load ( 4  H HC l ;  H 2S03 ) } Rb , C s , Na ,As , (W)  } Cs ,Rb,  pur . 15+15 2+2 Wash ( 4  H HC l )  S0 2 , HSO;, ee , Fe 

36 5 <2 I 0 . 3  H HC l Ga , Mo Di scard 

44 6 2 . 4  2 . 8  I 0 . 3  H HC l - 1  H HF Sb Sb pur . 

22 3 I 0 . 3 H HC l HF Di scard 

44 6 I 0 . 5 H Li OH-0 . 5  H L i C l  Sn , (W)  Sn pur . 

15 2 I H 2 0  L1 0H-l 1 C l  Di scard 

44 6 I 0 . 2  H HC l O ,.  Cl , Ir, Fe, Sb, Sn Save 

22 I 3 I - 1 . 4 1 I 2 H HC l O ,.  Reo,. - Re pur . 

_ l _ l _ l _ l  
(a) Rlnse reservolr before addlng el uent . 
(b) A tracer experlaent showed 0 . 0" of the Sb and 0 . 03� of the SD ln thls fractlon . 
(c) 0 . 03� of Sn ls ln thls fractlon . 
(d) 0 . 053� of Sn ls ln thl s  fractl on . 

I 
I 
I 
I 
I 
I 
I 
I 

Notes 
F i g . #  

b 
a 

c 

d 8 

e 9 

a 

f 

g l l 

(e) 99 . 8� of Sn appears ln thl s  fractlon . Ll + ls used lnstead of 1111. +, to prevent lnterference 
b9 Na 2 ot when reactl vatlon ls used to deteralne the cbeal cal 9l el d .  Sn c an  also be eluted 
wl th 1 4V of 2 H BCl-3 H Hl' (l'l g .  1 0) ,  but ls hard to recover froa that aedlua. 

(f)  ReO� bas Dv • 10 ln 0 . 2 H HClo,., and hence shoul d not el ute ln thl s  fractlon, especl al l 9  
slnce the flrst - 7v of BCl o,. serve t o  dl splace cl - froa the resln, an d  ReO� noraal l 9  tralls 
the Cl Oi; front . However, the lnltlal loadlng IIMS done froa a large vol� ( -1 4v) ,  froa a 
aedl ua ln wblcb ReOi; has a rather saal l Dv ( -so, assualng total [ Cl - ] • 5 H) . �us the ReOi; 
band probabl 9 ls ver9 broad, and aa9 el u te preaaturel 9 .  �e pre-Re fractlon shoul d 
therefore be saved untll the Re fractlon bas been checked .  

( g )  Wl tb a 4 . 3  al coluan, the Re fractlon ls onl 9 1 3  al , and hence c an  b e  acldlfled t o  8 H (for 
Re 2s7 preclpltaUon) , wl thout exceedlng the capacl t9 of a 40 al centrifuge t ube . However, 
ln vlew of the l arge vol � of load solutlon, lt seeas safer to use a 7 .  3 al col u. .  
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Sb (m 
0.3 M HCI - I M HF 
9. 1 em • 0.49 emZ 
0.83em /min 

- - - -

/ _ _ _ _ _ 

-- - - - - - - - -

I I 
·' 

Sn (!2:) 
0.5 M LiOH - 0.5 M LiCI 
5.1 em • 0.50 em Z 

0.01 0.1 5 10 50 

- - - - - - -

90 

. 

_ _ _ _ _ _ _ _ ,� 

99 99.9 

15 

10 

5 

c: 

� 12 0 
u 

Fraction Eluted (%) 

Sn (lll ) 
2 M  HCI - 3 M HF 
8.6 em • 0.49emZ 
O.B em /min 

12.1 em 1 0.204 emZ ,AGI - X8, - 400 mesh 
0.2Sem /min , 136 plates 
29.Sem 1 0.204 emZ , AGI- X I0 , - 400 mesh  
0.19 cm /min , 308 plates 

5 10 50 90 99 99.9 

F i gure 8-10.  E l ut ion curves of Sb and Sn from Bio Rad AG1 -X 10 , 200-400 mesh ani on exchange res i n .  For Sn , 
Li OH-L1C1 g i ves smal l er vo l ume ( though at the expense of l ower y i e l d s ) . perm i tt i ng d i rect measurement on a 
Ge ( L 1  ) detector. 

F i gure 1 1 .  E l ut i on curves of Reo; ( from Anders et al . ,  19 59 ) . Both curves are sharper than those attai ned 
by the present procedure . due to t he u se of f i ner res i n ,  thi nner col umns . and s l ower f l ow rates . but the 
curve for the 12 em co l umn shou l d  be fai rly representati ve .  
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3 ) Transfer the SbS 3 3 - solution to a 1 00 ml plastic  beaker , and acid i fY  

t o  1 N HCl by caut iously add ing - 1 7 m l  o f  6 N HCl . Approach the neutral po i n t  

( -5 m l  HCl ) dropwise , s o  that H 2S release does not get out o f  control . Decant 

the clear supernatant as  far as  poss ible , transfer the rema in ing l iquid and 

Sb 2S3 prec ipitate to a centr ifuge tube , and wash the precipitate 2-3 t imes 

w i th 1 N HCl contain ing a drop of Na 2S .  

Steps 2 and 3 can be carried out in SO al plastic centrifuge tubes i f  the 
Sb fraction is eluted in 2 install•ents : 3 to 3 . S v containing 9 9 . 99+' of the 
Sb (Fig .  8) , and 2 . S to 3v for the re.aining traces that could otherwise 
conta.inate subsequent fractions . A1 ternative1 �, the solution in step 1 could 
have been evaporated to a s.aller volu8e, with a corresponding reduction in 
the volu.es of HCl and KOH added . Lastl� ,  Sb 2s 3 can be precipi tated directl � 
fro• the HCl -HF sol ution after raising [ HC1 ] to 1 N and adding the sa.e 
carriers as in step 2 .  The sulfide precipitate is then treated wi th O . S N 
KOH, as in step 2 .  Th i s  variant gets rid o f  the fluoride earl � and also 
reduces the volu.e, but probabl � gives so.ewhat less effective deconta•ination 
than the sulfide precipitation in � solution, outlined in step 2 .  

4 ) Add 8 ml 6 N HCl and heat to dissolve the precipitate . ( Sb 2S 3 

d issolves in hot 6 N HCl ; i f  it doesn ' t , the acid may have become d i luted by 

H 20 in the precipi tate . In that case , add 1 ml concentrated HCl and cont inue 

heating . ) After the solut ion has become clear and colorless , add 1 mg each of 

zn 2+ , Cr l+ , Fe l+ , and La 3+ holdback carr iers . D igest for a few minutes to 

expel H 2S ,  and filter or centr i fuge if necessary . Discard any precipitate 

remain ing ( S ,  CuS , As 2S 3 , Te , etc . ) . Wash the filter w i th 1 0  ml 2 N HCl . 

5 ) Add 1 0  ml of CrC1 2 solut ion to the fil trate ; metall i c  Sb 

precipitates . ( I f  steps 2-4 have been skipped , do the prec ipitat ion in a 

plastic centr ifuge tube , and wash twice w i th 1 N HCl before filter ing , to 

remove HF ) . 

6 ) Filter onto a glass fiber disk and wash with 1 N HCl , H 20 and 

methanol . Dry at 1 00°C . Allow 2 . 8 day Sb 1 2 2  to decay before count ing . Mount 

between doubles ided scotch tape . 

Average Yield :  60� 1 S • .  
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Bismuth 

�e Bi abundances in lunar rocks and .ang aeteorites are verg low, 
resulting in activities as low as a �ew dp•. �us deconta8ination factors 
fro• the .. jor activities .ust be >1 0 1 0 , especiallg since Bi 2 1 0  is aeasured bg 
&-counting . It is advisable to do the Bi purification in a separate, low­
level l ab, wi th special glassware (preferablg new �or the last �ew steps} . 

�e procedure given here achieves the decont .. ination •ainlg  bg J ion­
exchange separations . T.be .ast tenacious conta8inants are Pa (which is well ­
behaved i n  the presence of F-) an d  Ir (which tends to spread all over the 
place, cf . Column A} . 

1 )  To the 94 ml B i  fract ion in 1 • H 2SO� add 1 mg each or Cr , Fe , I r  and 

Sb holdbacks , 1 ml saturated H 2S03 [ to reduce Sb( V ) )  to Sb( I I I ) ] , 8 ml HCl , to 

make [ Cl- ] = 1 • ,  and ·20 drops 1 0  • HF ,  to complex Pa . 

2 )  Load the solution on to a plastic anion exchange column : AG 1 -X 1 0 ,  

200-400 mesh , Cl- form , 5 . 1 x 0 . 79 em ( v = 2 . 5  ml ) , w i th dacron fiber plugs ; 

cond i tioned with 20 ml 1 • HCl . Elute according to the table below , at a flow 

rate of <2 . 5  em/min . Use plastic receivers for all fractions contain ing 

fluor ide . 

A somewhat similar elution sequence on a l x 9 c• column gave the 
following deconta8ination factors : Fe J x 1 0�, Ir · soo, Pa ·1 000 . AD elution 
curve for Bi on a l x 10 c• col umn is shown in Fig .  6 .  
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Volume Species 
ml v Reagent Eluted Dispos i tion Notes 

1 04 42 { Load ( 1 H HCl , 1 H H 2SO� Fe , Cr , Co , Cu , Pa , I r  D iscard 
0 . 1 H HF )  

1 5  6 0 . 3  H HCl - 1 H HF Sb, l'e, Pa, ( I r? ) Discard a 
35 1 4 6 H HCl I r , F- Discard a 
35 1 4 0 . 00 1  H HCl Zn , Cd Discard a , b  

5 2 1 H H 2SO� Cl- D iscard c 
30 1 2  1 H H2SO� 81 Step 3 d 

(a) Thoroughl y rlnse reservolr before addlng eluent . 
(b) A wbl te band of BlOCl foras on the column at thls stage . 
(c) Thls fractlon, contalnlng .oat of the cl -, ls belng collected separatel y ,  

because cl- lnblbl ts the adsorptlon of Bl ln  the next, catlon exchange 
step .  l'r� the lnforaatlon avallable, the cut at 2 v should reaove >90' 
of the Cl- wblle loslng �1' of the Bl ,  but tbls bas not been checked . 

(d) A tracer run on a 10 c• x 1 ca coluan (wl tb 1 H H2so� -0 . 003 H HCl ) and a 
flow rate of 0 . 9 ca/aln gave v50 � 6v, v99 : 9v, so a cut at 1 2  v should 
be aaple .  However, because the present column ls shorter an d  is  being 
operated at a faster flow rate, it mav be prudent to elute another 4 v 
wl tb H2so� ,  and to check an aliquot for Bi , using Na 2s or TAA . 

3 ) D ilute the Bi fract ion from the anion exchange column ( 30 ml 1 H 

H 2SO� ) with twice its volume or water , to make [ H 2SO� ] = 0 . 33 H .  

4 ) Load the solution on a cat ion exchange column [ 1 x 5 em ( v = 3 . 9  ml ) , 

AG50W-X 1 2 ,  200-400 mesh , H+ form ; cond it ioned with water and 0 . 25 H H2SO� ] . 

Elute as follows : 

Volume Species 
ml v Reagent Eluted Dispos it ion Notes 

90 23 Load ( 0 . 33 H H 2SO� ) I r , anions D iscard 
58 1 5  Wash ( 0 . 25 H H 2SO� ) I r , anions Discard a 

8 2 H 20 H2SO� D iscard a 
20 5 0 . 5  H HCl 81 Step 5 

(a) Thoroughl y rinse reservoir before adding eluent . 
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B13+ has the follow1ng d1str1but1on coeff1c1ents on AG50W-XB . H2SO� : 1 H 
• 32 . 3,  0 . 5 H • 235, 0 . 25 H = 6800 . HCl : 0 . 5 H <0 . 5  (Strelow et al . ,  
1 965) . T.be values for 1 2' crossl1nked res1n should be sl1ghtl ' larger (except 
for the HCl medium, where B1 1s ent1rel ' an1on1c) . 

5 ) To the 20 ml Bi fract ion in 0 . 5  H HCl add 2 ml 6 H HCl , to make 

[ Cl- ] = 1 H, and 4-5 drops 10 H HF . 

