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A B STRA CT

T echnetium  and Rhenium  in V olcanic Soils by IC PM S

by

Clifton Lee Jones

Dr. V ernon F. H odge Exam ination C om m ittee Chair 
Professor o f  Chem istry 

Elniversity o f  N evada, Las V egas

Technetium -99 (^^Tc) and rhenium  (Re) were determ ined in volcanic tu ff  m uck rock, 

from  the potential repository at Yucca M ountain and in nuclear bom b cavity samples 

from  the N evada Test Site (NTS). These analyses w ere perform ed in order to test the 

feasibility o f  using high resolution inductively couple plasm a m ass spectrom etry (HR- 

ICPM S) for the determ ination o f  ̂ ^Tc. Six 20 gram  tu ff  sam ples w ere analyzed in 

duplicate for*̂ *̂ Tc and Re follow ing separation using an anion exchange resin to rem ove 

potential interferences. Four nuclear bom b cavity sam ples were analyzed using one gram 

samples. A  ' '̂^Te m ethod detection lim it (M DL) o f  33 pg/kg (parts per quadrillion (ppq)) 

was achieved; how ever the tu ff  samples analyses results were all less than this 

concentration. The average Re concentration o f  the six tu ff  sam ples was 23 ng/kg (ppt) 

with an average relative standard deviation (RSD ) o f  7.5% . The nuclear bom b cavity 

sam ples ^ T c  analyses results ranged from 330 to 11,800 pg/kg (ppq).
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CHAPTER 1

IN TR O D U CTIO N  

Y ucca M ountain Project 

Yucca M ountain is located in southern N evada approxim ately 160 kilom eters N orth 

W est o f  Las V egas and im m ediately adjacent to the South W est side o f  the N evada Test 

Site (NTS). See Figures 1 and 2. Yucca M ountain is proposed as a repository for up to 

70,000 m etric tons o f  highly radioactive w aste (U SD O E, 2002). N inety percent o f  the 

radioactive w aste aw aiting placem ent is derived from  spent nuclear fuel rods from 

civilian nuclear reactors. The bulk o f  the rem aining m aterial will be derived from 

m ilitary and US D epartm ent o f  Energy reactors and from  the generation and disposal o f  

nuclear weapons.

In 1982, congress enacted the N uelear W aste Policy Act (N W PA ) which charged the 

D O E with the responsibly for identifying an appropriate site and building a high-level 

radioactive w aste repository (USD O E, 2002). The N uclear W aste Policy Am endm ents 

Act (N W PA A ) o f  1987 identified Yucca M ountain for further prim ary investigation as a 

potential repository for h igh level nuclear w astes (USC, 2006). The President signed a 

Congressional .Joint Resolution in July 2002 designating Y ucca M ountain as the site for 

the nation’s first H igh Level W aste Repository (H LW R) (U SD O E YM PR-26, 2002). On 

July 19, 2006 the D O E presented a public letter indicating their intent to request licensure 

o f  the Yucca M ountain repository from the N uelear R egulatory C om m ission no later than
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June 2008 (U SD O E, 2006). C reation o f  the 7.8 kilom eter (5 m ile) long M ain 

Exploratory Studies Facility (ESF) tunnel at Yucea M ountain began in 1992, and was 

com pleted in 1997. A  second 2.6 km  tunnel o ff o f  the ESF tunnel, called the Enhanced 

Characterization o f  the Repository Block (ECRB) Cross-D rift tunnel, was com pleted in 

1998 (U SD O E, 2002). Figure 1 is an illustration o f  the underground layout o f  the 

proposed repository  at Y ucca M ountain.

Over the past 20 years, num erous studies o f  Y ueea M ountain have been conducted. 

G overnm ent, state, and educational institutions conducting these studies include the 

University o f  N evada, Eas V egas (UNEV) and H arry Reed C enter (H RC), where this 

study was conducted. The results o f  these studies are currently being used to evaluate the 

radioactive w aste long term  storage feasibility, including possib le radioactive waste 

containm ent failure m odes over the next 1 0 , 0 0 0  to 1 ,0 0 0 , 0 0 0  years.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Tunnel's north portal Tunnel’s soutti portal

S u b sutfaceglavbtif

Exploratory tunnel

Repository

%

/ N
Cross drift

Figure 1. U nderground layout o f  the proposed repository. The ESF tunnel from the 

north to south portal and the ECRB eross drift tunnel both have been com pleted 

(USDOE, 2002).

G eologic Setting

Yucca M ountain is about 40 km  (25m i) long and 6-10 km  w ide and about 650 m eters 

higher than the surrounding w ashes (U SD O E 1999). Yucea M ountain was form ed from 

volcanic pyroclastic ash-flow s that occurred approxim ately 13 to 7.5 m illion years ago 

during eruptions that gave rise to the Claim  Canyon and Tim ber M ountain caldera 

com plex (USD OE, 1999). These ash flow s were deposited over underlying pre-existing

3
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volcanic ash deposits from  the Perm ian age. Below  this, there are 

lim estone/silt/sandstone sedim entary deposits from  the Perm ian to the Cam brian derived 

from  inland seas that once resided in the Great Basin region. The m ajority  o f  Yucca 

M ountain w as derived from  volcanic ash flow  eruptions that resulted  in the form ation o f  

the Claim  Canyon Caldera, which is located approxim ately 6  km  north o f  Yucca 

M ountain. Figure 2 presents a graphic representation o f  the surface geology o f  the region 

around Y ucca M ountain (USD OE, 1999). The ash-flow s from  the various eruptions 

form ed several bedded layers o f  brecka (partially cem ented volcanic rock and pumice), 

and welded and non-w elded layers o f  tuff. M any o f  these layers o f  tu ff  have thicknesses 

exeeeding 100 m eters. The welded tuffs and non-w elded tuffs are both derived from 

pyroclastic ash-flow s and ash falls. The welded tu ff  form ation differs, however, in that 

the voleanic ash partieles and volcanic glass fragm ents rem ained hot enough (600-800°C) 

to, at least partially, m elt and congeal into a cohesive roek layer. This w elding usually 

occurs as the ash-flow  is buried and therm ally insulated by subsequent ash-flow  layers. 

These highly silieeous ash-flow s, w ith silica content greater than 65% , are generally 

term ed rhyolitic ash-flow s. Som e o f  the ash-flow s that have slightly low er silica content 

are m ore crystalline, and are given the term  latite. The cooling o f  the w elded tu ff  results 

in eonsiderable fraeturing o f  the tu ff  with typical fracture lengths o f  approxim ately 2  

m eters, but range in length from a few  cm to 1 0  m eters or m ore in the region o f  the 

potential repository (M ongano et ah, 1999).
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Figure 2. G eostratigraphy at Y ucca M ountain (U SD O E, 1999).
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Since the initial deposition, the tu ff  at Y ucea M ountain  has been m odified by rain and 

ground w ater flow  through the tuff. The surface (m eteoric) w ater percolation through the 

rhyolitic tu ff  induces chem ieal alteration produeing various products including, clays, and 

open fram ew ork alum inosilieate zeolites. The m eteorie w ater flow  thorough the tu ff  also 

faeilitates the deposition o f  calcite (CaCOs) and/or opal (S iO ;) in the tu ff  fraetures and in 

open cavities in the tu ff  called lithophysae (M arshall et al. Futa, 2001 ; Paces et al., 2001). 

The lithophysae in the tu ff  are originally derived from  small air eavities form ed from 

trapped air and steam  in the original ash-flow , w hich w ere then quickly smashed into 

shallow  ovate shapes under the w eight o f  the subsequent ash-flow s. Lithophysae at the 

level o f  the potential repository range in size from  1 cm  to 1 m, although m ost are less than 

50cm (U SD O E, 2002). The presence or absenee o f  lithophysae is one o f  two key 

characteristics in the defining and nam ing o f  the different layers o f  tu ff  at Yueea 

M ountain, the other being w hether or not the tu ff  is w elded (U SD O E, 2002).

The repository is proposed to oceupy the lowest m em ber o f  the Paintbrush Group in a 

welded tu ff  geostratigraphie layer nam ed Topopah Spring Tuff, w hich is im m ediately 

below  the Pah Canyon tu ff  m em ber. Figure 3 presents the Y ueea M ountain vertical 

lithostratigraphy and geochronology at the area o f  the repository (U SD O E, 1999). The 

Topopah Spring T u ff was form ed approxim ately 12.8 m illion years ago and is 

approxim ately 290-360 m eters thick at Yucca M ountain.

The Topopah Springs T u ff is divided into three m ain  m em bers, the upper crystal rich 

(latite) m em ber and the m iddle and lower crystal poor m em bers. The m iddle and lower 

crystal poor m em bers are further subdivided into four sub-units based on the presence or 

absence o f  lithophysae. These four sub-units are the upper lithophysal, m iddle

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



lithophysal, low er non-lithophysal, and low er lithophysal (M ongano et al., 1999). The 

m iddle non-lithophysae unit has high rock content (85-95% ), w ith 0-1%  lithophysae 

ranging in size from  7-25cm . The rem aining (6-14 %) o f  the tu ff  is com posed o f  pum ice, 

lithie, and m ineral fragm ents. The lower lithophysal unit has a variable rock content o f 

betw een 56-90% , w ith 5-30%  lithophysae ranging in size from  5-100cm. Again, the 

rem aining rock com position for this unit is m ade up o f  various am ounts o f  pum ice, lithie, 

and m ineral fragm ents. The low er non-lithophysal zone rock m atrix  is 66-93%  rock 

m atrix, with 0-5%  lithophysae ranging in size from  2 0 -100cm (H inds, 2000; M ongano et 

al., 1999).

I f  Yucca M ountain is granted license, the radioactive waste will be stored in specially 

designed canisters approxim ately  300 m eters below  the surface o f  Y ucca M ountain, in 

the predom inantly w elded portion o f  Topopah Spring Tuff. The proposed repository 

would reside in the low er lithophysal (80% ), and in the upper-lithophysal and m iddle 

non-lithophysal layers (20% ). Figure 4 is a representation o f  Y ucca M ountain and the 

potential repository horizon  (U SD O E ESS, 2002). The potential repository cannot 

com pletely reside in one layer because the tu ff  layers are slightly tilted, and the proposed 

repository will be horizontal. The potential repository layer is also approxim ately 300 

m eters above the w ater table.
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the repository (USD OE, 1999).
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The average rain fall at Y ucea M ountain is 15cm per year and it is has been estim ated 

that as m uch as 95%  evaporates. (Eckhardt, 2000) The rate o f  infiltration into Yueea 

M ountain has been studied by several investigators and the estim ate o f  infiltration rates 

vary from  a net loss o f  m oisture from  the m ountain due to evaporation, to a m axim um  

infiltration o f  13.4 m m  per year. M ost research indicates that the infiltration rate is 

probably betw een 1 to 10 m m  per year (USDOE, 2000).

The tu ff  at Y ucca M ountain is divided into two regions depending on the water 

content. The region above the w ater table is the unsaturated zone (U Z) and the region 

below  is the saturated zone (SZ). The over-all the w ater content o f  the roek is depended 

on porosity, w hich is, in turn, related to the degree o f  welding. Table 1 presents the water 

content o f  the unsaturated  zone at Yucca M ountain along with the percent distribution o f 

w ater relative to the entire unsaturated zone eolum n (U SD O E 2001).

Table 1 Estim ated W ater Budget for the U nsaturated-Zone R ock M ass above the Level
o f  the Em placem ent D rifts (U SD O E 2001)

Lithostratigraphic Thickness H 2O Saturation D istribution o f  H 2O 
Unit

Tiva Canyon T u ff 
welded

Paintbrush T u ff 
N on-w elded

Topopah Springs 
T u ff welded

(ft) (%) (%) over Entire Colum n 
(%)

213 5 ^ 2 7 5 3 11.4

85 1633 51.6 13.5

954 8 . 1 1 7 8 3 75.1
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It is estim ated that the tu ff  has about 100 liters o f  w ater per eubic m eter (Ewing & 

Eong, 2004). W ater infiltrating dow n from  the surface generally travels through the 

becka and non-w elded tu ff  roek through the m atrix but when it arrives at welded tuff, it is 

thought, that the w ater flow s preferentially along the roek fraetures (EISDOE, 2002).
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Purpose o f  Study

Should the canisters contain ing highly radioactive m aterial leak due to  corrosion, 

volcanic event, etc., the w aste w ould be release to the volcanic tu ff  and begin m igration 

through the tu ff  and eventually  arrive at the w ater table, called the saturated tuff, which is 

approxim ately 300 m eters below  the repository level. Therefore the rate o f  m igration o f 

the released radionuclides through the tu ff  and subsequently the w ater table is o f  great 

interest. O bviously, should a release occur, and i f  the radionuclides m igrate quickly 

through the tuff, they m ight arrive at the water table in a short tim e relative to the 

congressionally m andated 10,000 year containm ent (Long & Ew ing, 2004). It would 

follow in this scenario, that future populations could be exposed to the radionuclides and 

their ill health effects through drinking the w ater and eating plants and anim als that have 

been exposed to the water. A lternatively, if  studies show  that none o f  m any possible 

radionuclide species m igrate through the tuff, or faults through the tuff, at a rate o f  any 

significance relative to the m inim um  o f  1 0 , 0 0 0  year storage requirem ent, then concerns 

over sim ple release scenarios, such as short term  ( 1 0 0 - 1 0 0 0  year) canister failure due to 

corrosion, can be laid to rest. O ther scenarios o f  repository and canister failure, such as, 

volcanic m agm a intrusion or significant hydrotherm al events w ould still require further 

m odeling and those investigations have been undertaken (USD O E, 2002).

Initial studies by D O E have show n that there are several radionuclides that warrant 

concern. O f these, there are at least five radionuclides; carbon-14, plutonium , neptunium , 

technetium , and iodine; that w arrant special concern (Long & Ew ing, 2004). These five 

radionuclides are a concern because they are all expected to be present in significant 

concentrations in the radioactive wastes, have significantly long h a lf  lives, and also may

12
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be expected to m igrate relatively quickly through the tuff. These radionuclides are all 

expected to be either anionic species, or form  anionic species, or possibly form  colloidal 

adducts under the conditions found in the interstitial spaces o f  the tuff. Since the tu ff  is 

prim arily alum inosilieate, w ith predom inantly negative charges on the surface o f  the 

m ineral, it should show  little attraction to dissolved anionic species. U nder the current 

understanding o f  the interstitial conditions o f  the volcanic tuff, the iodine, carbon, and 

technetium  are all expected to be anionic species, f  or IO3 ', H C O 2' or CO]"^, and TCO4 ', 

respectively. The neptunium  is expected to be at least partly in the form  o f  the anionic 

species N p 0 2 C 0 3 '(Eckhardt, 2000). The plutonium  will quite likely be neutral PUO2, 

which m ay form  colloidal adducts that can diffuse through the tu ff  m atrix at higher rates 

than typical cations (Eckhardt, 2000).