6 ) Repeat step 2 ( an ion exchange column ) , but elute the pre-B i  and H i ­

fractions ( 2 v + 1 2  v ) together . 

7 ) Add 2 ml or 1 3� TAA to the 35 ml B i  fract ion and d igest 1 0  min . on a 

hot plate . Centr ifuge the B i 2S 3 precipitate and reject supernate . Wash the 

precipitate with H 20 and reject washings . 

8 ) Dissolve B i 2S 3 in 1 -2 ml HCl ( 1 -2 drops or HN03 may ass ist ) . Boi l  

off the H 2S .  Reduce the volume to 0 . 5  ml and precipi tate BiOCl by add i tion of 

water . Centri fuge and reject the supernate . 

9 ) D issolve B iOCl in 1 0  ml 2 H HCl . Di lute to 1 5  ml w i th H 20 ,  heat and 

add 1 0  mg Ag carr ier . Allow to cool , and centr i fuge . Fil ter the supernate 

into a � centr ifuge tube . Discard the AgCl precipitate . 

1 0 ) Add NH�OH to prec ipi tate Bi ( OH ) 3 , centr i fuge , and d iscard the 

supernate . 

1 1 ) Dissolve the B i ( OH ) 3 precipitate in 1 ml 6 H HCl . Add H 20 unt i l  the 

first turbidity appears . Al low to stand . Add H 20 from time to t ime unt i l  

precipitation of B iOCl is  complete . 

1 2 ) F i l ter B iOCl onto a paper filter d isk ( lower background than fiber 

glass filter ) and wash with H 20 and methanol . Dry in an oven at 1 1 0°C  and 

weigh . 
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1 3 ) Mount on a low background stainless steel d isk and cover w i th �lar 

film. Count the Bi 2 1 0 beta activity in a low background ( -0 . 2  cpm ) beta 

proportional counter . Correct activity for self-absorption ( Fig . 1 2 ) . 

Average Y1eld :  4 716, . 

Bromine 

1 ) To the Br fraction from the Ge-Br separation ( 20 ml �0 . 05 H NaHS03 ) 

add 3 ml 3 H H3 PO� ( to give final cone . • 0 . 3  H H 3 PO� ) and sufficient 0 . 2  H 

KMnO� ( -3  ml )  unt i l  all HSO] and Br- are oxidized , and the purple color of 

Mno; pers ists . 

2 ) Extract the Br 2 with two 20 ml portions of CCl � ( D= 25 ) . Wash the 

combined organ ic extract with 1 0  ml H 20 to remove Cl- . Discard the aqueous 

layer . 

3 ) Back extract Br into 1 5  ml freshly prepared 0 . 05 H NaHS0 3 • Dropw ise 

add more 1 H NaHS03 i f  the organ ic layer is  not completely decolor ized . 

4 ) Make the Br fraction ( 1 5  ml ) 3 H in HN03 • Heat for 1 0  min ( -80°C ) to 

oxid ize HSO] . A fuchs1n test ma, be run to check for absence of HSO], 

al though the test 1s not sens1t1ve enough to 1nd1cate small ..aunts of HSO] . 

5 ) Add 2 ml or 0 . 2  H AgN0 3 and check for completeness or 

precipitat ion . [ Avoid an excess , else Ag 2SO� ( Ksp = 1 . 24 x 1 0- s ) may 

precipitate ] . Digest for - ,  min , filter onto a fiberglass filter , and wash 3 

t imes with water and 3 times with acetone . Dry for 30 min at 1 00°C . ( I f  

there i s  any chance that the samples have to b e  reirrad iated , then filter 

� should be used instead of fiberglass ) . 

5 1  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

R a d i o c h e m i c a l  N e u t r o n  A c t i v a t i o n  A n a l y s i s  f o r  3 6  E l e m e n t s  i n  G e o l o g i c a l  M a t e r i a l :   A u ,  A g ,  B i ,  B r ,  C d ,  C s ,  G e ,  I n ,  I r ,  N i ,  O s ,  P d ,  R b ,  R e ,  S b ,  S e ,  S n ,  T e ,  T l ,  U ,  a n d  Z n  a s  w e l l  a s  S c ,  Y ,  a n d  R E E
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 1 6 5

http://www.nap.edu/catalog.php?record_id=19165


In the Keays et al . (1 974) procedure, i t  happened occasionall y  that the 
AgBr ppt was heavier than expected, requiring the che•ical yield to be 
deter•ined by reirradiation . T.be likel y reasons are : 

i )  Oonta.ination wi th AgCl , if cl - was not scrupulousl y reaoved in 
earlier stages . (Hno; slowl y oxidizes cl - to c1 2 , wbicb is extracted 
along wi th Br 2 and thus gets into tbe final sa.ple) . 

i i )  Ooprecipi tation of Ag2so� . So.e so�· is unavoidably foraed by 
oxidation of HS03, and .are .ay be introduced fro• H2so� used in tbe old 
procedure (the single extraction specified .ay not have reaoved i t  
quanti tatively) . ror this reason, avoid an excess of Ag+ an d  keep [ H+ ] 
fairly  high ( 3  N) , to tie up so�· as Hso; . 

i i i )  Ooprecipitation of Ag2so3 • This is  not l ikel y to have happened, as 
[ so3• ] is very low in the strongly acidic (l . S-3 N) HN03 solutions used 
for precipitation . Noreover, if the solution was heated sufficiently,  
HS03 would be oxidized to so�· ·  

iv) Reduction of Ag+ to Ag by HS03 . This can happen, but the dark color 
of the precipitate is a clear warning that is bard to overlook . 

Cadmium 

1 ) To the 1 32 ml Cd fraction , add 1 mg each of Fe l+ , zn 2+ , Cr l+ , Sc l+ , 

and Co 2+ holdback carr iers . Add 6 ml HCl ( to make [ HCl ] = 0 . 5  N) . Add 5 ml 

saturated H2S03 to reduce Fe 3+ to Fe 2• . 

2 ) Prepare an an ion exchange column 1 x 5 em , us ing Bio-Rad AG 1 -X 1 0  

resin , 200-400 mesh , Cl- form ( nominal y = 3 . 9  eml ) . Cond it ion the column 

w i th 30 ml of 0 . 5  N HCl . 

3 ) Load the solut ion from step 1 onto the column ( Dv of Cd = 2000 ) . 

Adjust the flow rate to no more than 2 . 5  em/min ( even 1 em/min i f  you have the 

t ime ) . Discard effluent , which should contain cation ic spec ies such as Co 2+ 

and much of the Fe l• , Cr l+ , Sc 3+ . Thoroughly wash column reservo i r . Elute as 

follows : 
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Volume Species 
� v Reagent Eluted Disposi tion Notes 

1 38 35 Load ( 0 . 5  N HCl ) Fe , Cr , Sc , Co Discard 
3 1  8 0 . 03 N HCl Zn Discard Rinse reservoi r  
62 1 6 0 . 002 N HCl � Step 4 Rinse reservoir 

4 ) Check y-activity of Cd fraction . I f  Fe S t  is present , do a Fe( OH ) 3 

scavenge with excess NH�OH , evaporate to dryness , and take up residue in 50 � 

0 . 002 N HCl . I f  Fe S t  is absent , proceed to step 5 .  

5 ) Add 5 ml 3 N NH�Cl . Heat the solution to just below bo i l ing ,  and 

prec ipitate CdNH�PO� · H 20 by dropw ise add i tion of 1 0  � 1 N ( NH� ) 2HPO� . Check 

pH ( should be at least 3-3 . 5 ) and adjust with a few drops of 0 . 1 N NH�OH , i f  

necessary . Continue heating until  the prec ipitate becomes crystall ine , and 

then al low to stand for 1 -4 hours . 

According to Wilson and Wilson, the best p& range for precipitation is  
5 . 8- 7 . 3 ,  wi th the opti•wa at 6 . 5 .  However, in our experience, precipitation 
at so high a pH gives a fine, poorl , fil terable precipitate, and we therefore 
prefer to start wi th a weakl' acid solution, rel ,ing on the (NR�) 2HPO� to 
raise the pH. Niller and Page (1 901 ) reco..end precipitating at roo• 
temperature and letting the solution stand overnight without an, heating 
whatever, to prevent loss of NR3 and H20 . 

6 ) Filter onto a glass fiber d isk . Wash with H 20 and acetone . Dry at 

1 00- 1 03°C . Mount on doubles ided scotch tape and cover w i th mylar film . 

7 ) Allow the 4 . 5  hour In l l s• daughter to come to secular equil ibrium 

w i th 54 hr Cd 1 1 5 before count ing . 

Wilson and Wilson reco .. end 2- (o-h,drox,phen,l ) -benzoxazole as a highl ' 
selective precipi tant for Cd . (Onl'  cu, 00, Ni are precipitated b' this 
reagent, but the' are removed b' the anion exchange . )  

Average ,ield :  8511 0% . 
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Cesium and Rubidium 

1 .  Precipitat ion 

If W is to be incl uded in the procedure, then step C . 5 must be used in 
place of step 1, below. 

( 1 ) Evaporate the Rb-Cs fraction from Column B to dryness . Toward the 

end or the evaporation , after the S0 2 is gone , add 10 mg or Fe 3+ carrier . I f  

the yellow color fades after add ition or Fe 3+ , add a few drops cone . HN03 to 

reoxid ize i ron to the +3 state , and cont inue the evaporation . Thoroughly 

leach the res idue with 70 ml or water . Ignor ing any turb id ity , add 2 H 

Na 2C03 , a few drops at a t ime . Centr ifuge and discard the Fe ( OH ) 3 

precipitate , containing Si , T i , Al , Ca , etc . 

( 2 ) To the clear supernate ( filter if necessary ) add a few drops methyl 

orange , 3 ml 1 H sod ium acetate , and glacial ( 1 7  H )  acetic acid , one ml at a 

time , until  the ind icator begins to change from yellow to red . 

The final pH should be between 3 and 5, preferabl y near the pK' of .ethyl 
orange ( 3 . 7) .  The pH of the acetate buffer syste• is 4 . 75-log HAc NaAc .  

( 3 ) Gradually add , with stirring , 2 0  m l  0 . 1 H ( 3 . 42� )  sod ium tetraphenyl 

borate ( NaBt� ) solution . Check for completeness or precipitat ion , and add 

more reagent i f  necessary . Cool to S20°C , and centr i fuge as soon as poss ible 

after precipitation ( less than 1 hr ) . I f  the precipitate does not settle , add 

10 drops or 0 . 1 H A1Cl 3 solution . 

( 4 ) Wash 2-3 t imes with 30 m1 or a freshly prepared solution 0 . 003 H in 

NaBt� and 0 . 1 H in HAc ( 30 ml 0 . 1 H NaBt� and 6 ml glac ial acetic  ac id per 

l i ter ) . The precipitate ought to be clean enough for counting , in sol id or 

l iquid form . 

NOte . A variety of contradictory state.ents on this reagent exist in the 
l iterature (see Wilson and Wilson, pp . 28-30, for a review, and Geilmann and 
Gebauhr 1 953,  for a most detailed study of precipitation condi tions) . The 
following sal ient facts have been extracted fro• the references given in 
Wilson and Wilson, and Kal thoff and Bl ving . 
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----------------�======�-� 

(a) T.he reagent is unstable in solution .  Though some authors clai• 
stabilit�  for 1 -2 da�s (especiall� at ooc or when dissolved in 0 . 01 H NaOH 
rather than H20) , i t  should be freshl � prepared and refrigerated until read� 
for use . 'or gravi•etric work, the slightl � turbid solution is usuall �  
cleared b �  shaking with alkali -free Al (OH) 3 an d  fil tering, but this does not 
see• necessar� here . 

(b) T.he best pH range for precipitation is 3-6 . 5 .  Higher acidi ties, to 
[B+ ] = 0 . 66 H, gi ve a coarser precipi tate and better selecti vi t�  (separation 
fro• ,e, Al , etc . ) ,  but the reagent deco•poses rapidl � at pH <3 ,  �ielding non­
stoichiometric precipi tates and requiring carefull � controlled condi tions 
(0°C, filtration in less than 1 0  •in, larger excess of reagent) .  Reaction 
conditions, effects of other ions, etc. have been studied •uch less thoroughl � 
for strongl � acidic than for weakl� acidic solutions . 

Because ,e, Al , and other b�droxides are el i•inated before the 
precipitation of Rb and Cs, low pH bas no advantage, except coarser grain size 
of the precipitate . 'ilterable precipitates can be obtained at higher pH, 
however, b� slow precipitation (at 40-50 °C, if necessar�) and addi tion of 
AlCl 3 . Dropwise addi tion of reagent is supposed to be .ast effecti ve .  

(c) Though the solubilit�  products of RbBt� and CsBt� are fairl � s•all 
( 2 . 0 x l o- s and 8 . 4  x lO- l O ) ,  appreciable losses will occur unless excess Bt� 
is present in the sol ution as well as the wash liqui d .  The concentrations 
used here, 0 . 01 H (allowing for up to 2% K in a 0 . 1 g rock sample) and 
0 . 003 H, should lead to a loss of onl � 1 . 9  pg Rb in the precipi tation and 5 . 1  
pg Rb in the washing, and sl ightl � s•aller losses for cs . These calculated 
solubilities have been confirmed bg Ceil•an and Cebauhr under actual 
experimental condi tions . Sol ubili ties in pure water are considerabl � higher 
(obs . 344 pg Rb/100 ml , calc .  382 pg/1 00 ml ) . 

T.he procedure still works wel l in the presence of large amounts of NaCl or 
Na 2so� ( to at least 1 50 g/1 or 1 00 g/1 , respectivel �,  corresponding to molar 
ratios of 600-1 000) , but the precipitate then contains a few percent of Na . 
The Na can be eli•inated b� dissolving the precipi tate in acetone and 
reprecipitating b� addi tion of water . Alkaline earths are sl igbtl � 
coprecipi tated even at molar ratios of 1 ,  but are el iminated in our procedure 
b� precipi tation wi th Na zC0 3 . 

2 .  Preparation for Counting 

SOl id . Centrifuge , slurry with 0 . 5  ml of water , transfer to a planchet or 

vial , and dry . Be sure geometry and sample thickness are nearly the same for 

al l samples ; this is essential for counts in close geometry . I f  they d i ffer 

appreciably , count the samples in l iquid form . 

Liquid . Transfer the precipitate to a 1 50 ml beaker , add 25 ml 4 H HN03 , 

and heat overn ight . Add 2 ml 70J HClO� and d igest unt i l  the solution is a 
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clear yellow or colorless . Evaporate the solution to 1 5  ml , and transfer to a 

7 x 2 em counting v ial . 

Nbte . �is procedure, from Keays et al . { 1 9 74) .ay be too drastic and 
time-consu.ing . In acid solution, tetraphenylborates hydrolyze according to 
the equations : 

Bvaporation wi th 6 8 HCl alone may suffice to complete the hydrol ysis and to 
boil off the benzene; if a precipi tate re.ains, i t  can be discarded, because 
it should contain no alkalis . 

Counting . Count on a well -shielded Ge ( Li ) detector . Put samples in 

lucite sample holder d irectly on the detector . Usually , two counts are 

taken : first , a short count ( 400 sec ) for Cs l 3 7 ( 662 keV ) to determine the 

y ield ; second , a longer count ( 4-24 hours ) for Cs l 3 � ( 795 . 8 + 80 1 . 9  keV ) and 

Rb 8 & ( 1 085 keV ) , w i th the lower d iscr iminator at such a value that the 662 keV 

y-ray or Cs l 3 7 is not recorded . 

Nbtes . Check each batch of tracer sol ution for cs l 3 � activity  and correct 
for this contribution if necessar� . 

Some cs l 3 7 is produced by fission of U2 3 5 in the sample .  ror typical 
irradiation and counting conditions even as auch as 1 pg U produces onl y  1 cpa 
cs l 3 7 , which is completel y swa•ped by 2 . 10 3 cpa cs l 3 7 added as tracer . 

�e above procedure assumes that Rb and cs do not fractionate during the 
separation, so that the cs yield also applies to Rb . rhis is true when the 
tetraphenylborates are quantitativel y precipi tated, and do not decoapose in 
subsequent processing . However, when precipi tation is  incoaplete {most 
co.-only due to deco•position of reagent) , then Rb is lost preferential l y .  
ror chemists unfamiliar with the procedure, i t  is advisable t o  check Rb yields 
by re-irradiation until the data consistentl y agree with the cs l 3 7 yield .  

Average yiel d :  61�10% . 

German ium 

Having gone through a distillation, eel � extraction,  and a sulfide 
precipi tation, the samples are clean enough for coun ting, and merel y need to 
be fil tered and mounted according to step 1, below. 
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I� �urther deconta.ination fro• As is required, a second distillation can 
be carried out ;  alternatively, the following procedure .. y be convenient . 

i )  Dissolve the oes2 precipitate in S al NH�OH, centrifuge, reaove 
supernate, and treat the residue with a second S al NH�OH portion . 
centri�uge and coabine supernate; discard residue . 

ii )  Add 10  al NH�OH to coabined supernate, fil ter through a �ataan 41 
ashless paper, and evaporate the fil trate to dryness on a water bath . 
Redissolve in 1 5  al 4 H HCl to yield a clear solution .  

iii)  Add 1 al As carrier an d  O . S al 1 H Nai ( to reduce any As ( V) to 
As (III} and war• on a water bath . Transfer the solution to a 
polypropylene centrifuge tube and add O . S al 1 0  H BP to coaplex Ge . 
Saturate with BzS to precipitate As zS3 . 

i v) centrifuge and filter through a �ataan 41 ashless paper into a glass 
centrifuge tube containing S al saturated H3Bo3 solution ( to tie up r-) . 
saturate wi th HzS and store in a refrigerator . Continue with step 1 ,  
below: 

1 ) After allowing the samples to stand for 24 hours , filter onto a paper 

disk .  Wash w i th H20 ,  try ing to get the preci p i tate evenly d istr ibuted over 

the filter . Dry at 1 05°C ; any sulfur in the prec ipitate w i l l  slowly 

volatil ize . Mount on scotch tape only ( or stiff ,  1 0-mi l  mylar ) and cover w i th 

scotch tape . Count the 9 . 3  keY Ga K X-ray of 1 1 . 4 d Ge' ' •  using a S i ( L i ) 

high-resolution , low background detector . Take great care to keep the 

geometry reproducible . 

Determine the chemical yield by re- irradiation . 

Re- irrad iat ion . Prepare 4 mon i tors for the re- i rrad iation by we ighing -2o 

and -so mg of ( NH� ) 2 Ge( C 20� ) 3 • 4H 20 in a plastic glove finger . Mount on cards 

and cover with scotch tape . 

NOte that the exact aass of the Ge in the saap1es need not be known, 
except for the self-absorption correction, because we use the ratio of the 
cheaica1 yields of the saap1es to the cheaica1 yie1ds of the standards . 

1 ) Wrap samples ( 1 2 ) , standards ( A+B ) , and moni tors. ( 4 ) together in Al­

foil  and place them in the can for a 1 0-min irrad iation . 
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2 ) After irrad iation , mount each or them on an Al plate , and cover with 

tape . ( Alternatively , the samples can be sandwiched between two layers or 

tape or put into plastic vials , but the shape and spac ing must be constant 

enough so that all samples have the same counting efficiency when counted in 

close geometry in step 3b . ) 

3 ) Count on a Ge ( L i ) detector at the appropriate distance , using a 

sample holder . The most intense peak is the 264 . 0  keY y-peak or 82 . 8 min 

Ge7 s ,  which has an interference from the 265 . 45 keY peak or 678 min Ge7 7 . 

Usually , two sets or counts are taken : 

a ) Shortly after irrad iat ion , count the moni tors and samples . I f  

poss ible , repeat the cycle so that each o r  the samples i s  counted twice . 

Check that decay factor is consistent w i th hal f- l i fe .  

b ) Count the samples again as close to the detector as possible and 

more than 15 h after the irradiat ion . Us ing this count for the isotope 

Ge7 7  only , 1 mg Ge can still be determined within 2� counting 

statistics . Check decay factor . 

Average yiel d :  64t8, . 

Gold 

1 ) Make the Au fraction from Column A { 94 ml 1 0� thiourea ) about 1 . 5 N 

in NH 3 by add ing 1 0  ml cone . NH�OH . (As the sol ution was aci d to begin wi th, 

it wi ll be buffered to pH 9-1 0 bg the NH: sal ts for•ed . )  Heat to boi l ing ,  to 

hydrolyze thiourea , and prec ipitate Au 2S 3 • Cont inue boi l ing unt i l  the dark­

brown sulfide has coagulated . Decant , centr ifuge , and wash the prec i p i tate 2-

3 times with 1 N HCl . Be sure to get rid or all organ ic matter on the walls . 
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2 )  Dissolve the precipitate i n  a few drops o f  aqua regia , add 1 0-20 m1 

6 M HCl and 2 m1 5 M NaCl , and centr ifUge . Discard the sulfUr residue and 

transfer the supernatant to a 1 50 ml beaker . 

It is advisable to get rid of the sulfur as co•pletel' as possible, 
because it •a' interfere in later steps . If the supernate is  not co•pletel , 
clear, boil the solution to coagulate the sulfur . 

3 )  Evaporate the solution to dryness . Moisten the residue with cone . 

HCl , and evaporate just to dryness ; repeat twice to remove all traces of NOj . 

T.be NaCl aids in the re.aval of nitrate . If red specks of .etallic Au 
appear at so.e stage (owing to reduction by s or organic •atter) , dissolve 
the• with Cl 2 , Br2 , or a few drops HN03 . (T.be latter two .ust be re.aved b' 3 
evaporations with 1-2 •1 HCl) . 

4 ) Take up the residue in 30 m1 1 . 2 M HCl . Heat to boil ing , and slowly 

induce precipitat ion of Au by add ing , a drop at a t ime , a 5� hydroquinone 

solution ( the solution is stable for up to a week ) . After nucleation has 

commenced , add 5 ml of reagent , and continue to boil for 20 min . 

If Pa is present,  add S drops of 1 0  M HP before precipi tation . Because HP 
attacks glass, if is  preferable to do the reaction in a pol ypropylene beaker . 

A single precipitation suffices because the Au fractions fro• Ooluan A 
(eluted wi th neutral thiourea rather than 0 . 1 M HCl-thiourea) are >95' clean, 
wi th Pe5 9  the onl y detectable contaminant . 

5 ) Filter onto a glass fiber disk , using a small ( 1 0 mm) chimney , and 

wash thoroughly with water . Use ethanol to transfer the prec ipitate 

quantitatively . Dry at 1 1 0° C .  Mount the samples between double-s ided scotch 

tape . Use antistat ic spray on the mylar film ( or breathe on it heavily ! )  

before cover ing the Au precipitate . 

Average yield :  84�1 3, .  
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l .  Prel1•1nary Pur1f1cat1on of In and N1 

�e 1n1t1al pur1f1cat1on of In and N1 1s done s1•ultaneously,  on the sa.e 
cat1on exchange column .  �e method 1nvolves elut1on w1th acetone-HCl •1xtures 
of 1ncreas1ng acetone content (and hence decreas1ng d1electr1c constant) .  
Cat1ons of progress1vel y lower aff1n1 t1es for Cl - thus are able to change 1nto 
an1on1c co•plexes that are pro•ptl y eluted from the column (Fr1tz and Rett1g, 
1 962) . 

�e In fract1on fro• COlumn A tends to be conta.1nated w1th Ir 1 9 2 and 
crs l ,  ( -lo� c/•J and lesser amounts of sc� ' and co s o .  �e N1 (DHG) z 
prec1p1tate 1s conta.1nated •a1nly w1 th co s o ,  ( - l o s  c/•J . Because Cr forms 
several 1nert Cl- co•plexes that elute at d1fferent rates, the procedure 
1ncludes convers1on of Cl - to NOi and for most of our work a second 1on 
exchange step 1n 5 H HCl on a long, th1n column was used . It works wel l  but 
takes too much t1me . Recentl y, a faster procedure has g1ven good resul ts (H. 
Bb1hara, to be publ1shed) . �e second 1on exchange step uses acetone-HCl 
1nstead of 5 H HCl . �1s alternat1ve method w1ll  be outl1ned 1n sec . , 2 on 
p .  60 . 