One m eans by w hich the rate o f  m igration o f  these species in the tu ff  at Yucca 

M ountain m ight be ascertained is by determ ining the depth o f infiltration and 

concentration o f  these, or sim ilar radionuclides, in the tu ff  due to global and local 

radionuclide atm ospheric deposition. The m ajor source o f  terrestrial radionuclides is 

atm ospheric nuclear w eapon testing which occurred from  1945 to 1980 (Tagam i, 2003). 

There are also relatively small contributions to global radionuclide deposition due to 

underground nuclear w eapons testing venting, nuclear fuel reprocessing, nuclear pow er 

generation facilities operation, and accidents sueh as Chernobyl.

Studies have been perform ed in an effort to ascertain w hether any o f  the surface 

deposited radionuclides have m igrated down through the 300 m eters o f  tu ff  to the layer o f 

the potential repository  horizon during the last 50 years. These studies have targeted both 

chlorine-36 (^^Cl) and tritium  (^H) (Fabryka-M artin 1996; Patterson, 2000).

13
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Chlorine-36 is a beta em itter with a half-life o f  301,000 years that is produced in the 

upper atm osphere w ith greater than 96%  produced from  cosm ic ray induced spalation 

reactions w ith atm ospheric argon-40, "'‘’Ar(p,a)^*Cl (Lazarev, 2003; U SD O E LLNL, 

2000). The cosm ic ray is usually  a proton (90%) or, less often, an alpha particle. The 

upper atm osphere ^^Ar(n,p)^^Cl reaction accounts for less than 4%  o f  the total natural 

produced ^^Cl. Only a very small am ount o f  the total natural Cl-36 is produced from  the 

cosm ic ray neutron activation reaction o f  the natural ^^Cl isotope in the upper 

atm osphere, because there is little Cl in the upper atm osphere (Lazarev, 2003).

C hlorine-36 was generated in m uch larger than natural quantities during the period 

betw een 1946 and 1958 due to the approxim ately 67 atm ospheric nuclear w eapons tests 

that were perform ed near or slightly below  sea level in the pacific proving grounds (LED, 

2006). The increase in radionuclides in the environm ent resulting due to the seaside and 

terrestrial atm ospherie w eapons testing releases during the period 1945-1980 has been 

given the generic term  “bom b pulse” (USD OE LEN T, 2000). Bom b pulse '̂’Cl can be 

determ ined in a num ber o f  different m atrices such as tree rings, anim al and hum an bones. 

Bom b pulse^^Cl can also be determ ined in subterranean layers o f  soil or rock where the 

radionuclides are carried along a diffusion gradient resulting from  surface deposition and 

infiltration from  m eteoric precipitation.

The norm al background ratio o f  ̂ *’C1/C1 is quite small and the average ratio for the 

last few thousand years is about 500x10"'^, which is based on the analysis o f  ice cores 

and pack rat m iddens (Frybrecka-M artin  et ah, 1993, 1996). Rain w ater sam ples 

collected from  the 1950s and 1960 showed that the peak years o f  ̂ *’C1 radionuclide 

deposition were from  1953 through 1959 with the peak deposition occurring in 1957,

14
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with a ^^Cl/Cl ratio o f  217,000x10’’ ,̂ w hich is approxim ately 400 tim es the normal 

background ^^Cl/Cl ratio o f  500x10’’^(Lu, et ah, 2003). Figure 5 presents data from 

Greenland glacier ice core sam ples showing the ^^Cl/Cl ratios for the period from  1945 to 

1996, based on a study by Fabryka-M artin et ah, (1996).

The occurrence o f  tu ff  sam ples w ith ^’’Cl/Cl ratios greater than  1,250x10’’  ̂ at the 

level o f  the potential repository have been considered significant and indicative o f  the 

infiltration o f  bom b pulse ^^Cl to the level o f  the repository in less than 50 years 

(Fabryka-M artin, et a l.,1996).

Chlorine-36 deposition from  the atm ospheric testing is still occurring today, but at a 

level barely above the norm al level. The slight am ount o f  ̂ ^Cl that m aybe depositing 

today is perhaps due to ^^Cl bioassim ilation and réintroduction o f  chlorom ethane 

(^^ClCHa) (Lazarev, 2003).

T uff rock sam ples collected from  inside Yucca M ountain along the exploratory tunnel 

were initially determ ined to have considerably larger than the statistically significant 

1250x10’’  ̂ ^^Cl/Cl ratio (Frybreca-M artin et.al, 1996). These large ^^Cl ratios were, at 

first, considered to be evidence o f  fast travel, less than 50 years, o f  infiltrating water

15
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Figure 5. B om b puise o f  m easured in ice cores from  G reenland based on a study by 

Fabryka-M artin et al., (1996). The dashed line is the initial data. The dark line 

represents sim ulated ten year residence tim e in the soil (U SD O E Site Suitability, 2002).

carrying the bom b pulse ^^Cl radionuclide through the tuff. Figure 6  presents the ^^Cl/Cl 

ratios obtained by Frybreca-M artin  et al. (1996) along the length o f  the ESF tunnel 

(U SD O E 2002).

The ‘̂’Cl data seem ed to indicate that the fast travel occurred m ainly, but not always, 

along vertical fault lines leading to the surface at the m iddle and northern length o f  the 

ESF tunnel. Subsequent review s o f  the data revealed puzzling incongruences that are yet 

to be explained. For exam ple, in areas near some faults the data indicate that there is a 

local increase in the ^^Cl/Cl ratio; however; this sam e increase in the ^^Cl ratio was not 

echoed at o ther sim ilar size vertical faults elsew here in the ESF tunnel. The arrow in

16
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Figure 6  points out the high ^^Cl/Cl ratios for several sam ples taken from  the Sundance 

fault. A lso, the data indicate there are high ratios o f  ̂ ^Cl/Cl at areas along the exploratory 

tunnel where there appears to be no accom panying geological feature such a fault, or area 

o f  highly fractured tuff. A nother perplexing feature o f  the sam ple data indicates high 

^^Cl/Cl ratios for the northern h a lf  o f  the ESP tunnel; how ever, the general trend o f  the 

thickness o f  the overlying tu ff  to the surface is the reverse, the south being the thinnest 

and the north significantly thicker.
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Figure 6 . G raphic representation o f  Y ucca M ountain ESP tunnel w ith overlay showing 

the ratios o f  ̂ ^Cl/Cl based on results from  a report by Prybreca-M artin et al. (1996). The 

blue arrow show s indicates the Sundance fault where m uch higher than normal 

background ratios o f  ̂ ^Cl/Cl were determ ined in an initial analysis (EISDOE, 2002).
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To further com plicate m atters a re-sam pling o f  the tu ff  at the Sundance fault w ithin 

the ESF, w hich had initially  showed m uch higher than expected ratios o f  ̂ *’C1, were split 

and sent to tw o laboratories and the ^^Cl/Cl results w ere m ixed, one lab show ing ^^Cl/Cl 

ratios m uch greater than 1250x10“'^ ratios, and the o ther laboratory show ing normal 

background ratios (Paces et al., 2003; Lu et al., 2003). In a subsequent reanalysis o f  the 

sam ples taken from  either the same bore holes or w ith a few m eters, again sent to two 

laboratories, have show n ^^Cl/Cl ratios that are less than the bom b pulse threshold ratio 

for all sam ples (U SD O E Site Char. Prog. Rpt. 26 2002; Paces et al., 2003) A further re

sam pling and analysis by tw o laboratories, including H R C -U N LV , show ed sample 

‘̂’Cl/Cl ratios that were less than the 1250x10''^ threshold ratio, w ith the exception o f  one 

sam ple (U N LV  HRC D raft Rpt. TR-06-002, 2006). Because o f  the good precision o f  the 

data for this one sam ple, the investigators concluded that fast pathw ays do exist from the 

surface to the layer o f  the potential repository.

Tritium  (^H) is another bom b pulse radionuclide, and like ^^Cl it also has a natural 

com plem ent which produced in the upper atm osphere due the cosm ic ray spillation 

reactions in the atm osphere. Tritium  has a com paratively short half-life o f  12.4 years.

The natural tritium  concentration in rain w ater a Y ucca M ountain has been estim ated to 

be betw een 5 and 8  T ritium  U nits (TU). A  TU is equal to one atom  perlO '* hydrogen 

atoms. G iven the short half-life it is thought that any tritium  greater than 1 TU at the 

level o f  the potential repository m ust indicate that w ater that has infiltrated to the depth o f  

the potential repository in the last 50 years (Patterson, 2000; Lu, et al., 2003). The
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tritium  analysis o f  sam ples from  the Sundance fault, w hich had initially show ed high ^^Cl 

concentrations, did not show  a increase over the expected TU background (DOE 2000 

Site Characterization Rpt. 22). H ow ever, several sam ples from  the Southern and o f the 

ESF tunnel did show  higher than background tritium  results. But, this is the exact 

opposite o f  the initial ^^Cl data which did not show any sam ple w ith ^^Cl/Cl ratios greater 

than the 1250x10’'^ threshold  in the southern end o f  the ESF tunnel. Com plete resolution 

o f  these inconsistencies has yet to be m ade (Patterson, 2000; Lu, et al., 2003).

The pertechnetate anion is highly soluble and m obile and therefore, like 36C1 and 311, 

may be carried by m eteoric w ater dow nw ard to the level o f  the proposed repository. The 

m ain focus o f  this thesis research was to test the HR-ICPM S capability for determ ining 

*̂̂ Tc in Y ucca M ountain  tu ff  for the purpose o f  providing additional data that m ay help 

clarify previously collected ^^Cl data, and also provide independent evidence as to 

whether or not surface w ater has m igrated to the level o f  the potential repository during 

the last 50 years. Since Re is a chem ical analog o f  Tc, we also analyzed for Re. The 

results o f  technetium  analysis o f  volcanic tu ff  from  Y ucca M ountain could also provide 

indirect evidence, by inference, o f  the rate o f  m igration o f  other highly m obile anionic 

(weekly bound) radionuclides through the volcanic tu ff  at Y ucca M ountain, such as, *̂’C1, 

F, IO3', and NPO 2CO 3 '. Technetium  has one analytical advantage over ^^Cl and in that 

the natural background o f  technetium  is vanishingly small thus the only detectible Tc in 

m ost soils or rocks, m ust be derived from  the m an m ade nuclear sources (D esm et & 

M yttenaere, 1986; C olton, 1965). N atural technetium  has only been detected in uranium  

ore, in the absorption spectra o f  giant stars, and possibly in colum bite m ineral in the
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disputed initial claim  o f  the discovery o f  technetium  by W alter N oddack, Ida Tacke, and 

Otto Berg in 1925 (Colton, 1965; Arm strong, 2000).

The greatest portion o f  atm ospheric technetium  com es from uranium  and plutonium  

fission in nuclear w eapons (Tagam i, 2003). Technetium  from  nuclear fission has a 

product yield o f  approxim ately 6 % from  either, uranium -235 (^^^U), or plutonium -239 

(^^^Pu). The m ajority o f  technetium  arriving at Y ucca M ountain surface has been due to 

both global and local N evada Test Site (NTS) atm ospheric nuclear detonations. And, as 

m entioned earlier, there is also a relatively small com ponent of'^^Tc atm ospheric 

deposition due to nuclear fuel reprocessing; venting o f  underground nuclear tests; and 

nuclear facility accidents, such as Chernobyl; how ever, these sources have contributed 

only slightly.

The sim ple presum ption is that the deposition o f  radionuclides at Y ucca M ountain 

from  atm ospheric testing w ould be predom inately influenced by the local atm ospheric 

testing that occurred at the N evada Test Site from  January 1951 through O ctober 1958. 

During this period there were at total o f  119 atm ospheric tests w ith an average yield o f

8 .6  kiloton for a total yield o f  about 1 m egaton (NCI, 2006; Sim on & Bouville, et al., 

2004). A ctually only 5%  o f  the total yield o f  the atm ospheric tests w orldw ide were 

derived from  N TS atm ospheric tests (Sim on & Bouville, et al., 2004). This is because 

the bulk, 150M T, o f  the larger atm ospheric test occurred outside the continental US with 

only 1 M T total atm ospheric detonations w ithin the US. Therefore the m ajority (95% ) o f 

the atm ospheric deposition o f  the radionuclides at Y ucca M ountain is derived from global 

deposition (Sim on & Bouville, et al., 2004). The deposition o f  long lived radionuclides
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at Y ucca M ountain  will be about the sam e as for any sim ilar elevation m ountain with 

sim ilar annual rain /snow  fall in the region.

Obviously, the undisputable and reprodueible detection o f  any o f  technetium  at depth 

w ithin Y ucca M ountain w ould be irrefutable evidence o f  the fast infiltration o f  anionic 

species through hundreds o f  m eters o f  volcanic tu ff  in less than 50 years. This finding 

w ould be o f  significance in the m odeling o f  Yucca M ountain and has im plications with 

regard to the overall suitability  o f  Y ucca M ountain as a repository.

A nother m eans by w hich one eould possibly aseertain the rate o f  m igration o f  

radionuclide in volcanic tu ff  is by analysis o f  the tu ff  and w ater adjacent to underground 

nuclear bom b cavities at the N TS. For exam ple, i f  one could show that technetium  is 

present in the detonation cavity at significant levels and is in a soluble form, but was not 

present in w ater saturated rock 1 0 0  m eters away after fifty years, this w ould indicate a 

relatively slow  m igration o f  the technetium  in the tu ff  matrix over the last fifty years.

The idea that a nuclear bom b cavity m ight serve as an analog for a ruptured waste 

canister is not a new  one, and has been discussed in detail by Thom pson (1993).