1 )  Dissolve the Ni ( DMG ) 2 precipitate ( from 8 . 6 ) in 1 ml HN03 • Combine 

with the In  fraction ( 94 ml 3 . 5  H HCl ) from Column A, as well as 1 mg Fe , Cr , 

Co , Cd , Zn , I r  and La holdbacks , and 20 �g Sc holdback . Evaporate to near 

dryness and add sufficient HN03 to convert chlor ides to nitrates . Evaporate 

to dryness on low heat ( excessive heating produces a black oxide that is 

almost impossible to dissolve ) , and take up in 10 ml 0 . 1 H HN03 • The solut ion 

should be l ight brown with no green color left . 

2 )  Load the Ni-In solution on a 1 4 . 9 ml cation exchange column ( AG50-

X 1 2 ,  200-400 mesh , 1 x 1 9  em, � form , cond itioned with water until  the pink 

color of res in impur ity is gone , and then with 50 ml 0 . 1 H HN03 ) .  Wash with 

30 ml 0 . 1 H HCl and elute according to the fol lowing table ,  at a flow rate of 

$0 . 5  em/min . Cover the columns loosely with parafilm to prevent evaporation 

of acetone , but pierce a small hole so a vacuum won ' t  form . 
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Volume 
m v Reagent 

1 0  0 . 7  Load ( 0 . 1 H HN03 ) } 
30 2 Wash ( 0 . 1 H HCl ) 
45 3 40�A-0 . 5  H HCl 
90 6 90�A-0 . 5  H HCl 
30 2 3 H HCl 

Species 
Eluted 

I r ,  anions 

In , Cd 
Fe , Co , Zn 
Ni 

Dispos it ion 

Discard 

In pur . 
Discard 
Ni pur . 

Notes 

a 
b , c  
d , e  

r 
g 

(a} �e ions adsorb according to charge �d size :  green cr3 + at the 
top, colorless In3+ in the •iddle, blue oo2+ �d green Ni2+ at the 
botto•. 

(b) �roughl � wash reservoir before adding eluent . 
(c) Cbeck y activit�  of adsorption b�d, �d continue washing with 2 v 

incre.ents of 0 . 1 H HCl until activit�  has beco� negligible or 
const�t . 

(d) Because a tracer experi�nt indicated that 0 . 2, of the Cd appears in 
the In fraction fro• colu.n A, one c� insert � elution step for Cd 
at this point : 1 . 8  v of 70�-0 . 2 H HCl (Fritz �d Rettig, 1 962} . 
However, this step has not been tested, �d •a� not be worth the 
trouble if In is purified bv �other �ion exch�ge later on . 

(e) Fritz �d Rettig use onl v 2 . 5 v to elute In qu�titativel v, but 
since thev start wi th resin alreadv pre-equilibrated wi th acetone, 
it see•s safer to use 3 v, which gives good vields . 

(f) According to l i terature data, 3 . 2  v suffices to elute 00, the .ast 
strongl v adsorbed of these 3 ions , to 99 . 8, .  However, because oo & o  
� d  Fe5 9 are the aajor conta•in�ts, i t  •av be worthwhile to 
continue the elution wi th additional 2 v incre�nts until the point 
of di•inishing returns has been reached . Dv of Ni in this aedi ua is 
249, so there is not •uch danger of el uting it pre•aturel v .  

(g) �e elution of Ni can be followed b v  watching the green Ni b�d . 
rypicallv, Ni eaerges in the interval 0 . 7-2v (10-25 •1} ,  �d it  aav 
therefore be worthwhile to collect a separate pre-Ni fraction of 
about 1 0  •1 , to see whether a signific�t a.ount of conta.ination 
c� be reaoved this wav .  �e trailing edge of the Ni b�d is less 
sharp th� the leading edge, �d the elution should therefore be 
continued until a drop of effluent no longer gives a DHC test for 
Ni . It is advisable to stop shortl � after the Ni band has full v  
eaerged, because the hea� RBB will  soon follow. For exa.ple, Dv 
for Ni �d rb are 2 . 0 �d 1 2 . 2 in 3 H HCl �d 7 . 2 �d 2 7 . 4 in 2 H 
HCl . If desired, the elution c� be done in 2 H HCl , though the 
separation should be a.pl v good enough in 3 H HCl . 
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Fri tz and Rettig (1 962) suggest loading no .are than 1 . 5  aeq . on a 1 4 .J 
colu.n to •ini•i ze tail ing, so one should reall y  use a 21 •1 colu.n for 2 . 2 
aeq . of In, Ni , and holdbacks . 

The notation •40� - 0 . 5 H HCl " •eans a •ixture of 400 •1 acetone, 42 .J 
1 2 H HCl , and 558 •1 H20 wi thout regard to volu.e change on •ixing. 
Si•ilarl y, 90� - 0 . 5 H HCl is 900 •1 acetone, 42 •1 1 2 H HCl , and 58 .J 
H20 .  The •ixtures of high acetone content, at least, .ust be freshl y 
prepared, because they turn dark owing to pol yaerization reactions . 

Fritz and Rettig reco .. end that the coluan be prepared fro• and 
conditioned wi th the first eluent, and that the (neutral) loading solution 
should contain SO' acetone . This is probabl y i•portant when the first eluent 
has a high acetone content, because the voluae change in the sudden transition 
fro. aqueous to organic aediu. can cause channeling . However, since our first 
eluent has onl y 40' acetone, we can start in aqueous aediu..  

2 .  Pur ification of In 

1 ) Add the following holdbacks to the In fraction from the cation 

exchange column : 1 mg each or Fe , Co , Cr , and La .  Evaporate to dryness , and 

take up residue in the minimum volume ( < 5  ml ) or 5 H HCl . Discard any purple 

residue or CrC1 3 • 

2 ) Load the solution on an an ion-exchange column ( 0 . 69x 1 5  em ,  v = 5 . 6 

ml ; AG 1 -X 1 0 ,  200-400 mesh , Cl- form ; cond itioned with 20 ml 5 H HCl ) . Elute 

according to the table below , at a flow rate or < 0 . 5  em/min . 

On such a coluan, In shows essentially  the sa.e elution behavior in 2-8 H 
HCl : v50 • 6 . 5 v, v1 • 5 v, v99 • 1 1  v (the latter is strongl y dependent on 
the flow rate and resin aesh size) . �racer experiaents with 2 H and 5 H HCl 
show that the latter gives better deconta.ination fro• conta.inants surviving 
the cation exchange step (Fe, Oo, Cr, Sc, Ir) . Due to the s•all D, a long 
colu.n and slow flow rate are needed . 

As a faster al ternative, steps 1 and 2 •ay be replaced by the following 
procedure (H . Bbihara, to be published) .  

Bvaporate to dryness the In fraction fro• the preceding cation exchange 
colu.n, take up the residue in HCl and prepare for loading as 1 0 .J of 
1 H HCl - 40' A solution .  Load on a second cation-exchange colu.n (1 . 0  x 7 . 5 
c•, v • 5 . 9 •1 ; ACSO-Xl 2, 200-400 aesh, conditioned with H20 to re.ave pink 
i•purity, then 20 .J 1 H HCl - 40' A) . Blute In with 1 5 .J (2 . 5 v) of 1 H BCl 
- 40' A •ixture . COntinue with step 3 .  
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Volume Species 
ml 

< 6 
5 . 5  

211 
39 

v Reagent Eluted Dispos i tion Notes 

< 1  Load ( 5 II HCl ) Co , Cr , Mn ,  } Discard 1 Wash ( 5 II HCl ) Sc , other R inse reservoir 
11 . 3  5 II HCl cations 

7 5 II HCl In Step 3 

3 ) Evaporate the In fract ion to dryness , and take up in 1 0  ml 2 11 HCl . 

Add 50 ml water and 1 7  ml 2 11 sodium acetate . Check that the pH i s  between 4 

and 5 .  

II )  Heat the solution to 70-80°C . Dropwise add 8-hydroxyqu inol ine 

solution [ 5• ( w/w) in 2 11 acetic acid ] until  no further precipitat ion 

occurs . Wash the precipi tate thr ice with 1 0- 1 5  ml warm ( 60-80° ) water . 

5 ) Quantitatively transfer the ppt into a weighed plastic vial ( 1 4 x 

52 mm) . Centrifuge the vial , d iscard the supernate , and dry the v ial in an 

oven at 1 1 0°C for 2-3 hr . Cool and weigh . ( One type of vial reproduc ibly 

lost 3 . 1 ±0 . 1 mg on dry ing at 1 1 0°C , and hence required a corresponding 

correction . A more heat-resistant plastic is preferable . ) 

6 ) Dissolve the In ox inate prec ipitate in a minimum ,  and constant , 

volume of 6 II HCl ( e . g . , 1 . 5 ml for prec ipitates of 1 00-1100 mg ) . Count the 

1 92 kev y-ray of In l l �• on a well crystal . Because the 1 . 99 MeV B ' s  of I n l l �• 

penetrate the vial and crystal mount ,  a Cu insert ( 0 . 9  mm walls ) should be 

used in the well , to absorb the B ' s .  
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I r id ium 

1 ) To the I r  fract ion from Column A ( 1 1 5 ml 6 N HCl ) , add 1 mg each or 

the fol lowing holdbacks : Fe , Cr , La ,  Sc , and Ru. Evaporate to dryness , take 

up with 5- 1 0  ml aqua regia , evaporate , take up with HCl and evaporate slowly 

to dryness . Repeat the HCl evaporation for a total or 3 t imes . 

2 )  Add 1 0  m l  o r  0 . 03 N HCl and warm on a hot plate to d issolve the 

residue . Transfer to a 40 ml centr ifuge tube , cool and centri fuge . Prepare a 

plastic cation-exchange column , 0 . 7  em x 1 0  em , us ing Bio-Rad AG50W-X 1 2 ,  200-

400 mesh , hydrogen form . Wash the column with H 20 unt i l  the effluent is 

colorless ( in i t ially i t  is orange-pink , from soluble impur ities in the 

resin ) . Load the sample solut ion onto the column and collect the eluate . 

I rC1&
2 

passes through the column while Cr l+ , Co 2+ , and Fe 3+ are retained . 

Wash the column with 0 . 03 N HCl until  the eluate becomes colorless ( •5 ml ) . 

3 ) Evaporate to 5-8 ml and transfer to a weighed 1 -dram screw-top glass 

vial . 

4 ) Make up to volume w i th 0 . 03 N HCl , mix well and reweigh . Take an 

aliquot or about 1 0J by weight for chemical y ield determination by re­

irrad iation . 

If the reactor position used for re-irradiation has a high epitheraal 
neutron co•ponent,  •uch of the zr l 9 2 is produced by resonance absorption 
effects (Steinnes, 1 971 ) . Due to the high cross section and narrow energy 
width of the resonance absorption peaks, self-shi elding then •ay becoae a 
significant proble• . In such cases, a s•aller al iquot should be taken ( •  SO 
pl) and weighed, then absorbed on high puri ty Si0 2 and dried . 

5 ) Count the 470 keV y-ray or 70 d I r l 9 2 on a Ge( Li ) spectrometer . 

The saae radionucl ide is used for the yield deter•ination . A very s•all 
correction •ay be necessary for the original Ir l 9 2 activity  in the aliquot 
before re-irradiation .  (There is l i ttle advantage in using 1 7  hr Ir l 9 � , 
because of i ts lower y-branching ratio and production rate . } 

Average yiel d :  74�1 2, . 
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Nickel 

1 ) To the Ni fraction from the cation exchange column add 1 mg Fe , Co , 

and Mn carr iers . Evaporate to dryness and take up the residue in 20 ml 0 . 5 M 

HCl . 

2 )  Add 1 drop or H 20 2 ( 3• )  and 9 ml 1 M NH�OH . Continue adding 1 M 

NH�OH , dropwise , until Fe( OH ) 3 -Mn0 2 begins to precipitate ; then add 3 ml in 

excess so that [ NH3 ] • 0 . 1 M .  The pH or this NH�+-NH3 buffered solution is 

9 . 25 - log [ NH�+ ] / [ NH3 ] , and hence should be between 8 and 9.  Centr i fuge and 

d iscard the precipitate . 

3 ) To the supernatant ,  add a few drops or Aerosol , 30 ml water , and 8 ml 

DMG ( 1 • in 95• ethanol ) , to precipitate Ni . Heat at 60° for 30 min . 

T.be stoichiometric ..aunt of DMC solution is 5 . 8  •1 . T.be total volu.e is 
raised to · 70 •1 to prevent precipi tation of excess DMC (solubilit�  0 . 4 
�1•1) ,  and to •ini•ize losses of Ni (DMC) 2 ( 1t  is appreciabl� soluble at 
alcohol concentrations greater than 35,) . 

Wilson and Wilson suggest precipitating at roo• te•perature if 00 is 
present (as it  is here, because the 00 holdback is now in the for• of 
OO (RH3 J 6 3 +J ,  and then heating at 60• for 30 •in . T.be� also reco..end 
filtering the solution after i t  has cooled . 

4 ) Let cool , and filter through a fiberglass d isk . Wash with ·so ml 

water ( 40-60°C ) contain ing a few drops or Aerosol , and then with metnanol . 

Dry at 1 50°C , to volatil ize any excess DMG . Mount over a 2 . 5  em hole in a 5 

em d ia .  luc ite ring to avoid backscatter ing from the luc ite and cover with 

Scotch tape . Count the 7 . 5  kev Co Km X-ray of 80 , 000 yr N i 5 9 ,  using a Si ( Li ) 

detector . Apply corrections tor self-absorpt ion and for Ni from the sample 

i tself ( this is sign i ficant at Ni contents >0 . 1 . , �' chondr i tes ) . 

Average �ield :  6 915, . 
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�e os•i u• samples are purified b� distillation in a still si•ilar to tha t  
used for tbe initial separation, but equipped with an addi tion funnel 
controlled b� a teflon stopcock . 

1 ) Transfer the Os-containing NaOH solution to a 1 00 ml d istill ing flask 

and assemble the still . The receiver is a large test tube containing 20 ml 

freshly prepared 2• thiourea in 2 M HCl , cooled in an ice bath . Air is slowly 

bubbled through the still at a rate not exceed ing 3 bubbles/sec . 

At faster bubbling rates, OsO� i s  not quantitati vel � absorbed b� tbe 
receiver solution . 

2 ) Through the funnel , dropw ise add 1 : 1  H 2SO� until  neutral ( as 

indicated by effervescence and decoloration ) . Add 5 ml 1 : 1 H 2SO� in excess 

and 5 ml 30• H 20 2 solut ion . 

3 ) Distill OsO� at 90°C for 30-60 min , while dropwise add ing H 20 2 to 

replace that decomposed by heating . The raspberry-red Os ( I I I ) thiourea 

complex forms in the rece iver . 

so� authors boil  the solution (Westland and Be .. i sh, 1 954, 1 95 7) , whereas 
others �rel � heat at go • (Crocket et al . ,  1 968) . �e opti•u. initial 
te•perature depends on transition ele�nt cations present in the solution that 
--� catal�se the strongl � exother•ic deco•posi tion of H2o 2 • In tbe present 
case, the solution is free fro• these cations and l i ttle of the H2o 2 
deco•poses to suppl� additional heat . Nevertheless, for radioche•ical 
separations, lower te•peratures •a� be preferable,  because the� cause less 
spra� and .echanical carr�over (H2o 2 interferes with the thiourea reaction) . 
However, tbe te•perature •ust be high enough for efficient volatilization of 
oso� in tbe particular apparatus used . 

4 ) Pour the colored thiourea solution into a 40 ml centr i fuge tube 

( through a filter , if any particulate matter is present ) . Add 1 ml of a 

filtered 40• K 3 [ Cr ( SCN ) 6 ] solution . Stir thoroughly for at least 5 min , 

scratching the tube with a glass stirr ing rod i f  necessary to initiate 

precipitation . 
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5 ) Filter the precipitate onto a glass fiber d i sk ,  wash w i th water and 

dry at 1 05 ° C . Weigh the Os ( NH 2 -CS-NH 2 ) 6 Cr ( SCN ) 6 prec ipitate to determine the 

chemical y ield ( gravimetr ic factor = 0 . 1 8 1 6 ) . 

6 ) Mount the filter onto scotch tape and cover with scotch tape . Count 

the 1 29 . 4-keV y-ray of 1 5 . 4-d Os 1 9 1  on a Nai ( Tl ) -detector . 

Average �ield :  56�1 7, , 

Pallad ium 

1 ) Prec ipitate Pdi 2 in the Pd fract ion from Column A by dropwise 

addition of 1 H KI , unt i l  the prec ipitation is complete ( stoichiometr i c  amount 

= 0 . 23 ml ) , and then 1 ml in excess . Centr ifuge and wash twice with 1 H 

HCl . Discard the supernate . 

Avoid an excess of .are than 3 •1 , because the precipi tate is soluble in a 
larger excess of KI (Beamish and Dale, 1 938) . If Pa 2 3 3 is present ,  the 
solution should be •ade 0 . 05 H in HF before precipi tation .  

2 )  Dissolve the precipitate i n  a few drops o f  aqua reg ia and evaporate 

to dryness . Remove n i trogen ox ides by evaporation w i th 1 -2 ml HCl . Take up 

the res idue in 20 ml 0 . 5  H HCl . 

It see•s that s•all a.ounts of N03 can be tolerated; Wilson and Wilson 
reco .. end •aking the solution 0 . 08-0 . 1 6  H in HN03 to prevent Pt fro• 
coprecipitating . A more i•portant function of the evaporation is re.aval of 
r .  

Kalthoff and Blving (p . 4 5 3 )  re.ave HN03 b� adding for•ic acid t o  the hot 
( 85 ° )  sol ution until  no .are red vapors are for.ed . But since for•ate reduces 
Pd2+ to the �tal on boiling, this step see•s rather precarious . 

3 ) Warm the solut ion to about 80°C on a water bath . Dropwise add 

d imethylglyoxime ( 1 � in ethanol ) until no more precipitate forms ( about 4-5 ml 

should be required ) . Cool to room temperature . 

4 ) Check the gross y-activity of the prec ipitate on a 3"x3" Nai 

detector , with a threshold of 200 keV . I t  should be less than 30 cpm above 

background . I f  the act ivity i s  higher , repeat steps 2 and 3 .  
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In one run where Ir ( 3 8 , 000 cp•J and Pa 2 3 3  were the -in cont-inants, the 
first Pdi2 precipi tation gave a decont-ination factor of -103 fro• Ir, but 
the second one onl 9 - s-l Ox fro• Ir and 2-Sx fro• Pa . T.be DHG precipi tation 
gave decontamination factors of �lOx (probabl 9 .uch .are, because the activi t9  
was quite low at that stage} . 

5 ) F i l ter the precipitate in the center or a glass-fiber d isk , and wash 

with 0 . 5  H HCl , water , and ethanol . Dry at 1 1 0°C , The chemical y ield is 

determined by weighing the pallad ium d imethylglyoximate ( gravimetr ic factor = 

0 . 3 1 6 1 ) . 

6 ) Mount the filter between 2 layers or scotch tape to provide a fixed 

geometry of the precipitate on the filter . Count the 20 . 2  keV Rh Ka x-ray of 

1 7 d Pd l 0 3 on a smal l  Ge-!ow-�nergy-2hoton-getector ( LEPD ) . 

Average 9ield :  6211 3 , .  

Rhen ium 

1 ) To the Re fract ion from Column 8 ( 22 ml 2 H HClO� ) add 1 6 ml HCl , to 

make [ H+ ] = 6 H, and 1 mg FeC1 3 and Ir holdbacks . Add 2 ml 1 3• TAA , stir 

well , and heat in water bath until  the prec ipitate has coagulated ( -30 min ) . 

Centr ifuge and wash twice with water . 

so.e authors suggest letting the •ixture stand overnight at roo• 
te•perature, but that does not see• necessar9 .  In fact, the fast 
precipitation on a water bath see•s to gi ve a better yiel d .  

2 ) Dissolve the Re 2S7 precipitate in 3 ml 1 H NH�OH and 1 m1 3� H 202 • 

Heat in a water bath until  H 20 2 has decomposed and the solution is colorless 

( ind i cat ing complete oxidation or sulfo salts ) ; then evaporate to dryness . 

Less than 3 •1 NR�OH could be used because the excess has to be evaporated 
anyway, but the reaction •a9 then get too vigorous . 

3 ) Take up the res idue in s0 . 4 ml 0 . 2  H HCl and heat at 60-70° for 5 

min . Load the solution on an anion exchange column [ 0 . 5  x 1 0  em ( v = 1 . 96 

ml ) , AG1 -X 1 0 ,  200-400 mesh ; Clo� -rorm , conditioned first with 20 m1 0 . 2  M 
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HClO� , then with 1 0  ml 0 . 2  M HCl ] . Wash the centr i fuge tube with 2-3 0 . 2  ml 

portions or 0 . 2  M HCl , and transfer the washings to the column . Elute 

according to the following table . 

�e beating with HCl converts any Ir to Ir (N02 ) 6 3 -, which is very weakl y 
held by anion exchange resin . (�e N0 2- needed for this reaction co.es fro• 
oxidation of NR3 by H2o2 . ) �e voluae of the load solution .ust be kept as 
s .. ll as possible, because Reo- - bas a s8&ll DY on resin in the Clo- - for•, 
and hence tends to for• very broad adsorption bands . 

Volume Species 
ml v Reagent Eluted Disposition Notes 

0 . 4 ( 0 . 2  M HCl ) 
' 

0 . 2  L�d } cat ions } Discard 0 . 8 0 . 4 Wash ( 0 . 2  M HCl ) 
6 3 H 20 a 
9 4 . 5  0 . 20 M HClO- Fe , I r  Save b , c  

20 1 0  0 . 20 M HClO- Rea- - Step 4 Fig . 

(a) �orougbl y rinse reservoir before adding eluent . 
(b) �e elution para.eters for Re, based on longer coluans of 

finer resin and slower flow rate, are v1 = 6 . 5 - 7 . 5 v, v50 • 

8 . 5 � 0 . 3 v, v9 9 • 9 . 5 - 1 0 . 5 V (Fig .  ll) . �e cuts for the 
present separation have been chosen so.ewbat conservativel y .  

(c) A si•ilar colu.n gave deconta.ination factors of �J 03 for Fe 
and 50-l OOx for Ir (wi thout conversion to NOz co•plex) . 

1 1  

4 ) To the Re fraction add 2 mg Fe l+ holdback carr ier , and precipitate 

Fe( OH) 3 with a sl ight excess of NH-OH . Heat , centr i fuge , and d iscard 

precipitate . Filter if necessary . 

5 ) Adjust ac id ity or supernatant to 4 M HCl , and add 2 ml 1 3J 

thi�cetamide to precipitate Re 2S7 • Stir wel l  and heat for 30 min , or let 

stand overnight . Centr i fuge and d iscard the supernate . 

6 ) Dissolve the Re 2S7 prec ipitate in 3 ml 1 M NH-OH and 1 ml 30J H 20 2 • 

Heat in a water bath unt i l  H 20 2 has decomposed and the solution is 

colorless . Add sufficient NaCl solution to make the final [ NaCl ] = 0 . 5  M ,  and 

dilute to 1 0- 1 5  ml . Filter off any sulfur present . 

69 

Copyright © National Academy of Sciences. All rights reserved.

Radiochemical Neutron Activation Analysis for 36 Elements in Geological Material:  Au, Ag, Bi, Br, Cd, Cs, Ge, In, Ir, Ni, Os, Pd, Rb, Re, Sb, Se, Sn, Te, Tl, U, and Zn as well as Sc, Y, and REE
http://www.nap.edu/catalog.php?record_id=19165

http://www.nap.edu/catalog.php?record_id=19165


7 ) Add 2 ml of 0 . 05 N tetraphenyl arson ium chlor ide ( t�AsCl ) , drop by 

drop . Cool the mixture in an ice bath , and al low the t �AsReO� precipitate to 

settle . 

8 ) F i l ter onto a glass fiber d isk and wash with ice cold water . Dry at  

9 ) Count the s- activity or 90 . 6 hr Re 1 8 & on a low background s-

proportional counter . 

Average yield :  7Btl 0, . 

Silver 

1 ) Wash the AgCl prec ipitate w i th 0 . 5  N HCl unt i l  the brown color of I r  

d i sappears from the wash solut ion . 