Figure 7 show  a graphic illustration o f  the sequence o f  events during a typical 

underground nuclear test. Initially the bom b cavity expands vaporizing the surrounding 

rock (U SD O E LLN L, 2003). A fter a little as one h a lf  second, the vaporized rock gas that 

is super saturated w ith silica begins to condense into a glass puddle at the bottom  o f  the 

newly form ed bom b cavity. O ften w ithin 10 seconds the pressure has dissipated enough, 

the fractured ceiling begins to fall into the still m olten glass at the bottom  o f  the blast 

cavity. This broken rubble collapsing from  the ro o f o f  the cavity generally, but not 

always, leads to a collapse o f  the bom b cavity which leads to the surface. The collapse o f
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the bom b cavity usually  occurs w ithin a few  seeonds but can take m inutes or even weeks. 

The m aterial filling the cavity contains some splashed glass fragm ents, especially at the 

bottom , and is generally term ed chim ney rubble. The rock m aterial and gases at the 

bottom  o f  the cavity are still quite hot for periods up to several m inutes after the blast 

w ith tem perature as high as 2000°C, and less refractory radionuclides are volatilized from 

the cavity and distributed to the cooler chim ney rubble where they  condense USDOE 

LLNL, 2003).
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Figure 7. An illustration o f  the typical evolution o f  an underground nuclear eavity. The 

initial glass puddle m ay begin in as little as one-half second after the blast. Generally, 

after a few  seconds, there is a reduction o f  initial pressure and the ceiling begins to 

collapse. U sually the ceiling  collapse continues to the surface w ith in a few  seconds or it 

may take as long as w eeks (U SD O E LLNL, 2003).

Figure 8  show s an illustration o f  a collapsed nuclear bom b cavity. The arrows in the 

illustration indicate the relative distribution o f  the refractory versus non refractory 

radionuclides (D aniels et al., 1993). It has been estim ated that a least 700 tons o f  glass
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are produced per kiloton yield, and at the N TS and as m uch as 30x10^ M T o f  glass have 

been produced due to the underground testing o f  the approxim ately 828 nuclear devices 

(Sm ith, et al., 2000).

Highly Fractured R ock  

Puddled Glass

Subsidence

Chimney

Rubble

É Radionuclides Vj

Z i P r - M .

adionuclides

Cavitv

Figure 8 . Figure show ing the bom b cavity and rubble chim ney after cavity subsidence. 

Arrows show  the relative positions o f  refractory and non-refractory radionuclides. 

(Reproduced from  D aniels, 1993)
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Published data for technetium  are rare, for both the detonation cavity and the 

im m ediately surrounding rock and w ater table (U SD O E LLNL, 2003). The relative 

dearth o f  data for technetium  is presum ably due to the analytical difficulties encountered 

in the required ultra low  level analysis m ethods as well as the relatively labor 

intensiveness o f  the analysis m ethods. This thesis researeh will also inelude results from 

the analysis o f  bom b cavity glass sam ples that have been acid leached to derive an 

indication o f  the am ount o f  technetium  present. The relative am ount o f  '^’Cs, ^ C o , to 

'^^Eu present in the bom b cavity glass-rubble was also determ ined using gam m a 

spectroscopy. The relative am ount o f  ̂ ^Tc to '^’Cs is im portant because ^^Tc, which is 

probably in the form  o f  the volatile (b.p. 31 UC) pertechnetate aeid ( H T C O 4 ) ,  is 

predom inately  incorporated  into the condensing glass as it form s in the bom b blast cavity 

along w ith o ther m ore refractory radionuclides. It is believed that as m uch as 99.9%  o f  

the technetium  is bound in the glass slag (USD OE LLNL, 2003). I f  this is correct, the 

technetium  should therefore be present to a large degree in the glass slag at the bottom  o f 

the cavity, and present to a relatively m inor degree in the cooler chim ney rubble that 

usually form s w ithin a few  seconds to m inutes after the blast during the collapse o f  the 

bom b blast cavity.

Given the volatility  o f  the TC2O 7, HTCO4 , or CsTcÜ 4, it is not unreasonable to expect 

that great deal o f  the ^^Tc w ould be volatilized from the new ly form ed glass, or possibly 

never initially  condense w ith the glass (U SD O E LBNL 2003). Significant ^^Tc losses 

have been m easured from  m olten glass during the nuclear fuel rod w aste vitrification 

studies (B ibler, et al., 1999; Darab & Smith, 1996). These studies indicate that as much
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as 60%  o f  the Tc and 10% o f  the Cs can be lost from  the m olten glass in small scale glass 

vitrification apparatuses.

Cesium  is one o f  the fission yield radionuclides that is also som ew hat non-refractory 

(b.p. 690“C) but, is found in very high am ounts in  the chim ney rubble. This is because 

the precursor o f  '^^Cs in the radioactive decay chain  is the noble gas isotope xenon-137 

('^ ’Xe), w hich has a half-life o f  3.8 m inutes (U SD O E LLNL, 2003). The noble gas 

xenon will not condense to a high degree in the glass. The 3.8 m inute half-life gives ju st 

enough tim e for the chim ney to form  and the '^^Xe to perm eate the rubble and then decay 

into ’ ’̂Cs. Table 2 presents the relative distribution o f  selected refractory and non

refractory radionuclides in the com ponent features o f  a typical nuclear bom b test cavity 

(USD OE LLN L, 2003). The data in Table 2 indicate that as m uch as 90%  o f  the cesium 

is present in the chim ney rubble versus only 10% the cavity glass. The data presented in 

Table 2 are based partially on analysis results and is otherw ise based on the applied 

chem istry and physics in consideration o f  param eters such as, nuclide boiling points, 

half-lives, and high tem perature relative partitioning betw een the bom b-cavity-super- 

heated atm osphere and glass.

If  the bom b cavity technetium  is present predom inately in the chim ney rubble, then 

m igration w ith post blast steam  and water, especially for bom b cavities below  the water 

table, is very likely. H ow ever, if  the preponderance o f  technetium  is found in the 

relatively im m obilizing glass slag, then investigations along the lines o f  determ ining the 

relative rate o f  technetium  travel through the tu ff  surrounding o f  a bom b will require 

analytical diligence since the Tc concentration w ill be small and difficult to detect at 100 

or more m eters distance from  the blast center. Environm ental concerns over the leaching
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o f  from  the bom b cavity can certainly be lessened i f  the h ighly  m obile Tc species 

such as HTCO4 and TC2O 7 are sequestered in glass and will be released relatively slowly 

over centuries or longer. Studies have been perform ed in an effort to estim ate the rate o f 

bom b glass degradation over tim e and the rates o f  radionuclide release (Sm ith, et al., 

2000). The possib le correlation o f  the concentration o f  volatile species such as ^ T c  and 

'^’Cs, versus the m ore refectory species, such as, ^"Co, '^^Eu, in bom b cavity glass-rubble 

sam ples were determ ined during the course o f  this thesis research and are presented in 

C hapter 4 R esults and D iscussion.

Table 2. R elative D istribution o f  Radionuclides in a Typical N uclear Bom b Test Cavity.
(U SD O E LLNL, 2003)

Radionuclide Glass
(%)

Rubble
(%)

Gas
(% )

W ater
(%)

2 98
j^ c i 50 40 1 0

90 1 0

^ ^ r 25 75
.2Vj 50 40 1 0

1 0 90
'^^Eu 95 5
' ' 'P u 95 5

" 'A m 95 5

The Y ucca M ountain tu ff  sam ples and bom b cavity sam ples w ere used in this 

prelim inary study to elucidate possible m ethod difficulties w hen em ployed on these 

m atrices. M ore refined studies are planned based on the results o f  this study.
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Technetium  

Technetium  Background 

Technetium  was form ally discovered in 1937 by and Em ilio Segré and Carlo Perrier 

by the purifieation o f  a m olybdenum  target that had been bom barded with deuterons from 

a cyclotron at Berkeley, C alifornia by Ernest Lawrence. It was, at the tim e, touted as the 

first artificial elem ent to be discovered. Technetium  in Greek m eans artificial. M any 

believe how ever, that the initial discovery o f  technetium  was m ade earlier, in 1925, by 

W alter and Ida N oddack and Otto Berg via the x-ray spectroscopy o f  colum bite mineral 

ore who deduced that the elem ent 43 was present. Their experim ents, however, could not 

be repeated by their peers in the field. Their claim  o f  discovery was substantiated much 

later by x-ray com puter sim ulations at the N ation Institute o f  Standards and Technology 

(NIST) in 1998; how ever the discovery o f  elem ent 43 is still dedicated to Segre and 

Perrier (A rm strong, 2000). There are at total o f  25 Tc isotopes m ost o f  which have half 

lives o f  less than 1 hour. A ll isotopes o f  Tc are radioactive, w ith m ass 97 the longest 

lived isotope, with a half-life o f  2.6X10^ years, w hich is m uch sm aller than the age o f  the 

earth. It w as therefore initially  assum ed that any Tc present at the genesis o f  earth must 

have radioactively decayed long ago. A realization came with the understanding o f 

nuclear fission o f  uranium , and that the fission products curves indicated a yield o f  

approxim ately 6 % " T c , that in fact there is technetium  present everyw here due to the 

spontaneous fission o f  uranium . How ever, the am ount o f  technetium  present is extremely 

small due to, low  crustal abundance o f  uranium , and the very long half-life o f  uranium - 

238 spontaneous fission o f  6 .5x10 ' '  years (CRC, 1970). To date, the only natural 

technetium  isotope that has been analytically detected is m ass 99, w ith a half-life o f
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2 1 1 , 0 0 0  years, w hich has been found in only in uranium  ore (0 . 2  ng/kg) and perhaps 

colum bite ore o f  the disputed discovery in 1925 (Colton, (1965); A rm strong, (2000). The 

extrem ely low  natural technetium  levels in m ost m atrices m akes technetium  a good 

choice as an analyte for detection o f  a bom b pulse, since only the relatively high levels o f 

technetium  from  anthropom orphic sources can be detected with current instrum ental 

techniques. O f  the 25 know n isotopes only a few isotopes and m eta-stable isotopes have 

half-lives long enough to be worthy o f  analytical consideration in the determ ination o f  Tc 

in environm ental sam ples (D esm et & M yttenaere, 1986). These relatively long lived 

isotopes have been used for sam ple spiking or internal standards for isotope dilution 

m ass-spectrom etry. A selection o f  technetium  isotopes that have significant h a lf  lives are 

presented in Table 3, along w ith the decay products, radioactive decay m ode, and the 

decay energy for the m ajor pathw ays o f  decay (CRC, 1970

Table 3 Selected Tc Isotopes and M odes o f  R adioactive D ecay (CRC, 1970).

Isotope N A H alf-life DM DE (M eV ) DP

" " T c - 61 d
£ - " M o

Y 0.204, 0.582,0.835 -
IT (k0389 ,e " T c

" T c - 4.3 d
e - '"M o

Y 0.778, 0 .850,0.810 -
y/niTc Trace 90 d IT 0.0965, e " T c
" T c Trace 2 .6 x 1 0 " y 8 - " M o

^ T c Trace 1.5x10" y P- 0.3 " R u

Y 0.770, 0.669 -

*""Tc Trace 6 . 0  h
IT 0.142

. . .

Y 0.140 " T c
" T c Trace 2 . 1 1 x l 0 ' y P- &292 " R u

N A  = natural abundance, D M = decay m ode, DE is decay energy, DP is decay product, e 
is electron capture, IT is internal transition, P' is beta decay, y is gam m a decay.
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Technetium  Sources 

The m ajor source o f  terrestrial Tc is from the atm ospheric w eapons testing that 

occurred from  1945 to 1980. A s m uch as 140 TB q o f  technetium  were released from  

atm ospheric nuclear w eapon testing (Tagam i,2003). A small am ount o f  Tc is continually 

being release to the atm osphere from  nuclear pow er plants, and from  nuclear fuel 

refineries; how ever, these atm ospheric releases are extrem ely m inor in com parison with 

the atm ospheric w eapon testing. The nuclear fuel refinery releases o f  technetium  to the 

ocean, conversely, have been quite large. It has been estim ated that nuelear fuel 

refineries have released as m uch as 1000 TBq o f  " T c  to the N orth Sea over the past 30 

years, m ost o f  w hich cam e from  the W indscale high level nuclear fuel refinery at 

Sellafield, England (Tagam i, 2003). Technetium  release to the atm osphere or ocean will 

usually be in the form  o f  the chem ical species pertechnetate (TCO4 ); however, 

subsequent reduction o f  TCO4 ' to the hydrous dioxide (Tc0 2 *l .6 H 2O) m ay occur under 

reducing conditions, such as, estuaries, brackish tidal flats, and rice paddies (Lloyd & 

M acaskie, 1997; Lloyd et al., 2000; Keith-Roach et al., 2003; Tagam i & Uchida, 2002;

1 agami, 2003) The " T c  rem oval under reducing conditions m ay be a function o f  the 

lower redox potential, or the form ation o f  sulfide species, or the direct consequent o f 

bacterial induced reduction. The large releases o f  Tc to the ocean over the past 30 years 

have had little effect, as yet, on the terrestrial levels o f  technetium , but over centuries, the 

terrestrial levels o f  " T c  w ill increase due wind (hurricane) blow n sea m ist and sea shore 

sand/dust w hich will be eventually  be deposited globally. Currently the vast m ajority o f 

the technetium  that has arrived terrestrially is derived from  the atm ospheric weapons 

testing that occurred from  1945 to 1980. On the order o f  100 M Bq o f  m eta-stable
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technetium -99 ( " " ’Te), t ,/2 == 61 days, are currently used annually  w orld w ide in the 

m edical industry for radiological scanning. The introduction o f  atm ospheric technetium  

from  these m edical procedures is considered insignificantly sm all (Tagam i, 2003).

Technetium  Toxicity 

Technetium -99 is a beta em itter w ith a long half-life o f  211,000 years. The emitted 

electron has a relatively  low energy o f  0.292 M eV. H um an technetium  exposure in the 

environm ent will usually  take place from  drinking w ater or eating plants or anim als 

containing technetium  in the pertechnetate (T c04 -) form  (ANL, 2002). There is also an 

inhalation pathw ay o f  exposure to " T c  from  technetium  fallout. W e are currently being 

exposed to vanishing small am ounts o f  " T c  due to the fallout from  the past atm ospheric 

w eapons test and current nuclear fuel reprocessing, but since the am ount is small, the beta 

energy o f  decay is sm all, there is very little reason for concern. The ingestion pathway 

usually results in about 50%  Tc absorption w ith about 10% o f  the absorbed Tc rem aining 

in the stom ach and G1 tract (ANL, 2002). A bsorbed Tc has a preferential attraction to the 

thyroid w here it is absorbed to the degree o f  4%  relative to the rest o f  the body. The liver 

also absorbs about 3%  o f  the ingested Te, and the rem ainder is spread throughout the 

body including hair. S tudies in rats have show  that Tc crosses the rat placenta (Desm et & 

M yttenaere, 1986). Tc has also been found in the m ilk o f  lactating goats after their food 

was spike w ith T c 0 4 -  (D esm et & M yttenaere, 1986). The biological half-life o f  Tc in 

the body is highly dependent on which organ has absorbed it. Tc leaves the body through 

feces (65% ) or urination (35% ) (ANL, 2002). The rem oval o f  Tc is initially fast but with 

a significant tailing effect. The biological half-life the absorption o f  Tc in the thyroid is 

about 0.5 days. Fully  75%  o f  the Tc leaves the body w ith a biological half-life o f  only
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1.6  days. A pproxim ately  20%  o f  the absorbed Tc is rem oved from  the body with a 

biological half-life o f  3.7 days and the rem aining 5% is eventually rem oved from the 

body with a biological half-life  o f  22 days (ANL, 2002). The hair o f  rats have shown the 

longest retention o f  the Tc and elim ination would occur through shedding with 

presum ably a m onth or m ore half-life (Desmet & M yttenaere, 1986).

The propensity  for Tc to be absorbed quickly into the thyroid and then be evacuated 

quickly (ti /2 = 0.5 days) has m ade Tc a very useful tool for radiological scanning o f  the 

thyroid. M etastable Technetium  (" " T c ) , which decays with a HO keV gam m a em ission, 

w ith half-life o f  6 .0 1  hr, is used in 80%  o f all radio nuclear m edicine procedures, and is 

used in as m any as 40,000 procedures a day worldw ide (Boyd, 2006).

The U SEPA  m axim um  concentration level (M CE) in drinking w ater is 4 m rem  per 

year in w ater based on an assum ed w ater intake o f  2 liters o f  w ater per day (CFR Part 141 

section 61). In com parison a chest x-ray is about 5-10 mrem. The 4 m rem  allowed dose 

translates to a " T c  concentration o f  33.3 Bq/L or 52.6 ng/L(ppt)

Since there is a slight propensity  for Tc to accum ulate in the thyroid and liver, then it 

follows that the low  energy beta em ission o f  " T c , after ingestion o f  significant am ounts 

o f  " T c , will cause an increase occurrence o f  cancer in these organs. Tests perform ed on 

rats how ever; show  that, at least over the short term  o f  30 days or so, the am ount o f  Tc 

that m ust be consum ed on order to cause noticeable degradation in organs, or overall 

decreased in health, w ould be quite high (Desm et & M yttenaere, 1986).

Technetium  Chem istry 

Technetium  is in the VIIB fam ily in the periodic table along w ith m anganese, and 

rhenium. Technetium  has several possible oxidation states from  the -1 to 7 (Tagam i,
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2003). In soils or w ater under oxidative eonditions Tc is in the plus 7 oxidation state 

pertechnetate TeOT, regardless o f  pH. The w ord pertechnate should be considered 

synonym ous w ith pertechnetic acid (HTCO4) under oxic conditions, at neutral or acidic 

pH. Pertechnetic acid has a pK a o f  -0.12, w hich is sim ilar to that o f  hydrobrom ic acid 

(Darab, & Sm ith, 1996). U nder reducing conditions, TCO4" is reduced to the plus 4 

oxidation state hydrous dioxide T cO z'uH iO , where n is considered to be approxim ately 

1.6 , but is often w ritten rounded up to 2. The species o f  Tc present is dependent o f  the 

Eh-pH o f  the system . Figure 9 presents the aqueous Eh-pH diagram  for Tc (Krupka & 

Serne, 2002).

The chem ical behavior o f  Tc is m im icked to varying degrees by both m anganese and 

rhenium  (Colton, 1965; Darab, & Smith, 1996). Pertechnetate acid is fairly volatile with 

boiling point o f  31 UC. Drying the pertechnetate acid under oxidative conditions 

produces the heptoxide TC2O 7, w hich is also volatile with a boiling point o f  31 UC. It is 

estim ated that at 100°C the vapor pressure o f  the pertechnetic acid is about 0.1 torr and is 

therefore easily volatilized from heated solutions. Pertechnetate is fairly easily, but 

slow ly, reduced by ascorbic acid, hydroxyl am ine, and Sn(ll), although these m ust be 

added in excess as the pertechnetate will slow ly reform  under oxic conditions. The 

hydrous oxide Tc0 2 *l .6 H 2O can be quickly oxidized by nitric acid-hydrogen peroxide 

m ixtures, am m onia-hydrogen peroxide m ixtures, or hydrogen peroxide alone (Anders, 

I960).

33

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



§

LU

1

TcO"
TcOOH5

H . O 'TcO

0

TcO(OH)/ (aq)

5
l i O

0 2 64 8 10 12 14

PH

Figure 9. Eh-pH  diagram  show ing dom inant A queous species o f  technetium  in the 

absence o f  dissolved carbonate. The diagram  was collected at 25°C and a concentration 

o f  53 ng/L dissolved ' '̂^Tc (K rupka & Serne, 2002).

In com parison to  the other m em bers o f  the group VIIB  oxy-anions, perm anganate 

M n(VII) is m ore easily reduced to the hydrous dioxide (IV) state, and perrhenate R e0 4  is 

less easily reduced than TeOT. U nder reducing conditions, w ith an Eh less than 100 mV, 

at neutral pH , the reduced Tc (IV) species Tc0 2 *I .6 H 2O is form ed (W ildung et ah, 2004; 

Darab, & Sm ith, 1996). Pertechnetate (TeOT) can also be precipitated by sulfide (S'^),
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and forms TC2S7 (Colton, 1965). I f  TcOT is added to m ackinaw ite (FeS) m ineral, a 

reduction product T cS 2, w ith unknow n hydration, is form ed (W ildund, 2004; Bunker, 

2000). The TcOT species will form  low  solubility salts w ith K, Rb, and Cs (Krupka & 

Serne, 2002). Pertechnetate can be efficiently and quantitatively electrolytically reduced 

to Tc0 2 *I .6 H 2O in dilute sulfuric acid at the potential o f  -0.8 volts vs the saturated 

calom el electrode (SCE) (Anders, 1960).

Rhenium  

R henium  Background 

Rhenium  is also in the fam ily (group) VIIB in the periodic table under technetium . 

Rhenium  was discovered in 1925 by W alther N oddack, Ida Tacke (later Ms. N orddack), 

and Otto Berg, in platinum  ore and colum bite (ACS, 2006). They also claim ed to have 

discovered technetium , but as discussed in the general technetium  seetion above, their 

claim  was dism issed. Rhenium  is nam e after the river Rhine w here it was first 

com m ercially produced. A total o f  28 isotopes o f  Re have been identified; however, only 

a few have half-lives greater than a few  days (ACS, 2006). There are four isotopes that 

are som ew hat long lived or are considered stable and their h a lf  lives and m odes o f 

radioactive deeay are presented in Table 4. Rhenium  isotope at m ass 185 is considered 

stable and '^^Re has a very long h a lf  live o f  43.5 billion years. The w eakly radioactive 

'*̂ ’Re decays w ith a beta em ission to  form  osm ium -187 ('*^()s). This relatively slow 

decay o f  '^^Re has been used for geochronological dating. By determ ining the ratio o f
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'*^Re to '*^0 s isotope the age o f  roeks that are quite old relative to the earths age ean be 

determ ined (Selby & Creaser, 2004).

Like technetium , rhenium  has a few  relatively short lived radioisotopes that have 

been explored recently for m edical diagnostic im aging and radiotherapy. The in vitro 

behavior o f  these rhenium  isotopes is very sim ilar to the w idely used technetium  

radioisotopes show ing the same preference for the thyroid tissue. The radioaetive 

perrhenates, '^^ReOT and '^^ReO#', are often selected for nuclear m edieine proeedures.

Tahle 4. Rhenium  Relatively Long Lived or Stable Isotopes (CRC, 1970).

Isotope NA Half-life DM D E (M eV) DP

'« 'R e 37.4% Stable

'«^Re - 90 h p- 1.071

'«^Re 62.6% 4 .3 5 x I0 '° y P- 0.003 '«7()s
l 8 8 n i R e - 18.7 m Y 0.172 '^ R e

- 16.7 h P- 2.116
N A  = natural abundance, D M = decay m ode, DE is deeay energy, DP is decay 
product, e is electron capture, IT is internal transition, P' is beta decay, y is gamm a 
decay.

Rhenium  Sources

Rhenium  is in general very rare in the earth ’s crust w ith an average abundance o f 

only 1-2 ug/kg (Sun, & A rculus, et al. (2003). H ow ever, rhenium  is found in 

concentrations up to 2000 m g/kg in a few  m inerals, such as, p latinum  ore, eolum bite, and 

m olybdenite (CRC, 1970; Colton, 1965). Recently, there has been a find o f  a nearly pure 

rhenium  sulfide m ineral, rhenite, at sulfur rich volcano fum aroles (K orzhinsky, 2004). 

Rhenium  is also found at eoncentration as high as 100 ug/L in organic-bearing black 

shale, w hich w as originally  derived from redueing anoxic organic rich black m ud (Selby
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& Creaser, 2004). A noxie m ud has been eonsidered a sink for aqueous and marine Re, 

which is otherw ise considered conservative, show ing no chem ical interaction, under all 

but significantly reducing conditions (K oide, Hodge, et al., 1987).

The rhenium  industrial produetion souree m aterial is usually the byproduet 

m olybdenum  residues that form  in the chim ney flues o f  copper sm elting plants. The 

United States production was 4.6 m etric tons for 2003, and the w orld produetion was 33 

m etric tons (M agyar, J., 2004). In 2003, the U nited States im ported 14.5 m etric tons, and 

therefore, the apparent consum ption o f  Re in the U nited States was 19.1 m etric tons, 

which is about 58%  o f  the w orld produetion. The uses and percent dem and o f Re 

include, petroleum  catalysts (40% ), and high tem perature alloys for je t  engine turbines 

(50%). O ther uses or Re include high tem perature therm al couples, electrical contacts. 

X-ray tuhe targets, vacuum  tubes, m ass speetrom eter eleetron em itters, heating elem ents, 

and erueibles.

R henium  Toxieitv

Rhenium  toxieity  is unknow n. Studies using m iee using radioactive perrhenates such 

as, '««ReÜ4’and '«‘’R eÜ 4 , have show n that rhenium , onee assim ilated, behaves like 

teehnetium  in that it is preferentially attracted to the thyroid (Zuckier et al., 2004). By 

inference, it can be assum ed that long term  exposure to high levels o f  stable rhenium  will 

have disruptive effects on thyroid function; how ever, given the lim ited am ount o f 

rhenium  in m ost m inerals, and absence from  general consum er products; the only people 

at risk o f rhenium  toxicity are m etal w orkers that process and refine rhenium  precursors, 

and workers that use coneentrated rhenium  m etal or eom pounds.
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Rhenium  Chem istry

R henium  aqueous ehem istry is quite sim ilar to that o f  technetium  as both are group 

VIIB elem ents (Darab, & Sm ith, 1996). Rhenium  has possible oxidation states o f  -3 to 7, 

and like technetium  the aqueous and soil chem istry the plus 4 and 7 oxidation states 

predom inate. U nder oxic conditions Re(VII) aqueous species predom inate as perrhenate 

Re0 4  , w hich is synonym ous w ith perrhenic acid H R e0 4 , in both neutral and acid 

conditions. Figure 10 presents the aqueous Eh-pH  diagram  for Re (D arab, & Smith, 

1996). R henium  is considered an analog o f  technetium  because, under oxic conditions, 

both from  a tetrahedral oxy-anion, which is stable at any pH, and both have sim ilar redox 

chem istry (H arvey et al., 1991; Darab, & Smith, 1996; Kim  & Boulègue, 2003). Both 

Re0 4  and TCO4 ' generally form  soluble salts w ith N a and am m onium  ( N H 4 + )  and 

generally less soluble salts with the larger aqueous eations, such as, potassium , rubidium , 

cesium , silver, and thallium  (Darab, & Smith, 1996). W hen aqueous solutions containing 

Re0 4  are evaporated to dryness, in the presence o f  oxygen, RejO? form s, which is an 

analog o f  TC2O 7. Like TC2O 7, Re2 0 7  is fairly volatile, w ith a boiling point o f 

approxim ately 360“C. Table 5 presents the m elting and hoiling boils for both TC2O 7 and 

Re2Û 7 . U nder reducing conditions, w ith an Eh less than 0 mV, and at neutral pH, the 

reduced Re (IV ) species R eÛ 2 is form ed, but the speeific degree o f  hydration is has not 

heen investigated (D arab, & Smith, 1996; Kim & Boulègue, 2003). There is a sparingly 

soluble R eÛ 2 species, w hich is the probably the analog o f  TeO (O H )2 , but the form ula 

also has not been rigorously investigated, but it is probably  R eO (O H )2 (K im  & Boulègue, 

2003). U pon further reduction the oxide species (Re III) Re2 0 3 »nH2 0  is form ed, which 

does not have a corresponding Tc analog (Darab, & Sm ith, 1996).
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Figure 10. Eh-pH  diagram  for aqueous rhenium . R eduction o f  R e0 4 ‘ to R e0 2 *nH2 0  

apparently occurs at approxim ately  0 mV for pure w ater at pH 7 (Darab, & Smith, 1996).

Table 5. Tc and Re Species M elting and Boiling Points (D arab & Smith, 1996).

Species M elting point Boiling point
TczO? 119 311
R e2 0 y -3 0 0 -3 6 0
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CHAPTER 2

LITER A TU RE R EV IEW  

Background and R ationale 

There are few  data available for technetium  or rhenium  in the literature with regard to 

volcanic tu ff  or nuclear bom b cavities. The available data will be review ed below. A 

literature review  w as perform ed in order to establish the expected concentrations o f  Tc 

and Re in to both volcanic tu ff  and nuclear bom b cavity  glass. A literature search was 

also preform ed to find relevant m ethodology that m ay be applied to the detection o f  low 

level Tc and Re in volcanic so il/tu ff and nuclear bom b cavity glass.