2 ) Add 20 ml 4 N NH�OH , stir wel l  and warm to d issolve the 

precipitate . Add 5 mg or Fe l+ , Co , Cr , and I r  carr iers and heat to coagulate 

the prec ipitate . Centr i fuge , filter supernatant into another centr i fuge tube , 

and d iscard the res idue . ( I f  Ba analysis is required , BaSO� may be recovered 

almost quan t i tatively from this res idue ) . 

3 ) Add 1 mg Fe l+ holdback and 1 0  drops 2 N HCl , and ac idity to 0 . 5  N 

HN03 w i th 6 N HN03 , to reprecipitate AgCl . Centrifuge , wash twice w i th 0 . 1 N 

HCl , and d iscard the supernate and washings . 

Because AgCl is fairly soluble at high [ Cl - ] ,  the solution is  neutralized 
with HN03 rather than HCl and the washing is done with fairly dilute, 0 . 1  N 
HCl . The 'e3 + added in step 3 serves as a holdback upon acidification . Oo, 
Cr, and Ir holdbacks should already be present in the NH3 solution, because 
these elements were not precipitated in step 2 .  

4 ) Suspend the AgCl prec ipitate in 20 ml 1 N HCl , add 1 ml 1 3� 

thioacetamide , and heat to convert AgCl to black Ag 2S .  Centr i fuge , wash the 

prec ipitate once or twice w i th water , and d iscard supernate and washings . 
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5 ) Dissolve Ag 2S by heating with 1 ml or nitric acid . Add 20 m1 or 

water , then filter into another centr i fuge tube . 

6 ) Add 5 mg of Fe , Co , I r  carr iers and 1 0  drops of 2 H HCl to 

precipitate AgCl . Centr ifuge and d iscard the supernate . Wash the 

precipitate . 

7 ) Dissolve the AgCl precipitate in 20 m1 of � H NH�OH . Add 5 mg of 

Fe3+ carr ier , stir  well , warm , centr i fuge , and filter into another centrifuge 

tube . Discard the Fe( OH ) 3 precipitate . 

8 ) Add 1 mg Fe3+ holdback [ either FeC1 3 or Fe( N03 ) 3 ] and 1 0  drops 2 H 

HCl ,  and acid ify to 0 . 5  H HN03 with 6 H HN03 , to reprecipitate AgCl . Filter 

immed iately onto a glass fiber d isk . Wash with water until the wash l iquid is 

neutral , then with acetone . Dry at 1 1 0°C . Mount between doublesided scotch 

tape . 

Tellur ium ( + Uran ium) and Selenium 

TWo fract1ons are to be comb1ned : the Te prec1p1tate fro• COlu.n A (B . S) 
and the Se, Te prec1p1tate fro• the Ge d1st1llat1on (C. 3) . 

1 .  Separat ion of Se and Te 

1 ) Combine the Te , Se prec ipitate from columns A and B ,  and wash it 1 -2x 

with � H HCl containing some S0 2 ,  FeC1 3 , and Aerosol , and 2x with water , to 

remove Fe S 9  and Cs l 3 �  act i v i ties as well as HCl ( else some Se may volatil ize 

in the next step ) . D issolve the prec ipitate in 3 to 5 ml HN03 , and evaporate 

to near dryness on a waterbath . 

2 ) Cool , add 5- 1 0  ml 6 H HCl , and stir unt il  res idue is completely 

d issolved and the solution is a clear lemon yellow . Any sul fur res idue may be 

filtered off . I f  the solution is still  cloudy , i t  may be heated briefly . As 

soon as the sample has d issolved , proceed to step 3 .  (Se •ust not stay 1n 
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strong HC1 an, longer than necessar,, because i t  slowl ,  changes to another 

species of different properties . )  

3 )  Load onto an an ion exchange column [ 1 . 0 em x 8 em ,  ( v = 6 . 3  ml ) , 

AG 1 -X 1 0 ,  200-�00 mesh , chloride form ; cond i t ioned with 20 ml 6 H HCl ] . ( I f 

the solution is not clear , filter through a hardened filter paper onto the 

column . ) Elute accord ing to the fol lowing table , at a flow rate of < 1  em/min . 

Volume Species 
ml v Reagent Eluted D isposi tion Notes 

1 0  } 3 . 2  Load ( 6  H HCl ) } Cat ions Discard a , b  
5+5 Wash ( 6  H HCl ) 

3 1  5 3 H HCl Se Se pur . c 
1 0  1 . 6 3 H HCl + 2 mg ( Se ) Discard d 

Se carr ier 38 6 3 If HCl ( Se ) D iscard 25 � 0 . 5  11 HCl Te Te pur . a , e  

(a) T.boroughl ' rinse reservoir before adding eluent . 
(b) A larger voluae of wash solution would be desirable for aore 

efficient re.oval of cations, but this step •ust first be 
checked with tracer . se has a s•all and so.evhat erratic KD 
in 6 H HCl , and •a, elute earl , .  

(c) T.be first 4 v should contain 99' of the Se [ V95 • 2 v(est . ) ;  
V • 3-S v (Schindewolf, 1 960) ] .  

(d) T.be Se carrier •ust be free of HN03 •  It helps re.ove traces 
of Se that otherwise cling to the resin and conta.inate the Te 
fraction .  

(e) Check Te fraction on Ge (Li) detector an d  reprocess b '  step 4 
if it still contains Se . 

� )  I f  the Te fraction still contains Se contaminat ion , then i t  must be 

reprocessed by another anion exchange step . Add 2 mg Se holdback and 7 ml 

cone . HCl to the 25 ml Te fraction , to make i t  3 11 in HCl . Load on a 6 . 3  ml 

column ( glass or plastic ) and elute as follows : 
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Volume Spec ies 
ml v Reagent Eluted Dispos ition 

32 5 . 2  Load ( 3  M HCl ) ( Se )  Discard 
3 1 5 3 M HCl ( Se )  Discard 
25 4 0 . 5  M HCl Te Te pur . 

(a) T.boroughl ' rinse reservoir before adding eluent . 
(b) Collect in centrifuge tube . 

2 .  Pur ification of Te 

Notes 

a 
a , b  

5 )  Add 4 ml HCl to the Te fract ion to adjust ac id ity to 2 • HCl , add 2 

mg FeC1 3 holdback carr ier [not Fe [ N03 ) 3 ) and Aerosol , and pass S0 2 for at 

least 5 min . 

6 ) Filter the Te prec ipitate onto a glass fiber d isk , and wash w i th 2 • 

HCl containing S0 2 and a l i ttle FeC1 3 carr ier , then with water and acetone . 

Dry at 1 1 0°C . Mount the prec ipitate in a scotch tape sandwich , but first 

cover it with an extra piece of 2 mil mylar , to permit remounting on an Al 

plate for 8-y coinc idence count ing , if  necessary . 

T.be purpose of the washing is to re-ave Fe, which is not separated from Te 
in the above ion exchange separation .  T.be Fe holdback must be kept in the +2 
state b' excess so 2 , because Fe3 + reoxidizes and dissol ves Te . 

7 )  Count the 230 keY y-ray of 78 hr Te 1 3 2 ( or the 668 keY y-ray of its 

2 . 3  hr 1 1 3 2 daughter ) for the U determination . After a delay of 4 to 6 weeks 

to allow Te 1 3 2 to decay , count the 1 59 keY y-ray of 1 20 d Te 1 2 3• for the Te 

determination . I f  the activity is low , then Te 1 3 2 is best measured by 8-y 

coincidence counting , using the 668 keY y-ray of 1 1 3 2 , Beta sel f-adsorpt ion 

corrections must be applied , however . 
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3 .  Pur ificat ion of Se 

1 )  Transfer the 3 1  ml Se fraction ( 3  H HCl ) from the Se-Te column to a 

1 50 ml beaker . Add 1 mg FeC1 3 carr ier and 45 ml HCl saturated with S02 • 

2 ) Allow to stand 20 min . Bubble S0 2 through the solution if necessary 

to coagulate prec ipitate . 

3 )  Filter onto a glass fiber d isk . Wash w i th 8 H HCl contain ing S02 and 

a little FeC1 3 carr ier , then w i th water and acetone . 

4 )  Mount between scotch tape and count the 1 36 keV y-ray of 1 20-day Se 7 S 

on a Nal crystal . 

Average yield :  7214, .  

Thall ium 

1 )  Pass the Tl fract ion from Column A ( 1 1 5 ml 0 . 1 H H 2S03 ) through a 

cat ion exchange column [ plast ic , 5 . 1 x 0 . 79 em ( v = 2 . 5  ml ) ,  AG50W-X8 , 200-400 

mesh , cond it ioned with H 20 and 0 . 1 H H 2S03 ] .  Elute as shown in the table 

below . 

The load solution will  be a mixture of B2so 3 and B2SO� , owing to air 
oxidation, and so Dv 's for 0 . 1  H B2so� should be appl icable as lover l i•its . 
Tl + (Dv • 236) and other cations will stick, whereas anions will  pass through . 
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VolUII8 Species 
ml v Reagent Eluted Disposition Notes 

94 38 Load ( 0 . 1 N H 2S03 ) I r ,  other anions Discard 
5 2 H 20 H 2S03 Discard a 

20 8 5 N HF Pa , Fe Discard b 
20 8 0 . 1 N HClO,. HCl , HF Discard a 
20 8 4 N HClO,. Tl , cations Step 2 c 

(a) Tboroughly r1nse reservo1r before add1ng eluent . 
(b) D1str1but1on coeff1c1ents 1n tb1s .ed1u. are not well kaown, but 

should be of tbe follo•1ng order : �1 + 
• 1 700, Pa s.all ,  ,e2+ and 

'e3+ <l . 
(c) v50 • 2 . 7v, v99 • 5 v (Rangnekar and «bopkar, 1 966) . Also, Dv 1n 4 

N HN03 f•h1cb should be s1•1lar to 4 N HClO,.) :  �1 + 
• 3 . 3, .ast 

cat1ons 2-1 0 (Strelo• et al . ,  1 965) . It 1s  feas1ble to separate 
certa1n otber cat1ons (CU, Cd, Zn, 1111, co, N1 , U, v, and Ag) by 
elut1on •1th l N H2so,. , and otbers (Zr,  ce, Ba, Tb, B1 , ,e, Sb) by 
C08plex1ng •1tb BDTA, c1 tr1c, or tartar1c ac1d (Rangnekar and 
«bopkar, 1 966) . If des1red, 4 N H2so,. or HN03 can be used as 
eluents . 

2) Check the y-ray spectrum of the Tl-fraction from the column , 

and add 1 mg each of the appropr iate holdbacks . Heat to near boil ing , 

add 1 m1 H 2S03 to reduce any Tl 3+ to Tl 3+ , dropwise add 2 ml 1 N Nai 

( not KI - otherwise KClO,. will  prec ipitate ) ,  and let the solution stand 

for 30 min , until the yel low or orange Tli precipitate has settled . 

�e solub111ty product of �li 1s 8 . 9 x l o - a ,  so the equ111br1u. 
solub111ty of �1 + should be 0 . 25 8911 1n 0 . 07  N I-, but 61 8911 1n 
IINlter . 

3 )  Filter the precipitate onto a paper disk , wash with 0 . 05 N Nai 

until neutral , then with 50J ethanol , followed by methanol . Dry at 

1 1 0°C . 

4 ) Check rad iochemical pur i ty on a y-spectrometer : no y ' s  above 

0 . 1 MeV should be present . Count the Tl 2 0 ,. s- activity on a low-

background a-proportional counter . Correct the act ivity for sel f-

absorption ( Fig . 1 2 ) . I f  the activity is sufficiently high , the 
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Hg-K-x-ray fol lowing electron capture ( 2 . 1 J  abundance ) may be counted . 

As a further check on purity ,  count the sample several months later , to 

confirm absence of short-l ived contaminants . 

Average yiel d :  6314, , 

A .  LiOB-LiCl Mediu. 

When Sn is eluted fro• OOluan B with O . S • LiOB-0 . 5 • LiCl (Pig .  9; 
see also Ba.aguchi et al . ,  1 969) , i t  is  clean enough for direct counting 
on a Ge (Li ) detector . �e chemical yield is deter•ined by 
reirradiation .  If W is present, see •separation of �in and �gsten • .  

B .  HCl-BP Medi u.  