Technetium  Literature R eview  

Tc and Yucca M t T u ff 

M ethod developm ent for the determ ination o f  the concentration o f  technetium  in the 

Yucca M ountain Topopah Spring tu ff  is the object o f  this study. A  literature search 

revealed only one determ ination o f  ̂ ^Tc from Y ucca M ountain tuff, w hich was 

0.1 Ipg/kg, and was reported by Fabryka-M artin in a draft report (Fabryka-M artin, August 

Draft 1996). This value has not been confirmed. The concentration of'^^Tc in the surface 

soil and im m ediate subsurface soil has been perform ed by several investigators (Tagami 

& Uschida, 2003). In one study by Tagami & U schida, (2003), ^ T c  was determ ined in 

the soil/sedim ent o f  rice patties in Japan at a concentration o f  ranging from  6-110
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m Bq/kg (9.5-174 pg/kg) (ppq). These same authors proposed that, based on the total 

am ount o f  atm ospheric Tc deposited by nuclear testing, that there should be 

approxim ately 6  m B q/kg (9.5 pg/kg (ppq)) o f  ̂ ^Tc in the top 25cm  o f  top soil. In a 

separate set o f  analyses o f  soils from  the NTS the concentration o f  ̂ ^Tc was determ ined 

to be 2 m B q/kg (3.2 pg/kg) at the surface, with 0.15 m Bq/kg (0.24pg/kg (ppq) at 50cm 

depth (U SD O E LLN L, 1999). These authors indicate, based on their calculations, that 

0.25 m Bq (0.39 pg/kg (ppq)) o f  Tc can be expected in the first m eter o f  top soil.

Tc Soil Species

At a pH o f  7-8 and Eh greater that 100 mV versus the standard hydrogen electrode 

(SHE), TCO4 ' w ill be the dom inate species (W ildung et al., 2004; Darab, & Sm ith, 1996). 

At pH betw een 7-8, and at an Eh slightly less than 100 m V vs SHE, T c(V ll) will slowly, 

over several hours, be reduced to Tc(lV ) oxide species. The reduction reactions are 

reversible and the reduced species will slowly, over hours to w eeks, re-oxidize to reform  

TCO4 ' due to dissolved oxygen (U SEPA  2004, Tagam i, 2003). The addition o f  hydrogen 

peroxide (I I2O 2), how ever, will cause the rapid re-oxidation o f  reduced Tc species 

(USEPA 2004). M ost o f  the Y ucca M ountain pore w ater has an Eh o f  betw een 400-600 

and a pH o f  betw een 6.5 and 7.5, although a pH as high a 8.3 m ay occur (Eckhart 2000; 

USDO E July 2000). A t Y ucca M ountain the Eh o f  well w ater is typically 350 mV, with 

a pH o f approxim ately  7, and under these conditions Tc is presum ed to be the TcO'*’ 

species. H ow ever, is not know n if  reducing horizons exist in the Yucca M ountain strata 

that could cause the localized reduction o f  pertechnetate to the insoluble hydrous dioxide. 

Also, the presence o f  iron (ll) oxides, m agnetite, or the presence o f  reduced sulfide 

m inerals, such as iron pyrite, for exam ple, dispersed in the tu ff  m ay also cause localized
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reduction o f  technetium , although these processes have not been show n to occur at Yucca 

M ountain (K rupka & Serne, 2002; Tagami & U schida, 2002; K eith-Roach et al., 2003). 

Tests conducted on 1 m eter colum ns o f  Topopah Spring T u ff from  Y ucca M ountain and 

near by Busted Butte have shown little, i f  any, reduction o f  TeOT indicating little, if  any, 

reduction to the hydrous oxide (V andergraaf, et al., 2003; U SN R C , 1987). These column 

experim ents using Topopah Springs T u ff have actually  show n that the TeOT wave-front 

arrives ahead o f  the fluorescent dye m arker and the tritium , indicating the possible 

exclusion o f  anionic TCO4 ' from  the negatively charge alum inosilicate rock matrix, 

allow ing it to pass quickly through the tu ff  colum ns. In a subsequent colum n experiment, 

using the sam e tuff, the investigators supposed that m icrobe activity, probably using the 

dye as food source, caused the decrease in the Eh o f  the colum n effluent to -500 mV.

This low Eh resulted in the apparent reduction o f  TCO4 ' and com plete retention o f  

Tc0 2 * 1  .6 H 2O in the rock colum n. O ther experim ents using colum ns w ith reducing 

m aterial added, such as, pyrite, m agnetite, carbon, have show n m arked increase in the 

retention o f  TCO4 '. A gain, it is assum ed that Tc0 2 *H2 0  form ed and was retained on 

active sites in the m atrix (U SEPA  2004). Calculations indicate that TCO4 ', at a pH o f 6.9, 

an Eh o f  less than 100 m V , should result in the reduction o f  TeÜ 4 '  to TcO (O H )2, but 

T cO (O H )2 is still sparingly soluble up to 0.1 ng/L (ppt), therefore concentrations less 

than this m ight still be som ew hat m obile in rock m atrix , even under reducing conditions 

(W ildund, et al. 2004). Reduced Te (IV) carbonate species, such as TeC 0 3 (0 H )2 and 

TcCOs (OH) 3', are probably m ore soluble and m obile in rock m atrix than the TeO (O H )2 

species (K rupka & Serne, 2002). It is not know n i f  the ealeite that lines the fractures, 

which are the predom inate w ater flow path through w elded tuff, is sufficient to cause the
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form ation o f  the m ore soluble Te(IV) carbonate species even i f  the TeO T were to be 

reduced by conditions in the tu ff  m atrix. As yet there are no experim ental results that 

indicate the reduction o f  TCO4 ' to Tc0 2 *H2 0  or the precipitation o f  TCO4 ', such as, the 

form ation o f  the sulfide Tc2S7, will occur in the tu ff  m atrix. A n experim ent was 

perform ed on three core sam ples o f  Yueea M ountain tu ff  w here TCO4 ' was spiked into 

synthetic well water. The core sam ples were then placed in the ^^Tc spiked synthetic well 

w ater for 41 days (U SD O E N N O , 1997). The results showed no Te0 4 ' loss due to 

precipitation, reduction, or sorption due to interaction w ith the tu ff  m atrix. In another 

investigation, approxim ately  60 gram samples o f  Topopah Spring T u ff (from  the lower 

vitric zone), and C alico H ills Form ation tu ff  were held in contact w ith pertechnetate 

spiked synthetic well w ater for 2 1  days, and again, there was no sorption o f  the 

pertechnetate by either o f  the tu ff  sam ples (V andergraaf, et al., 2003).

Te Bom h Cavitv

As m entioned previously, reports o f  the concentration o f  technetium  in underground 

lest cavities are rare. The available results for well w ater from  test cavities are present 

below  in Table 6 . These results indicate that range o f  ̂ ^Tc in the w ater o f  submerged 

nuclear cavities is from  13.4 to 4,100 pg/L. A ^ T c  concentration value for nuclear cavity 

glass has not been located by the author.

Table 6 . Technetium  Concentrations in W ater from  N uclear Test Cavities.

^Te Concentration Reference
(5.5 - 10.2 pC i/L ) 320 - 600 pg/L (ppq) U SD O E N N SA  (2004)

(2.6 B q/L) 4 ,100 pg/L (ppq) Daniels (1993), Bilhy Test

2950 - 3970 pg/L (ppq) Rokop (1990), Cheshire Test

13.4 pg/L  (ppq) Rokop (1990), Cam bric Test
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Rhenium  Literature Search 

Rhenium  in Y ucca M t T u ff 

The rhenium  eoneentrations in rhyolite tuffs are quite low, less than 100 ng/kg (ppt), 

com pared to the natural crustal abundance, w hich is about 1 ppb (R ighter et ah, 1998). 

Under the oxidizing conditions o f  a pyroclastic eruption, rhenium  is in the volatile form 

o f  Re (VII), RezO?, w hich has a boiling point o f  only 360°C. The typical pyroclastic flow 

has a tem perature range o f  600-800C, so it has been recently surm ised that rhenium  is 

lost to the atm osphere on the explosive degassing o f  the pyroclastic eruptions (Sun, et al., 

2003^

Rhenium  in Bom h Cavitv Sample 

N o reports o f  rhenium  content o f  Topopah Tuff, or other Y ucca M ountain tu ff  were 

found in the literature. R ighter, (1998) reported 36 ng/kg (ppt) for rhyolite. The only 

available certified rhyolite tu ff  m aterial is from  G eological Survey o f  Japan, which has a 

provisional Re value o f  23 ng/kg (ppt).

The rhenium  content o f  nuclear cavities is also unavailable. There is no evidence o f  

Re from either ^^^U fission or tungsten activation. The activation o f  tungsten probably 

does occur, hut the initial am ount o f  W present in the southern N evada volcanic tu ff  is 

probably q.uite low in the sub ug/kg range. H ow ever, there will certainly be some W 

present in the steel (as a hardener) that was used to house and low er the nuclear device 

into the underground test hole.
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Review  o f  A nalytical M ethods 

Technetium  is a low  energy beta em itter (292 keV), and until the last decade was 

prim arily analyzed by liquid scintillation spectroscopy or gas proportional counting 

(Tagam i, 2003). A dvances during the last decade in ICPM S instrum entation and 

concentration and purification o f  ̂ ^Tc using ion exchange resins have produced m uch 

low er levels o f  detection which com pare favorably with the radioehem istry techniques 

(Tagam i, 2003).

The analysis for technetium  at ultra low  concentrations is difficult for several reasons. 

The m ost com m only em ployed m ethods and techniques for low  level determ ination o f  Tc 

are presented helow  along with the m ajor difficulties encountered for each. The detection 

lim its for the analytical techniques are present in Table 7, w hich is derived from a table 

presented in a paper by Tagami (2003), unless otherw ise indicated. These detection 

lim its are based on the analysis analytical standards that are relatively free o f 

physical/chem ical m atrix effects or isobaric interferences. Therefore, the detection limits 

listed in Table 7 m ay be som ew hat low er than achievable for sam ples w ith complex 

m atrices.
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Table 7. A nalytical M ethods for ^^Tc D eterm ination (Tagam i, 2003)

1 -5 m Bq (1.6-7.9 pg) (ppq)
Anti coincidence Shielded Gas Flow 
Counting

3-5 m Bq (4 .7 -7 .9 p g ) N eutron A ctivation (n, y)
1-25 m Bq (1.6-40 pg) Liquid Scintillation Counting

0.002-4 m B q/m L (3.2-6,300 pg/L) Inductively Coupled P lasm a M ass 
Spectrom etry

3.8 m B q/m L (6000 pg/L) Q-ICPM S
1.1 m Bq/m L (1740 pgÆ ) Q-ICPM S
0.03 m B q/m L (47 pgÆ ) Q-ICPM S
0.0021 m B q/m L (3.3 pg/L) Q-ICPM S with U ltrasonic N ebulizer
0.005 m B q/m L (7.9 pg/L) H R-ICPM S with U ltrasonic N ebulizer
0.003 m B q/m L (4.7 pg/L) H R-ICPM S Tagam i (unpublished data)
0.012 m B q/m L (19.2 pgÆ )* Isotope D ilution ICPM S
0.9m Bq/m L (1,400 pgH.)* ETV -ICPM S
0.3 m Bq (0 5 p g ) A ccelerator M ass Spectrom etry (AM S)
5x10^ A tom s (8.2x10"' pg)* N egative Therm al lonization-M S (NTIM S)

Note. Q -ICPM S: quadrupole-ICPM S; H R-ICPM S: high resolution (or double 
focusing) ICPM S; ETV -IC PM S electrotherm al vaporization-lC PM S; ID-MS. Those 
items m ark w ith an asterisk have been added to the original table by author. The 
original Table in Tagam i (2003) has references for the detection limits.

Anti coincidence shielded gas flow counting; This m ethod uses relies on the 

detection o f  the 292 keV beta em issions from  the decay o f  ̂ '^Tc. The final lim itation o f 

this m ethod is the background radiation and instrum entation electronic noise. Normal 

ionizing radiation background is generally betw een 10-25 counts-per-m inute due to 

cosmic rays and the radioactive decay o f  elem ents that m ake up the detection apparatus 

and sam ple container. The use o f  shielding and detector geom etries allow  for the 

detection o f  a little as o f  1 count o f  ̂ ^Tc in 1000 seconds, i.e. one m Bq. The use o f  beta 

decay for counting o f  rhenium  is lim ited because o f  the few  beta em issions given by 

'^^Re due to the long half-life o f  42 xlO^ years, w hich m akes other analytical techniques, 

such as ICPM S, m ore sensitive.
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N eutron activation; This m ethod relies on the neutron activation o f  Te to "’Te 

(t|/2= 6 . 0  h) and m onitoring for the gam m a 140 keV decay o f  the^^"’Tc to ^^Tc based on 

neutron activation equation; ^^Tc(n,y)^^"^Te-^^^Tc (Colton, 1965). U nfortunately, any 

^^Te present m ay also be activated to ^^"'Te, which interferes w ith the calculation o f  Tc 

concentration. A lso, any ‘̂ ^Mo present in the sam ple w ould also be activated to ^^"’Tc, 

base on the neutron activation equation; ^^Mo(n,y)^^Mo-^^^™Tc—> '̂^Te (Colton, 1965). 

This lim itation requires the com plete rem oval o f  M o from  the sam ple before analyses. It 

is unlikely that there exists a technique such as selective precipitation, ion exchange, or 

preferential eleetro-reduction that w ould allow  for the com plete rem oval o f  M o to less 

than a pg while leaving Te undim inished. The detection lim it is estim ated betw een 3-5 

m Bq (4.7-7.9 pg) (Tagam i, 2003).

Neutron activation analysis for the analysis o f  Re in soil relies on the neutron 

activation o f  '*^Re based on the neuron activation equation '*̂ ’R e(n ,y)’**'*Re (Sam adi, et 

al., 1975). The activated '*'''Re is beta em itter with a ti /2 o f  16.8hr (155 keV), which is, 

after separation from  the m atrix, counted by gas flow  proportional counting or liquid 

scintillation. U nfortunately, any tungsten (W ) in the sam ple will cause interference based 

on the neutron activation reaction '*’’W (n ,y ) '* ^W ^ '*^Re(n,y)'***Re, where the is a 

beta em itter w ith a t |/2 o f  23.8 hours. The neutron activation determ ination o f  "*^Re 

isotope has sim ilar lim itations to the '*̂ ’Rc isotope, due to activation o f  The 

detection lim it for the neutron activation analysis o f  Re in soils, based on these 

lim itations, is about 1 ng.