In some runs, Sn was stripped fro• OOluan B with 1 2  v 2 • HCl-3 • BP 
(Pig .  10) . �e principal cont .. inants, Bf and Mo, were removed by an 
anion exchange separation, as outlined below. Sn was eluted wi th LiOH­
LiCl ,  and counted in l iquid for•. It can also be recovered in solid  
for• (as Sn02 via sns2 ) but  the procedure is  rather time-consuming . 

1 ) To the Sn fraction ( 60 ml 2 • HCl -3 • HF ) ,  add 60 ml HCl , to 

make [ HCl ) = 7 • ·  Pass the solution through a plastic an ion 

exchange column , AGl-1 1 0 ,  200-400 mesh , 5 . 1  x 0 . 8  em ( v  = 2 . 5  ml ) ,  

conditioned with 7 • HCl . Dv ' s  are : 

7 M HCl - 1 . 5 M HF 
1 M HCl 
0 . 5  M NaOH - 0 . 5  M NaCl 

Sn 
- 1 500 

1 000 
«6 

76 

Mo 
32 

4 . 5  

w 
2:-2 

hydrol . 

Hf 
<1 

hydrol . 
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Volume Species 
� v Reagent Eluted Disposition 

1 20 48 Load ( 7 H HCl - 1 . 5 H HF )  W ,  Hf Discard 
20 8 1 H HCl - 1 . 5 H HF ( W ,  Hf) Discard 
40 1 6  1 H HCl � . r Discard 

5 2 H 20 HCl Discard 
5 2• 0 . 5  H LiOH - 0 . 5  H LiCl Sn Step 2 ;  

*About 77-14' of the su appears iu the first 2 v, but the 
re .. iuder elutes slowly  and iuco•pletely (ri g .  9) . 

Fig . 9 

2 )  Count the Sn i n  a 1 dram glass vial . I f  a precipitate appears ,  add 

1 -2 drops HCl . Take an aliquot by weight for chemical y ield determination 

by re- irradiation . 

Separation of Tin and Tungsten 

TUngsten behaved very erraticall y  ou COlumn B, ofteu sticking to the resiu 
instead of appearing iu the ini tial , 4 H HCl effluent (Rb, CS-W fraction) . It 
theu eluted with the su fraction (LiOH-LiCl ) ,  requiring a subsequent su-W 
separation . 

1 )  Adjust the LiOH-LiCl fraction to [ Cl- ] $0 . 6  H and [ HF ]  = 1 H .  I f  the 

solut ion has been acid ified with HCl , it will have to be evaporated to 

dryness , taken up in a minimum or 0 . 1 H HCl ( H 20 would be better , but may 

cause hydrolysis ) and then transferred to a polypropylene beaker before adding 

HF .  The HF should dissolve any insoluble hydrous ox ides of W or Sn . Heat if 

necessary . 

In •ixtures of 1 H Hr-HC1 , Dv 's  Sn and W fall  rapidl y  with increasing 
[BC1 ] .  ror reasonably good adsorption fro• the necessaril y  large vo1 u.e 
( -30 •1 , or - 7v) ,  1t  is essential to keep [ Cl - ] below 1 H (Dv Sn • 31 , W • 33)  
or preferabl y o . s H (Dv su • 1 90, W • 60) . 

2 ) Load the solution on a plastic an ion exchange column ( AG 1 -X 1 0 ,  200-

400 mesh , 8 . 8  x 0 . 79 em , v = 4 . 3  ml ) ,  cond itioned with 0 . 5  H HCl- 1 H HF . 

Elute as follows . 
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Volume Spec ies 
ml v Reagent Eluted Dispos i t ion Notes 

30 7 Load ( 0 . 6 N Cl-- 1 N HF ) Li  Discard 
1 7  4 Wash ( 0 . 5 N HCl - 1  N HF ) ( L i ) Discard 
26 6 5 N HCl - 2 N HF w W pur ification a 
1 3  3 H 20 HCl , HF Discard 
22 5 0 . 5  N LiOH - 0 . 5 N LiCl Sn Sn pur ification 

(a) Dv of W in this .edi u. is not accurately known, but probabl y l ies 
between 2 . 4 and 7 .  

3 ) Count the W fraction or pur ity as needed . 

4 )  To the Sn fraction , add 1 mg 1 3J TAA and cautiously add 6 N H 2SO� 

until  the solution is sl ightly acidic , caus ing yel low SnS 2 to precipitate . 

( Final acid ity should be well below 1 N , because SnS 2 is apprec iably soluble 

in acid solutions or high Cl- concentration ) .  Filter through filter paper and 

wash 2-3x with 0 . 1 N NH�N03 containing some TAA , followed by a br ief wash with 

H 20 ( precipitate may peptize ) ,  and acetone . Determine the chemical y ield by 

reirrad iat ion . 

If desired, the SnS 2 precipi tate can be converted to sno 2 •  Boil  the 
precipitate with HClO� - HH03 , dilute with H20, filter, .aunt,  and count . 

Z inc 

1 )  To the 42 ml Zn fract ion , add 1 mg each or Fe 3+ , Co 2+ , Cd 2+ , La3• , 

Cr 3+ , and Sc 3+ holdback carriers . Add 3 ml 6 N HCl ( to make [ HCl ] = 0 . 5 N ) . 

I f  much Fe S 9  is present , add 5 ml saturated H 2S03 • 

2 )  Recondition the anion exchange column previously used for Cd ( 1  x 5 

em, AG 1 -X 1 0  resin ,  200-400 mesh , Cl- form ; nominal v = 3 . 9  cml ) ,  by passing 

30 ml of 0 . 5  N HCl through it . 
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3 )  Load the solution from step 1 onto the column . Adjust the flow rate 

to no more than 2 . 5  em/min ( even 1 em/min if you have the t ime ) . Elute as 

follows . 

Volume Species 
ml v Reagent Eluted Disposit ion Notes 

50 1 3  Load ( 0 . 5  N HCl+H 2S03 ) Fe , Cr , Sc , Co Discard 
27 7 Wash ( 0 . 5  N HCl+H 2S03 ) Discard 
1 6  4 Wash ( 0 . 5  N HCl ) H 2S03 Discard Rinse reservoir 
23 6 0 . 03 N HCl Zn Step 4 Rinse reservoir 

4 )  Check y-ray spectrum of Zn fraction . I f  clean , proceed to step 7 ,  

otherwise add appropr iate holdbacks and pur ify accord ing to steps 5 and 6 .  

( I f Fe S 9  is the only contaminant , add 1 0  mg Fe 3+ carr ier and 1 ml saturated 

H 2S03 , to reduce Fe 3+ to Fe 2+ ,  and proceed to step 7 ) . 

5 )  Add 5 mg of Fe 3+ carr ier and make bas ic with 6 N NH�OH . Heat , 

centr ifuge , and discard the Fe( OH ) 3 precipitate . 

6 )  Neutral ize the supernate ( transient appearance o f  Zn ( OH ) 2 ind icates 

the neutral point ) and make 1 N in HCl . 

7 )  Add 1 0  ml o f  saturated oxal ic acid and K 2Hg ( SCN ) �  reagent ( 39 g KCNS 

+ 27 g HgC1 2 in 1 000 ml H 20 ) , in a ratio of 1 ml reagent for each 4 ml of 

sample solution , and allow the mixture to stand for 1 hour to prec ipitate 

ZnHg( SCN ) � .  Stir again after 5 minutes . In pure water , ZnHg ( SCN ) �  has a 

solub i l i ty of 3 . 7  x 1 0-� M/1 , or 24 mg Zn 2+ per l i ter . 

8 )  Filter the precipitate onto a glass fiber disk . Wash with d iluted 

reagent ( 1 : 1 00 ) ,  then briefly with H 20 and acetone . Dry at 1 1 0°C , and mount 

between scotch tape ( gravimetric factor 0 . 1 3 1 2 ) . Count on a Nai crystal . 

Average yield :  85�7, . 
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E .  APPENDIX  

1 .  Shorter Procedure for Crater Samples 

( Au ,  Cs , Ge , I r ,  Ni , Os , Pd , Rb , Se ) 

After the Os-d istillation , the conversion to chlorides and the separation 

of Ag are done as usual . The load solution for Column A can be made 0 . 5  • in 

HCl if no F- is added to complex Pa ( in which case Fe elutes with N i ) , but it  

must be made 3 • if F- is added . Data below are for a 1 0  em column ( v  = 7 . 85 

ml ) ,  which is long enough in view of the smal ler load ing . 

Volume Species 
ml v Reagent Eluted Disposition Notes 

� 1 2  � 1 . 5  Load ( 3  M HCl+Ce4++HF ) } Ni , Co , REE , Mg ,  Pa } M1 pur . 
1 2  1 . 5 Wash ( 3  M HCl+HF ) Cr , Mn 

1 1 0 1 4 0 . 00 1  M HCl r-, Fe, In, Te, Zn, Cd 
94 1 2  0 . 1 • H 2S03 Tl Discard 
94 1 2  6 M HCl Ir Ir pur . b 
1 5  2 Aqua regia-H 20 ( 1 : 1 )  - Discard 
23 3 H 20 (Ir) Discard 
47 6 1 M HCl0�-0 . 003 M HCl Pd (B1 ) Pd pur . 

8 1 H 20 HClO� Discard 
79 10  1 0J thiourea Au Au pur . 

(a} Tboroughly rinse reservoir before adding eluent . 
(b) If no Tl carrier 1s present, then less than 1 2  v H2so3 .ay be used . 

The remaining elements ( Ge ,  Se ,  Rb , Cs ) are recovered by the usual 

procedure , except that Column B is omitted ( unless Re is to be measured ) .  Rb 

and Cs are then sought in the supernate from the Se ,  Te precipitation . 
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a .  

b .  
c .  

d .  
e .  

2 .  Treatment of the Standards 

Openlng, dJssolutJon and equJlJbratJon 

Dissolve In 

Ag-Se-Pd cone . HN03+ 1 drop H 202 
Ni-In-Zn-Cd-Au aqua regia 
Te-Tl-Bi cone . HN03 
Br-Cs-Rb NaOH - see procedure 
Ge-Sb-Sn-Re 3 II HCl 

Digest 
Overnight 

hot plate• 

hot plate 
hot plate 

room temp . 

Convert To 

0 . 5  II HN03 ( 1 00 ml ) 
cone . HCl ( 1 00 ml ) 
7 . 5  II HN03 ( 1 00 ml ) 

3 II HCl ( 1 00 ml ) : 
let equ i l ibrate 
for 1 -2 days 

r. I r  
g .  Os-W 

cone . HCl 
2 II HCl ( SOz ) 

hot plate 
refrigerator 

cone . HCl ( 1 00-250 ml ) 
2 II HCl 

before open ing the 
sil ica tube is cooled 
in l iquid n itrogen 

•r.bJs standard •ust be processed quJckl y, because sllver precJpJ tates Jf exposed to 
llght or RCl fu.es . 

After making up to volume , pipet the appropr iate quantities for the 

standards , together w i th the carr iers . Process as described in the fol low ing 

pages . All standards are prepared in dupl icate . 

3 .  Procedure for Individual Standards 

a .  Aq-se-Pd standard 

1 ) To 3 ml of the 0 . 5  11 HN03 solution , add 3 ml each of Ag , Se ,  and Pd 

carr iers . Heat briefly to ensure exchange , cool , and precipitate AgCl 

with 1 ml 1 11 HCl . ( Don ' t  use stronger ac id - AgCl is somewhat soluble at 

higher [ HCl ] ) . Save the solution for step 5 .  
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2 ) Wash the AgCl precipitate 3 t imes w i th 0 . 5  H HN0 3 , and d issolve i t  in 

10 ml 6 H NH�OH . Add 1 mg Se holdback and 5 mg Fe 3+ carr ier , stir , 

centrifuge , and d iscard the Fe ( OH ) 3 prec ipitate . Check the y-spectrum of 

the solution on a Ge ( L i ) detector for Se contaminat ion . I f  present , 

proceed to Step 3 ,  otherwise to Step 4 . 

3 ) Add 1 ml 1 H HCl to the supernate and acid ify w i th 6 H HN03 to 

precipitate AgCl . Centr i fuge , wash 3 t imes w i th 0 . 5  H HN03 , and dissolve 

in 1 0  ml 6 H NH�OH . Add 1 mg Se holdback and 1 ml 1 H HCl . 

4 ) Acid ify w i th 6 H HN03 • F i l ter immed iately onto a fiberglass d isk , 

before the AgCl precipitate has coagulated . Wash w i th water and 

acetone . Dry at 1 1 0°C . 