Liquid Scintillation Counting; The detection lim it for this technique is about 1 mBq 

(1.6 pg). The lim itations for this technique are the sim ilar to that o f  the anti-coincidence
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shielded gas flow  counting. The reliable counting o f  less than 1 count per 1000 second 

from  ^^Tc decay is difficult because o f  background radiation and instrum ent electronic 

noise.

Inductively coupled plasm a m ass spectrom etry ICPM S: The detection limit for this 

technique is dependent on the sam ple delivery technique and instrum ent m ass analyzer 

configuration. D etection lim its for the various ICPM S instrum ental configurations are 

present in the paragraphs below.

Q uardrapole M ass Spectrom eter: A m odern (2000) ICP using a typical concentric 

nebulizer w ith a quadrapole m ass analyzer will deliver a ^^Te detection lim it o f  a little as 

47 pg/L (ppq), suitably long integration tim es are em ployed. The ion m ass m onitoring 

tim e, at the top o f  the peak, used to achieve this detection lim it was 180 seconds for each 

analytical m ass (Tagam i, 2003). The detection lim it for Re, em ploying the same 

instrum ental configuration, is approxim ately 30-50 pg/L (ppq).

If  an ultrasonic nebulizer is substituted for the concentric nehulizer, using the same 

quadrapole m ass analyzer configuration, the detection lim its can be reduced more than 

ten fold, to 3.3 pg/L (ppq) (Tagam i, 2003). It should be pointed out that ultrasonic 

nebulizer can also lead to long w ash out tim es due to  m em ory effects, presum ably due to 

TCO4 ' adherence to the inner wall o f  the transfer tube. The significant m em ory effects o f 

the use o f  p lastic tubing in ^ T c  analysis by ICPM S have been reported by Richter et al. 

(1997) and B eals (1992). The later adopted a w ash procedure that included alternate 

washing o f  the sam ple introduction system (tuhing-nebulizer-spraycham ber) with 1 0 % 

H N O 3 ,  follow ed by water, then 10% am m onium  hydroxide, and final w ater rinse after 

each sam ple/standard solution.
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High R esolution ICPM S; The detection lim its com piled in Table 7 indicate the high 

resolution m ass spectrom eter, double focusing in low  resolution m ode, appears to give 

sim ilar detection lim its for either concentric or ultrasonic nebulizer sam ple introduction 

techniques. The detection lim its for both configurations are in the range o f  3-5 pg/L.

Electro-therm al V olatilization ICPM S (ETV-ICPM S): The detection lim it presented 

for this technique is 1,400 pg./L , w hich is som ew hat higher than the o ther ICPM S 

techniques; how ever, the authors report relatively fast sam ple throughput (Song, 2000).

The A ccelerator M ass Spectrom eter (AM S): The AM S has a ^ T c  detection lim it o f 

less than 0.5 pg/L  (0.3 m B) (Tagam i, 2003). W ork perform ed at LLN L using AM S has 

dem onstrated a detection lim it o f  10 pB q (-1x10*^ atom s), presum ably based on clean 

w ater sam ples using a gas ionization detector (USD OE LLN L 1999). A reproducible 

result from  a soil sam ple extract o f  0.14 m B/kg (0.22 pg/kg) was obtained based on a 15 

fg signal from  120 gram s o f  soil (U SD O E LLNL 1999). Presum ably a sim ilar detection 

lim it could be show n for rhenium  since the preparation chem istry would he identical and 

the interferences are less intense. An earlier study by the sam e group at LLNL reported 

an initial AM S ^ T c  detection lim it o f  500 pg (LLNL, 1997). This study was interesting 

because the usual gas ionization detector was not used. Instead, a thin scandium  foil was 

placed in the beam  path  and the induced characteristic L-shell x-rays produced by the 

*̂ '̂ Tc and ^ R u  ion-electron recom bination at the foil surface w ere detected by a high 

purity germ anium  (H PG e) x-ray detector. The authors indicated that the slightly different 

x-rays produced by ^^Tc and '̂^Ru could be resolve to 1 part ^^Tc part in 1 0 0  parts ^^Ru. 

They estim ated a detection lim it o f  10 fg o f  ̂ T c  ( 6  uBq, or 6x10^ atom s) was obtainable.
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N egative Therm al Ionization M ass Spectrom etry (NTIM S): This instrumental 

technique allow s for the detection o f  less than I fg o f  Tc per sam ple. Rokop et al. (1990) 

indicate a detection lim it o f  5x10^ atom s (8.2x10"* pg) o f  ̂ '^Te. U sually a rhenium  

filam ent is used for the sam ple source for N TIM S analysis. For the N TIM S analysis o f 

^^Te and Re, a platinum  filam ent has heen used (D iekin, 2002).

M ass Speetrom etrv ^^Te and Re Interferences 

The m ass spectroscopy determ inations o f  ̂ ^Tc and Re both suffer from  isobaric 

interferences. Table 8  presents the percent m ass abundances for selected isotopes around 

Re m asses 185 and 187. A table o f  m ass abundances for the m ass region around ^ T c , 

95-108 amu, and Re, 184-190 am u, are presented in A ppendix I. The '^^Re isotope has a 

relatively m inor interference from  tungsten hydride ion There is also a direct

spectral over overlap o f  *̂ 0̂ s ( 1 .6 %) on '*^Re (62.6% ); how ever, this osm ium  

interference is generally not a problem  because m ost sam ple preparations usually 

involves heating the sam ples, at which point the osm ium  is loss as volatile osmium  

tetroxide (0 s 0 4 ) .

Table 8 . Percent M ass A bundances A round Re M asses 185 and 187.

Ion ^ereent M ass A bundance
W 30.7 28.6
Os 0.02 1 . 6 1 . 6 13.3 16.1
Re 34.4 62.6
M ass> 184 185 186 187 188 189
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All o f  the m ass spectroscopy techniques for the determ ination o f  ̂ ^Tc have the same 

m ajor lim itation, w hich is the direct isoharic interference o f  ̂ ^Ru. The ^^Ru m ass is 

virtually identical to the ^ T e  m ass heeause ^^Ru is form ed from  the beta deeay o f  ̂ ^Tc 

and therefore the m ass difference is equal to  the m ass o f  electron plus the energy o f  the 

decay (e=mc^), w hich is too small o f  a m ass difference to be resolved by high resolution 

m ass spectrom etry. T he ^^Te also has a relatively m inor interference from  the form ation 

o f  ̂ *MoH+ in the plasm a. There also exists a potential interference for ^^Te 

determ inations due the form ation o f  krypton oxide (''^Kr'^O) in the plasm a. It is therefore 

prudent to m onitor for the presences o f  high levels o f  K r in the argon gas before initiating 

analyses. Table 9 presents the percent abundances o f  selected m olecular ion species and 

isotopes near the "̂^Tc m ass.

Ruthenium  has 7 natural isotopes and the Ru at m ass 99 has a natural abundance o f 

12.7% (CRC, 1970). The interference at ^ T c  can be m athem atically corrected hy 

m onitoring a near hy R u m ass, such as m ass 101, at 17% abundance, and then subtracting 

the natural isotopic abundance ratio am ount o f  interference from  m ass 99, which has a Ru 

m ass ahundanee o f  12.7%. The precision w ith which the isobaric correction can be 

applied is dependent on the precision o f  the m onitored m ass m easurem ent. The 

lim itation arises w hen the im precision o f  the Ru subtraction is significant relative to the 

^^Tc signal. The final lim itation to accurate ^^Te determ inations is that i f  there is 

significant am ount o f  R u in the sam ple and low levels o f  ̂ T c  in the sam ple then one can 

not be certain that it is actually ^^Tc the is being detected and not ^ u .

Several m ethods have been developed to separate the ^^Te and Re from  these 

com m only encountered interferences. These m ethods include co-precipitation, selective
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precipitation w ith, for exam ple, tetraphenyl arsonium , and selective ion exchange using 

anion exchange resin (A nders, 1960). To date, the m ost prom ising m ethods for the 

decrease and possib le rem oval o f  the ^^Ru interference on ^ T c  are hased on the use o f 

anion exchange resins.

Table 9. Percent M ass Abundances A round M ass ^ T c  (CRC, 1970)

Ion Percent M ass A bundance
KrO 1 1 . 6 11.5 57.0 17.3 > 1 > 1

Pd 1 . 0 1 1 .1 22.3
Rh 1 0 0

Mo 24.1 9.6
Ru 12.7 1 2 . 6 17.0 31.6
Tc ~ I 0 0

M ass> 98 99 1 0 0 1 0 1 1 0 2 103 104 105

The anion resins usually em ployed hy investigators are the tetra alkyl am ine resins 

such as, A m berlite IR 400 Cl form . Bio Rad AG 1-X8 Cl form . Bio Rad AG M P-1, and 

the Erichrom  Teva-Spec resin. Each o f  these resins has shown excellent quantitative 

recoveries o f  both ^^Te and Re; however, none o f  the resins, regardless o f  specific 

procedure, have show n the com plete separation o f  the ^^Te and ^^Ru. Figure 11 shows a 

graph o f  the relative b inding o f  T c O f  to anion exchange resin (TEV A ) as the 

concentration o f  H N O 3 is varied from  0.01 M to 10 M. The k ’ data, for ^ T e  was derived 

from the num ber-of-free-colum n-volum es to peak m axim um  versus the m olarity o f  

H N O 3 m obile phase. Figure 11 shows at low nitric acid concentration (O.IM), the Te0 4 ’ 

com plexes to the resin giving rise to a large num ber o f  colum n volum es (k ’), m ore than 

5000, to the peak m axim um . A s the nitric acid increases (and pH decreases) the TCO4' is
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less strongly held by the resin. At a nitric acid concentration o f  8  M , the graph indicates 

that TCO4 has a low  k ’ (num ber o f  free colum n volum es), o f  less than 1 , and therefore 

the TCO4 ', under these conditions, is released from the resin into the 8  M H N O 3 solution.

Tc

k '

10

,0

1

Figure 11. G raph show ing the log k ’ (num ber o f  colum n volum es to peak) for ^^Tc vs the 

log o f  the m olarity  o f  n itric  acid concentration for Teva Spec resin. An explanation o f

the k ’ for the ‘̂̂ Tc data is provided in the text. Graph reproduced from  Horw itz, (1993).
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The equation for the k ’ follow s: k ’= D Vs/Vm. W here D is the distribution ratio, Vs is 

the volum e o f  the stationary phase (resin beads), and Vm is the volum e o f  the mobile 

phase H N O 3 solution. The graph in Figure 11 and the equation were derived from 

Horwitz, (1993).

A typical aqueous sam ple preparation for ICPM S analysis o f  ̂ ^Tc and Re usually 

involves the oxidation o f  the sam ple by heating a sam ple aliquot solution in the presence 

o f  H N O 3 and hydrogen peroxide (H 2O 2), follow ed by the rem oval o f  the m ajor matrix 

com ponents, i f  necessary.

A soil sam ple preparation for ICPM S is generally more involved. If  the soil has high 

organic content, the sam ple is heated to 400-450°C in to oxidize the organic components. 

Although, the boiling points o f  the TC2O 7 and RC2O 7 are less than this, as presented 

previously in Table 5, the tem perature at which the TC2O 7 begins to be lost in m ost soil is 

usually greater than 450°C, as dem onstrated using ^^"’Tc as a radiotracer. How ever some 

soil types show ed losses o f  ̂ ^Tc up to 10% when heated to 450°C for 12 hrs (Tagami, 

2003). Typically  a soil sam ple is heated in solution o f  w ith 1-4 M H N O 3  and 1-10 mL o f 

30%  H 2O2 , the sam ple is centrifuged/filtered, and the sam ple m ajor com ponents are 

rem oved through various techniques.

Recently a technique for soil m atrix separation for the *̂ ^Tc has been created that 

involves the heating o f  the soil sam ple, in m ultiple 50 gram aliquots, in a oxygen 

entrained furnace set at 1000°C (U chida & Tagam i, 2001; Tagam i & U chida, 2002). The 

effluent o f  the furnace is bubbled through 250 m L o f  slightly acidified ( H N O 3 )  or de

ionized w ater to collect the volatilized HTCO4/TC2O 7 and H R e0 4 /R e2 0 7 . This technique 

is applicable to siliceous soils but poor recoveries w ere noted w ith carbonaceous soils
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w here the recovery was significantly reduced (Tagam i & U chida, 2000). The 

investigators indicated that they believed that carbonate in the sam ple m ay have form ed a 

liquid m elt w ith in the furnace which lim ited the evolution o f  the ^^Tc. The use o f  a 

oxygen furnace for the isolation o f  ̂ '^Tc and Re from  the m atrix  w ould probably not work 

well for the highly carbonaceous surface soils o f  the N TS; how ever, it m ay be applicable 

to the volcanic tuff. A lthough, the carbonate deposits that usually  (65% ) line the tu ff 

fractures m ay suppress the volatilization o f  ̂ ^Tc.

In-depth studies on the use o f  resin technology have focused on the am ount and 

concentration o f  H N O 3  that should be used to effectively w ash through the interfering 

ions w ithout rem oving the TCO4 ' or ReÛ 4 as well (U chida & Tagam i, 1997, 2000; 

Tagam i, 2003).

In a study perform ed by Sub, et al., (2003) using a AG MP-1 anion exchange resin, a 

2 mL resin bed colum n was loaded with several elem ents including TCO4', in a 0.5 M 

H N O 3  carrier solution. They used a 10 m L aliquot o f  1 M H N O 3  for the w ash solution. 

The elem ents that w ere loaded onto the colum n included; TCO4 ', M o(V l), R u(lll), Zr(lV), 

L a(lll), U(V1), S r(ll), and B a(ll). Their results indicated that the IM  H N O 3  washed all o f  

the potentially interfering elem ents through the colum n with a small am ount o f  Ru as an 

exception. The M o is generally easily w ashed through to levels that will not give rise to 

isobaric interference on ^^Tc. Sim ilarly, W is also easily w ashed through so that there 

will be little interference on either o f  the Re m asses 185 or 187. They noted, that 

typically, a small (less than 1%), but significant am ount o f  ̂ '^Ru rem ains on the column 

when using 1 M L I N O 3  wash, and is co-eluted w ith the higher concentration 10 M H N O 3  

striping solution, along w ith the TCO4'. The species o f  Ru that rem ains on the colum n is
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believed to be nitrosyl-ru thenium  Ru(NO)+3 in the form  o f  anionic species with a general 

form ula [RuN0(N02)m(0H)n (Suh et al., 2003). These nitrosyl-ruthenium  

species, such as R uN 0 (N 0 2 )(0 H )4 '^ or R uN 0 (N 0 3 )(0 H )4'^, have a significant affinity 

for the resin, and are only rem oved with difficultly, w ith considerable am ounts o f  H N O 3 

wash solution (Tagam i, 1997). The am ount and concentration o f  nitric acid wash 

solution that can be used as a colum n wash has lim itations. This is because, at some 

point, the w ash solution will cause the stripping o f  R eÛ 4' and/or TCO4 ' from  the resin.

Studies have been perform ed to identify the largest am ount o f  2 M H N O 3 wash 

solution that can be used for w ashing o ff  the m atrix com ponents (including Ru), w ithout 

rem oving TCO4' o r R e0 4 ‘. In one such colum n-w ash-study, conducted by U chida & 

Tagam i, (1997), a 2 m L volum e bed o f  Teva ion exchange resin w as em ployed. In this 

study 2 M ITNO3 was selected as the wash solution, and the w ash w as added to the 

colum n in sequential 20 m L aliquots. This study show ed that the TCO4' is retained on the 

colum n with up to 40 m L o f  2 M H N O 3 wash solution, w ith only 1.8% loss o f  the initial 

^ T c  concentration. The study also showed that 99.2%  Ru passed through the colum n 

during loading, and only 0.7 %  w as found in the first 20 mL o f  2 M H N O 3 wash solution. 

An addition, 0.1%  o f  Ru was found in the second 20 m L wash o f  8 M H N O 3 . Again, the 

TCO4 ' was retained on the colum n during the wash, w ith very little loss ( 1 .8 %), up to the 

addition o f  40 m Ls o f  2 M H N O 3 wash solution. The study also show ed that all o f  the 

'^^Tc was rem oved from  the colum n with one 5 m L aliquot o f  8  M H N O 3 .

In a sim ilar study by U chida & Tagam i (2000), a Teva anion exchange colum n was 

loaded with 250 m Ls o f  pure w ater that was spiked w ith TCO4' and R e0 4 '. In this study,

8  ml aliquots o f  2 M H N O 3 w ash solutions were sequentially past through a 2 ml anion
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exchange colum n. Their results indicate that TCO4 ' can be retained by the resin up, to 40 

m L o f  2  M H N O 3 ,  as was indicated in the previously discussed study; however, the Re is 

eluted o ff  the colum n, beginning w ith the third aliquot o f  8  m Ls o f  2 M H N O 3 .  These 

results indicate that i f  Re is used as an analog spike for ^^Tc recovery, then the wash 

solution should not exceed 16 m L o f  2M  H N O 3 .
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CHAPTER 3

M ETH O D O LO G Y  

Research A pproach

The m ethod/techniques and instrum ent configurations selected for this thesis research 

included a soil sam ple preparation using Re as an analog spike for Tc w ith separation o f 

Tc and Re from  the solubilized sam ple m atrix on a AG 1-X8 colum n w ith a 2 ml volume. 

The wash solution selected was 15 m L o f  2 M H N O 3, and the final colum n-stripping- 

solution selected was 5 m Ls o f  8  M H N O 3 followed by 10 mL o f  1% (0 .16M ) H N O 3 . 

Since rhenium  was selected as an analog spike for technetium , the use o f  m ore than 16 

m L o f 2 M H N O 3 w ould result in the loss o f  Re from  the anion exchange resin during the 

w ashout step. A 15 m L volum e o f  2 M H N O 3 w ash solution was selected, as the 

literature search revealed that this am ount was the m ost wash solution that could he used 

without risk o f  the loss o f  R e 0 4 ' from  the colum n. Figure 12 presents a flow  chart o f  the 

sample preparation m ethod used in this thesis research. A  HR ICPM S (V G -A xiom ) in 

low -m edium  resolution m ode was selected, as this was the m ost sensitive instrum ent 

available. A low  flow  rate (0.375 m L/m in) concentric nebulizer sam ple introduction 

system was used. An ultrasonic nebulizer sam ple introduction technique was attempted, 

but the nebulized sam ple w ashout was very long and the tailing lead to  a ^^Tc baseline 

significantly above the initial baseline. A ttem pts to wash out the Tc from  sample 

introduction system  with 3%  H N O 3 for extended periods were unsuccessful, and
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therefore a low  flow  concentric nebulizer, free flow ing, using a  short as possible length o f 

Tell on tubing (no Tygon) was em ployed. The specifics o f  the sam ple preparation and 

analysis o f  the tu ff  sam ples and bom b cavity sam ples for ^^Tc and Re are presented in the 

follow ing sections.

Technetium - Rhenium Soil Preparation Procedure 
M odification o f  ORISE-ESSAP AP5 ^^Te Method

20 gr am Sample

Discard the Soil
Load on AG1-X8 Anion 

Exchange Column

50 mL 1 M  H NO 3 

Heat 4 hr at 80°C

n
Add 1 . 2  m L o f  30%  H^O  ̂

Heat at 80°C for 1-3 hr
Wash Column with 

15 mL o f  2 M  HNO 3

Centrifuge at 2000 rpm Filter the Supernatant
Save the Supernatant 1.2 um Glass Filter

0

Wash the Soil with Change pH to 2

10 m L o f  1 M  H NO 3 r— with 4 M  NH 4OH

Centrifuge at 2000 rpm
Save the Supernatant

Stiip Column with 
5 mL o f S M H N O j  

10 mL 1% H NO,

Evaporate to Dryness <80 C 
Bring to 10 mL Volume 

with 1% HNO 3

Figure 12. F low chart o f  the sam ple preparation procedure m odified from ORISE-ESSAP 

AP5 Tc-99 m ethod (O RISE/ESSA P, 2003). See A ppendix III for the sam ple preparation 

m ethod, and A ppendix II for the AP5 TC-99 m ethod.
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Sam ple Preparation 

Sample Preparation M ethod 

The sam ple preparation m ethod selected originated in part from  the O R ISE/ESSA P 

AP5 m ethod for analysis o f  Tc in soil and liquid sam ples by liquid scintillation, which is 

presented in A ppendix  II (O RISE/ESSA P, 2003). The m ethod w as m odified based on 

inform ation derived from  the literature search. The m ethod used for sam ple preparation 

is presented in  A ppendix III. The AP5 m ethod was m odified to use 20 gram s o f  soil 

sample instead o f  1 0  gram s, to allow  for the detection and quantification o f  lower levels 

o f  ̂ ''Tc and Re. A lso, the original AP5 m ethod colum n-w ash-step em ployed a 0.05 M HP 

solution w hich w as not used, as the use o f  HF w ould require the use o f  a HF resistant 

sample in troduction system  for the ICPM S. Based on the results o f  the literature search, 

a colum n w ash solution o f  2 M H N O 3 was em ployed. A n initial colum n w ash solution o f 

10 mL o f  2 M H N O 3 was used for a prelim inary analysis to check for reagent 

contam ination and interferences. For all subsequent sam ple preparations, 15 ml o f  2 M 

H N O 3 w as used a colum n w ash solution. The original m ethod did not have a colum n 

final-elution-stripping step since the m ethod was designed for liquid scintillation analysis 

whereby the entire resin  hed o f  the resin colum n is placed in a liquid scintillation vial.

The literature search indicated that a colum n-stripping solution, using 5 m Ls o f  8  M 

F IN O 3  follow ed by 10 m Ls o f  0 .16M  H N O 3  (1% v/v H N O 3 ) ,  w ould be suitable, and was 

therefore was used for all sam ple preparations. Again, a step by step procedure is 

presented A ppendix III. The glass colum ns used had an internal diam eter o f  6  mm and 

were 1 0 0  m m  in length, w ith bottom  glass frit, w hich w ere filled approxim ately one-half 

full with a 2 ml volum e o f  anion exchange resin beads Bio Rad, AG 1 - X 8 , 50-100 mesh.
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The resin colum ns w ere initially w ashed w ith 5 m L o f  8 M  H N O 3 followed by 10 m Ls o f 

0.16M  H N O 3 (1%  v/v H N O 3). This colum n w ashing procedure was perform ed twice 

before the colum n was used.

T uff Sam ple Preparation 

Six w elded tu ff  sam ples, w eighting 0.5 to 1.3 kg, were provided from  the Yucca 

M ountain tunnel refuse rock enclosure, “m uck rock” area. The “m uck” rock area 

contains the tu ff  rock resulting from  the tunneling o f  ES tunnel and cross drift tunnel 

through the Topopah Springs T u ff (approxim ately 90% , counting both the ESP and the 

cross drift tunnel), and som e portion o f  the Tiva Canyon and Paintbrush tu ff 

(approxim ately 10%). All the tu ff  sam ples w ere welded tuff. Four o f  the six tu ff  rocks 

w ere light gray to light pink or lavender. The rem aining two tu ff  sam ples were a light 

orange color. The tu ff  rocks w ere individually photographed and weighted. The rocks 

w ere broken to less than 1 cm by first w rapping the rock in household “saran” wrap, 

followed by several w rappings with 4 mil thick polyethylene plastic and then the rock 

was struck w ith a 2.5 pound sledge ham m er while on cem ent. The plastic wrapping 

procedure was repeated after every few  strikes with the ham m er to avoid contam ination 

o f  the rock w ith either the cem ent or the ham m er. A fter the rocks w ere reduced to ca. 

0.5cm , they were pulverized to less than 0.6 mm using a belt-drive Bruan pulverizer. The 

resulting pow dered tu ff  rock was stored in double polyethylene bags until tim e for sub

sam pling for analysis.

Phvsical Characteristics o f  T u ff Sam ples 

One aliquot o f  pow dered tu ff  sam ple was passed through tw o standard screens,

600pm  and 150pm , to access the approxim ate range in particle size. The results o f the
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screening o f  one aliquot from  pulverized tu ff  sample #5 show ed 89%  passing through a 

600 um  screen and 6 % passing 150um; therefore, 83%  o f  the particles w ere betw een 600 

um and 150 pm .

Five gram  sub-sam ples o f  each o f  the six pow dered tu ff  sam ples w ere dried in an 

oven at 103°C for 24 hrs, and the percent water was calculated for each using the weight 

difference from  before and after drying. The percent m oistures for the pulverized tu ff 

sam ples were determ ined to be less than 0 . 1% for all six sam ples, and therefore no 

correction to the data for m oisture content was m ade. This low m oisture content is 

presum ably due to  the loss o f  w ater from the tu ff  sam ples due to the considerable 

frictional heat generated during pulverization. It should also be noted that the tu ff  rock 

sam ples w ere initially  retrieved from  the “m uck rock” area at Y ucca M ountain and had 

been exposed atm ospheric conditions consisting o f  a low average hum idity  and annual 

rain/snow  fall for perhaps three years or more.

A  group digital picture o f  the samples before sam ple preparation is presented in 

Figure 13. A ruler has been included for size reference. The sam ples were designated 1 

thru 6  based on th is photo. A close up digital picture o f  the tu ff  sam ple #1 is presented in 

Figure 14.
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Figure 13. The tu ff  sam ples left to right w ere 1698, 665, 664, 882, 703, 865 gram s, and 

were designated sam ples 1 to 6 , respectively, based on this digital photo.
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Figure 14. C lose up digital photo o f  T u ff sam ple #1.

As a prelim inary  experim ent, the first o f  six tu ff  sam ples was prepared in four 

replicates using 10 gram s o f  sam ple and lOmLs o f  2 M H N O 3 colum n w ash to check for 

reagent contam ination and sam ple m atrix interferences.

Each o f  six pulverized tu ff  sam ples were prepared, in duplicate, using the 20 gram 

sample size and the 15 m L H N O 3 colum n wash, as described in the sam ple preparation 

procedure, fh en  they were each analyzed by H R -IC PM S. The duplicate preparation and 

analysis o f  each sam ple un-spiked was perform ed to rem ove the possibility  o f  

contam ination o f  the sam ples w ith either Tc or Re spike from  the spiking solutions. One 

o f  the tu ff  sam ples, prepared in the same preparation batch, was spiked w ith Tc at 100
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pg/kg (ppq) and Re at 40 ng/kg (ppt). The ^ T c  spike o f  100 pg/kg (ppq) is considered a 

low level recovery spike, not a true analytical spike, given the detection lim it o f  the HR- 

ICPM S (vide infra). The Re was spiked at 40 ng/L (ppt) based on the estim ated 

concentration o f  Re in the tu ff  sam ples from  an initial quadrapole-lC PM S scan. The Re 

spike was perform ed both  for an assessm ent o f  Re recovery in the sam ple, as well as an 

analog spike for ^ T c  recovery. All sam ple and standard analytical solutions were spiked 

with 1 ug/L Rh as an internal standard.

Two types o f  blank sam ples were prepared w ith each batch o f  tu ff  samples, a 20 gram 

blank sand sam ple and a  reagent blank. The 20 gram blank sand sam ple was prepared 

and analyzed w ith each sam ple preparation batch because it is specified in the original 

AP5 Tc-99 m ethod. The sand used was O ttaw a sand (O ttawa, IL), that has a high silica 

content (99.8% ), w hich w as purchased from  U.S. Silica Inc. as Flint Silica #16, with the 

highest particle fraction passing through a num ber 50 U.S. standard m esh, with a mean 

particle size o f  300um.

Bom b Cavitv Glass Sam ple Preparation

Four 60 m L polyethylene vials containing fragm ented-tuff and glass fragm ents from 

undisclosed bom b cavities at the N TS w ere obtained. The w eight o f  each bottle was 

recorded. Figure 15 presents a digital photograph o f  the contents o f  one o f  the bottles, 

with several glass fragm ents separated to the left side o f  the m ain pile. Figure 16 

presents a digital photo o f  a single glass fragm ent. The hard beta and gam m a originating 

from each bottle containing fragm ented-tuff/glass fragm ents was m easured with a Geiger 

counter with a pan head probe. The counts-per-m in were recorded for the whole bottle at 

a distance o f  ~ 1 cm. A pproxim ately  two gram s o f  m aterial were rem oved from each
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bottle and ground (w ith difficulty) to a fine pow der w ith a m ortar and pestle, and then 

placed in a 30 m L polyethylene bottle until tim e for ICPM S sam ple preparation. Only 

one gram o f  each the pow dered bom b cavity glass sam ples was used for ICPM S sample 

preparation and analysis, because the concentration levels o f  Tc w ere presum ed to be 

easily m easurable. Each o f  the four whole 30 m L bottles containing bom b cavity glass 

m aterial w ere counted for '^^Cs, *^^Eu, and ^°Co, by gam m a em ission spectroscopy.