5 ) Add a few ml of cone . HCl to the Se-Pd solution from step 1 and 

evaporate to dryness , to convert n itrates to chlor ides . Repeat . Take up 

in 8 ml 4 H HCl and load the solution on an anion exchange column [ AG1-

X 1 0 ,  200-400 mesh , Cl- form ; 1 x 1 0  em ( v = 7 . 9  ml ) ] . Elute as fol lows : 

Volume Species 
ml v Reagent Eluted D ispos i t ion Notes 

8 1 Load ( 4 H HCl ) � } Step 6 
8 1 Wash ( 4 H HCl ) Se 

40 5 8 H HCl ( Ag , Se ) D iscard a 
8 1 H 20 HCl D iscard 

47 6 1 H HCl0� -0 . 003 H HCl Pd Step 7 

(a} Thoroughl y rinse reservoir before adding eluent . 
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6 )  To the Se fraction ( 1 6 ml) , add an equal volume o f  HCl , to Bake 

[ HCl ] = 8 H .  Heat to about 6o• and precipitate Se with 1 ml hydrazine 

hydrochloride solution . Wash with 8 H HCl , then with water , and finally 

with acetone . 

�ere is so-. reason to worry about isotopic  exchange of active and 
carrier se, because sa.. of the initial Se ( Vl) in the standard .ay have 
tran.for-.d to Se (IV) by hot-ata. reactions . In the present procedure, a drop 
of B2o2 is added to the ini tial con e .  RN03 solution, to oxidize any Se (IV) to 
Se ( Vl) . Rydrazine rather than so 2 is used to precipi tate Se because so 2 
reacts very slowly with Se ( Vl} . Another possibllity is to evaporate a 1 2  H 
Bel solution to near dryness, which reduces Se ( Vl) to Se (IV) , and then to 
precipi tate se wi th so 2 . 

7 ) Warm the Pd fraction to about 8o•c on a water bath . Dropwise add 

dtmethyl glyoxtme ( 1 ' in ethanol ) until no more precipitate forms ( about 

4-5 ml should be required ) . Cool to room temperature . 

It should be feasible to precipitate Pd directl y fro• the supernate in 
step 1, after adding a few � Ag+ carrier to re-ave the re.aining traces of 
active Ag+ as Agel . After precipitating Pd with di-.thyl glyoxi-., the 
supernate is twice evaporated to dryness with RCl , and Se is precipitated with 
hydrazine hydrochloride as in step 6 .  Any traces of Pd re.aining would 
probably be reduced also, but both the ..aunt and the radiation level should 
be negligibl e .  

b .  Ni-In-Zn-Cd-Au standard 

1 ) Evaporate to near dryness , and dissolve in 1 0  ml 3 H HCl . 

2 )  Prepare two anion exchange columns [ AG 1 -X 1 0 ,  200-400 mesh ; 1 x 1 0  em 

( v  = 7 . 9  ml ) ] .  Condition with 30 ml 3 H HCl . 

3 ) Load solution onto the columns . Elute according to the following 

table : 
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Volume Species 
ml v Reagent Eluted Dispos i t ion Notes 

1 0  1 . 3 Load ( 3 II HCl ) } Ni , other } Step 4 
8 1 Wash ( 3 II HCl ) cations a 

1 6 2 3 II HCl Ni , etc . Discard 
95 1 2  3 II HCl In Step 5 a 
63 8 0 . 5  II HCl In , Te , Fe Discard 
63 8 0 . 03 II HCl Zn Step 6 

95 1 2  0 . 002 II HCl Cd Step 7 a 
47 6 1 0J Thiourea Au Step 8 

(a} �oroughl9 rlnse reservolr before addlng eluent . 

4 ) To the Ni fract ion , add 1 mg each or Fe 3+ , Co , La ,  Mn ,  and Sc 

carriers , and 1 drop H202  ( 3J ) . Neutral ize with 6 11 NH�OH ( about 9 ml )  

until a Fe( OH ) 3-Mn02 precipitate forms , then add 2 ml in excess so that 

[NH3 ] • 0 . 2  11 and the pH is between 8 and 9 .  Centrifuge and d iscard the 

prec ipitate . Precipitate N i ( DMG ) 2 accord ing to steps 3 and 4 or the 

sample procedure . 

5 ) The In fraction should be clean enough for precipi tation accord ing to 

steps 3-5 or the sample procedure ; i f  not ,  i t  can first be pur ified by 

steps 1 -2 .  

6 ) Precipitate Zn as Zn [ Hg ( SCN ) � ] , accord ing to steps 6-8 or the sample 

procedure .  The sample usually i s  radiochemically clean . 

7 )  Precipitate Cd as CdNH�PO� accord ing to steps 5-7 or the sample 

procedure . The sample i s  rad iochemically clean . 

8) Precipitate Au 2S 3 and pur i fy accord ing to the sample procedure .  

(A long-l l ved, lnterferlng nucl lde tends to get through here . B1ther use 
a Ge-Ll detector, or repeat the h9droqu1none prec1p1tat1on} . 
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c .  Te-Tl-8i standard 

1 ) Take - 1 / 1 0  or the standard solution , evaporate to dryness , take up 

the residue in 1 0  ml HCl , add 1 mg I r  carr ier and 2 ml 5 H LiCl , and 

evaporate again . Dissolve the res idue in 1 2  ml 3 H HCl by warming for a 

few minutes . Cool and add 1 m1 0 . 2  H Ce( S0� ) 2 in 1 H H 2SO� , to ensure 

that all Ir is oxid ized from +3 to +4 . 

2 ) Load the supernate onto an an ion exchange column [ AG 1 -X 1 0 ,  200-400 

mesh , Cl- form , 1 x 1 2  em ( v = 9 . 4 ml ) ) , cond i t ioned shortly before use with 

1 5  ml 0 . 5  H HCl + 0 . 05 H Ce ( I V ) ( freshly mixed from a stock solution or 

0 . 2  H Ce( S0� ) 2 in 1 H H 2SO� ) , then with 30 ml 3 H HCl . Wash w i th 9 ml 3 H 

HCl and elute as follows . 

Volume Species 
ml v Reagent Eluted Dispos i tion 

1 2  1 . 3 Load ( 3 H HCl+Ce�+ ) } cat ions ( l r ) D iscard 
9 1 Wash ( 3 H HCl ) 

1 9  2 3 H HCl ( I r ? ) Discard 
38 4 0 . 5  H HCl Te , ( Fe ) Step 3 

1 1 3 1 2  0 . 002 H HCl Cd , Zn Discard 
94 1 0  1 H H 2SO� 81 Step 4 
57 6 0 . 1 H H2S0 3 -0 . 1  H H 2so., Tl Tl pur . 

(a) Tborougbl y rinse reservoir before adding el uent, to prevent 
cont .. ination with previous solution .  

3 ) Precipitate Te according to steps 5-6 or the Te procedure . 

Notes 

a 

a 

a 

4 ) Pur ify the 8i fraction accord ing to the sample procedure . The 8i  

fract ion can be loaded d i rectly on  the an ion exchange column , by  making i t  

1 H i n  HCl . 
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d .  Br-Cs-Rb standard 

T.be steps required onl y  for Br are given 1n i talics, and can be o•itted lf 
Br is not .easured . NOte that Br alone is largel y recovered by steps 4-7, but 
that Rb and cs require an NaOH etch,  as descrlbed ln step B .  

1 ) Wash the s i l ica tube in aqua regia and with water . 

2) COol the tube in liquid N2 . 

3 ) Cut the tube and transfer into Br carrier beaker . 

4) Add several drops of 6 H NaOH and 1 •l of NaOCl . Let stand for 1 hr .  

S )  carefull y  add l •l of 1 H Na 2so 3 an d  dilute H2so� t o  neutrallse the 
solutlon . Let stand for at least 1 hr . 

6) Quantitativel y transfer the solution to a 250 •l volu.etric flask. 

7) wash the silica tube with a few drops of 1 H Na 2so 3 and -2 H B 2so� . 
Repeat several t1.es . 

8) Set s i l ica tube upr ight in the carr ier beaker . Add several drops of 

Rb-Cs carrier solution ( wi thout Cs 1 3 7 tracer ) and 6 H NaOH to etch the 

inside surface of the s i l ica tube . Let stand for at least 1 hr . 

9 ) Transfer the solution to a 250 ml volumetr ic flask . Wash the silica 

tube w i th d ilute H 2SO� several t imes . Transfer the washings into the 250 

ml volumetr ic flask and make up to volume with dil . H 2SO� , so that the 

final acidi ty is -4 N in H 2SO� . 

1 0 ) Take 2 ml of this solution as the Rb-Cs standard . 

1 1 )  Bxtract Br 2 fro• an allquot of the solution by the sa.e procedure as 
used for the s .. p1es, but with onl y l � saturated KHDO� solutlon . 

e .  Ge-Sb-Sn-Re Standard 

1 ) Prepare two plastic an ion exchange columns , AG 1 -X 1 0 ,  200-400 mesh , 

Cl- form , 8 . 8 x 0 . 79 em ( v = 4 . 3  ml ) , with dacron fiber plugs . Cond i tion 

the columns with 20 m1 3 H HCl . 
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2 ) To the sample solution ( S20 ml 3 11 HCl ) add 1 1111 Fe3+ carrier and 

ml sat . H 2SO- or 3 11 NH 20H · HC1 , to reduce Fe 3+ to Fe 2+ and Sb( V ) to 

Sb( I I I ) . Load the solution onto the column , and elute according to the 

fol lowing table . 

Volume Species 
ml v Reagent Eluted Disposi tion Notes 

S22 S5 Load ( 3 II HCl ) } Ge , cat ions , As ,  } Step 3 
22 5 Wash ( 3 II HCl ) Fe 
26 6 0 . 3  II HCl- 1 II HF Sb Step 4 a 
1 7  4 1 II HCl HF Discard a 
26 6 0 . 5  II LiOH-0 . 5  II LiCl Sa Step 5 
26 6 0 . 2  II HClO- Cl- , I r Discard 
1 3  3 2 II HClO- ReO-- Step 6 

(a) R1nse reservoir before adding eluent . 

3 ) Adjust acidity or Ge fract ion to 8-9 11 HCl , extract Ge into CCl _ , and 

precipitate as GeS 2 , according to procedure C2 . 

4 )  Precipitate metall ic Sb , accord ing to step 5 o r  the sample 

purification procedure . 

5 ) Dilute Sn fraction to appropr iate volume and take al iquot for 

count ing on Ge ( Li ) detector . 

6 ) Precipitate Re first as Re 2S7 and then as •-AsReO� , accord ing to 

steps 5-8 or the sample procedure . 

f .  I r  Standard 

Pipet the appropr iate amount into a counting vial . 
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g .  Os-W Standard 

1 ) P ipet 3 ml standard solution + 3 ml Os and W carrier solutions into 

a Zr crucible . Neutralize with 6 H NaOH and dry under a heat lamp . 

2 )  Fuse with NaOH + Na 20 2 tor 1 5  min . Cool and d issolve i n  water . 

3 ) Transfer the solution to a distill ing flask , and treat according to 

the Os purification procedure . 

4 )  Toward the end of the OsO� distillation ( step 3 ot the Os procedure ) , 

stop adding H 20 2 and continue heating until  all the H 20 2 has decomposed . 

Let the flask cool and centrifuge ott the yellow W03 . aq .  precipitate . 

Wash twice with 20 ml 6 H HN03 • 

5 ) Dissolve the W03 precipitate in 1 H NH3 and puri fy  as needed . 

If Os persists 1n tbe W frect1on, 1 t  can be reaoved by en eveporet1on v1 tb 
BN03 1n step 4 .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

R a d i o c h e m i c a l  N e u t r o n  A c t i v a t i o n  A n a l y s i s  f o r  3 6  E l e m e n t s  i n  G e o l o g i c a l  M a t e r i a l :   A u ,  A g ,  B i ,  B r ,  C d ,  C s ,  G e ,  I n ,  I r ,  N i ,  O s ,  P d ,  R b ,  R e ,  S b ,  S e ,  S n ,  T e ,  T l ,  U ,  a n d  Z n  a s  w e l l  a s  S c ,  Y ,  a n d  R E E
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 1 6 5
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