%

Figure 15. Contents o f  one o f  the sam ple bottles containing bom b cavity glass/rubble, 

w ith several glass fragm ents separated to the left side o f  the m ain pile. The ru ler’s 

sm allest dem arcations are m illim eters.
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Figure 16. Single bom b eavity glass fragm ent. The w idth o f  region photographed is 

about 5 m illim eters. The appearanee was m ueh like obsidian.

Sum m ary o f  Sam ple Preparation and A nalyses Perform ed 

Table 10 presents a sum m ary o f  the sam ples prepared, the sam ples analyzed, along 

with the sam ple w eights used and the colum n w ash conditions.
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Table 10. Samples Analyzed, Sample Weights, and Column Wash Conditions

Sam ple N am e
N um ber o f  

Sam ples
Analysis

Technique
Sam ple
W eight

Colum n W ash

Pulyerized T u ff 
Sam ple 1 ; four 
replicates and a 
sand blank

5

Quadrapole-
ICPM S

A nalysis-Scan
Only

1 0  gram s
1 0 m L 2  M 

H N O 3

Seven silica sand 
blanks run 
consecutively for 
detection lim it 
determ ination 
(plus a blank)

8 HR-ICPM S 2 0  gram s
15 m L 2  M 

H N O 3

Pulverized T u ff 
Sam ples 1 to 6 ; 
( 2  unspiked 
replicates each)

6  sam ples 
1 2

replicates
HR-ICPM S 2 0  gram s

15 m L 2  M 
H N O 3

3 Spiked 
Pulverized T u ff 
Sam ples

3 HR-ICPM S 2 0  g ram s.
15 m L 2 M 

H N O 3

3 Batch silica 
sand blanks, 3 
Reagent B lanks

6 HR-ICPM S
2 0  gram s 
(for sand)

15 m L 2 M 
H N O 3

Bom b Glass 
sam ples 1 to 4; 
plus 1 spiked 
sample; 1 silica 
sand and 1 

reagent blank 
sample

7 HR-ICPM S 1 gram
15 m L 2 M  

H N O 3

Re Ryolite 
Reference 
Sam ple JR-2

2 HR-ICPM S 2 0  gram
15 m L 2 M 

H N O 3

Bom b Glass 
Sam ples 1 to 4

4
Gam m a

Spectroscopy
- 2 0

Gram s
N o Sam ple 
Preparation

Sam ple Preparation and A nalysis R eagents and Standards 

The sam ple preparation/analysis reagents and standards used in the perform ance o f 

this thesis research are presented in Tables 11 and 12, respectively.
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Table 11. Sample Preparation and Analysis Reagents/Materials.

A m m onium  hydroxide, N H 4OH, 14.8 M, concentrated, ACS grade. F isher Sci.

H ydrogen peroxide, H 2O2 , 30-35%  (w/v). F isher Sci.

N itric acid, H N O 3 ,  16 M , concentrated, double distilled grade. Seastar

AG-1 X8 Resin, packed 2 m L colum ns, 50-100 m esh size, chloride form , Bio-Rad

Table 12. Sam ple Preparation and A nalysis Standards.

99Tc, standardized solution N IST  SRM 4288a

Rhenium  1000 m g/L, Inorganic Ventures

Ruthenium  1000 m g/L, Spex Industries

Rhodium  1000 m g/L, Spex Industries

Sam ple Analyses 

T uff Sam ple Analyses 

Tables 13 and 14 provide the instrum ental configuration and operational conditions 

used for the quadrapole-IC PM S and the H R-ICPM S analyses, respectively. Figure 17 

presents a digital photo o f  the V G -Elem ental A xiom  H R -ICPM S, m odel 4600006, used 

in this thesis research. C alibration curves, from  0.01 to 200 ng/L, w ere generated for 

both ^ T c  and Re im m ediately prior to sam ple analysis. The internal standard Rh was 

m onitored at m ass 103, and Ru w as m onitored at m ass 101. An interm ediate standard 

and blank were analyzed after approxim ately every 8*'’ sam ple analysis, to check for 

baseline and analytical sensitivity  drift. A 20 ng/L  (ppt) ruthenium  standard, and a 1
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ug/L (ppb) M o standard were analyzed and the end o f  one analytical sequence in order to

access their degree o f  interference on ^^Tc m ass during the H R-ICPM S analysis.

Table 13. ELA N  6100 Q uadrapole ICPM S Configuration and Operational Conditions

Plasm a forw ard pow er 1100 W atts
Plasm a flow  rate 0.8 L /m in
Carrier flow  rate 0.8 L /m in
N ebulizer Concentric- peristaltic pum p 1 m L/m in
Average o f  15 scans, 400 us dwell, 10 
points per amu.
Detector Electron M ultiplier
M ode Scanning
M asses 5^^W

Table 14. V G -A xiom  H R-ICPM S C onfiguration and O perational Conditions

Coolant gas flow  rate 14
A uxiliary gas flow  rate 0.92
N eb gas flow  rate 0.92
RF Pow er 1300

R esolution M ode
Low  resolution 400 all except Tc 
m edium  resolution 4180

Ion Energy 4977

N ebulizer
Concentric m icro-flow  nebulizer, Flow 
rate 0.375 m L/m in

Spray Cham ber(s) Tandem , cyclonic- im pact
Detector Single Electron M ultiplier
4x10^ counts for a 1 ug/L Indium  std
M asses/elem ents (^ T c , ‘" 'R u , ‘""Rh, ‘“'Re)

Scan-Dwell
25 points per peak, 0.250 m s dwell, 3 
peak w idths, 3 runs, 56.25 seconds per 
m ass
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-4G P T O R C H

Dual Spray Chambers

Figure 17. V G -Elem ental A xiom  H R -ICPM S, M odel 4600006.

The Bom b Cavity Glass Sam ple A nalyses 

The bom b cavity sam ple were analysed by H R -ICPM S for ®"Te and Re at the end o f  a 

tu ff  sam ple analysis sequence to avoid sample cross contam ination, since these samples 

were expected the have rather high concentrations o f  ""Tc.

The bom b-cavity-glass sam ples were also analyzed for '"’Cs, ^"Co, and '^^Eu, by 

gam m a spectroscopy, w ithout sam ple preparation, by placing the entire 30 mL 

polyethylene sam ple bottle in the detector cell. The analysis counting tim e was 960 

m inutes. Table 15 presents the instrum ental configuration and operational conditions 

used for gam m a analysis.
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Table 15. C anberra G am m a Speetrom eter Configurations and Operational Conditions

D etector M odel GX3519
Cryostat M odel 7500SL
Liquid N itrogen  flow  rate 1.8 L/m in.

D etector geom etry HPG  Extended range closed-end 
eoaxial

D iam eter 56 m m
Length 61 m m
Distance from  w indow 5 m m
D epletion V oltage 2500
Bias V oltage 4000 V
Relative efficiency 35%
Resolution (FW H M ) 1.9 keV  at 1.33M eV
Peak/C om pton ratio 56:1
Software Peak Loeate Threshold 250
Peak Locate R ange (in ehannels) 1 - 4096
Peak A rea R ange (in ehannels) 1 - 4096
Identifieation Energy Tolerance 1.000 keV
Sam ple Size unit
Live Tim e 57564.3 seconds (959.4 m inutes)
Real Tim e 57600.0 seconds (960 m inutes)
Dead Tim e &06 94
G am m a m easurem ent efficiency at 661.66 keV ( '" 'C s  G am m a em ission)
C alculated efficiency 0.01299
M easured effieiency 0.01301
M easured error 3.41
Percent D eviation -&20
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CHAPTER 4

RESULTS A N D D ISCU SSIO N  

T uff Sam ples Analyses Results 

Q uadrapole-IC PM SA nalysis Results 

As a prelim inary experim ent, the first o f  the six tu ff  sam ples w as prepared in four 

replicates using 10 gram s o f  sam ple and lOmLs o f  2 M H N O 3 eolum n wash to check for 

interferences. The sam ples were analyzed by Q-ICPM S using scanning m ode. The 

resulting m ass spectrum  scan o f  the m ass regions around ""Tc, and ' “^Re, ' “^Re are 

presented in Figures, 18, 19, and 20. Tables 8  and 9, w hich w ere presented earlier, give 

the m ass abundances for Tc and Re m ass regions, and have been re-presented below  for 

the reader’s easy reference. Figure 18 shows the '""Rh internal standard at 1 ug/L as well 

as the presence o f  M o at about 1 ug/L (ppb) in the sam ples, and 0.1 ug/L (ppb) in the 

sand blank (low er line). M o at this concentration is not expeeted form  m olybdenum  

hydride ion (M oH +) at m ass-99 in concentrations high enough to cause positive 

interference w ith ""Tc analyses. The sam ples prepared for the ""Te and Re analysis by 

H R -ICPM S used an increased eolum n w ash o f  15 m L o f  2 M H N O 3 w hich is expected to 

result in a low er M o concentration in the final sam ple. The spectrum  does not show the 

presents o f  any ""Tc or Ru. The estim ated detection lim it for the Q-ICPM S scanning 

m ode is about 10 ng/L (ppt), so ""Tc and Ru concentrations less than this would not be 

evident in the scan.
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Figure 19 show s the sam e scan around m ass 99 as shown in Figure 18, but w ith the 

scale expanded. A gain, the spectrum  does not show  the presence o f  Tc or Ru above noise 

levels. This spectrum  does, how ever, show the apparent presence o f  '"'*Pd and '""Pd at an 

estim ated concentration o f  20 ng/L (ppt). The sam ple preparation procedure used for the 

""Tc and Re analysis is quite sim ilar to m ethod used for platinum  group m etals (Jarvis, 

1997). It is not certain i f  the signal at the Pd m asses 104 and 105 are really Pd signal or 

an artifact, such as, ““S r '^ 0  or "^Mo'^C on m ass 104, or on m ass 105. If  the

signals at m asses 104 and 105 truly indicate Pd in the sam ples, it m ay not be derived 

from the tu ff  sam ples, but could be the result o f  ultra-trace contam ination from  either the 

sample preparation reagents or the Rh internal standard.

Figure 20 show s the Q -ICPM S scan m ass spectrum  around the ' “"Re and ' “''Re 

m asses for four pow dered tu ff  sam ples and sand blank. The tungsten concentration is 

estim ated from  the signal at m asses 184 and 186 to be approxim ately 300 ng/L (ppt). 

Tungsten at this concentration is not expeeted to form  tungsten hydride ion, ( ' “''WH"'^ at 

Re m ass-185 or at Re m ass 187, in concentrations high enough to cause positive

interference o f  the Re analyses. The Re concentration w as estim ated at 40 ng/L (ppt).

N o Os signal w as evident above background noise. The presence o f  any osm ium  would 

be rem arkable since this elem ent form s the very volatile osm ium  tetraoxide (OSO4) and 

should have been rem oved from  the sam ple solution during the evaporation to dryness 

step. Based on this spectrum , the Re m ass 187 was selected for quantitation on the HR- 

ICPM S. The Re m ass 187 was selected because o f  the absence o f  the potential 

interfèrent Os, and because the ' “"Re m ass has greater abundance (62.6% ) and therefore 

increased sensitivity  com pared to the ' “"Re m ass (34.4% ).
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Figure 18. Q -ICPM S scan m ass spectrum  around the m ass for four powdered tu ff  

sam ples and sand blank (low est line) which are over lane in th is one spectrum . Rh is a 1 

ug/L (ppb) internal standard. The m olybdenum  concentration is estim ated to be 

approxim ately 1 ug/L in the samples, and approxim ately 0.1 ug/L  in the sand blank.
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Figure 19. Sam e scan as Figure 18 w ith the scale expanded. N either ^^Tc nor Ru was 

evident above background noise; however, there appears to be Pd present at an estim ated 

concentration o f  approxim ately 20 ng/L (ppt).
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Figure 20. Q -IC PM S scan m ass spectrum  around the '*^Re and '*^Re m asses for four 

powdered tu ff  sam ples and sand blank (lowest line) over lane in this one spectrum . The 

Re concentration w as estim ated at 40 ng/L (ppt). N o Os was evident above background 

noise.

Table 8 . Percent M ass A bundances Around Re M asses 185 and 187 (CRC, 1970).

Ion Percent M ass A bundance
W 3 0 J 2 & 6

Os 0 . 0 2 1 .6 1 . 6 13.3 16.1
Re 3 4 4 6 2 6
M ass> 184 185 186 187 188 189

Table 9. Percent M ass A bundances A round M ass ^ T c  (CRC, 1970)

Ion Percent M ass A bundance
KrO 1 1 . 6 11.5 57.0 17.3 > 1 > 1

Pd 1 . 0 1 1 .1 2 2 2

Rh 1 0 0

Mo 24.1 9.6
Ru 12.7 1 2 6 17.0 3L 6
Tc - 1 0 0

M ass> 98 99 1 0 0 1 0 1 1 0 2 103 104 105
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HR-ICPM S A nalyses Results 

The H R -ICPM S w as adjusted for m axim um  sensitivity using a 1 ug/L indium  (In) 

standard. A calibration from  200 ng/L to 0.010 ng/L (ppt) typically  had a linear 0.999 

calibration coefficient for both ^^Tc and ’*^Re. Figures 21 and 22 present typical 

calibration curves for ^^Tc and ’*^Re, respectively. D ram atic m em ory effects were 

observed during initial sensitivity  investigations using a peristaltic pum p with Tygon type 

tubing, which is a phenom enon that has been reported and investigated in some detail by 

R ichter et al., (1997), and Beals, (1992). The effect was significantly  reduced by 

rem oving the peristaltic pum p and Tygon tubing and em ploying the se lf  aspiration o f  

concentric m icro-flow  nebulizer (0.375 m L/m in) using Teflon tubing. A lso, the H N O 3  

wash solution concentration was increased from  1% to 3%  H N O 3  and the wash tim e was 

increased. This configuration was used for all H R -ICPM S sam ple analyses.

c

99
Tc C alib ration  ng/L

12

10

8

6
4

2
0

5 0 0 0 10 0 0 0  1 5 0 0 0  2 0 0 0 0  2 5 0 0 0  3 0 0 0 00

C o u n ts  r  = 0 .9 9 9

Figure 21. Typical calibration curve for ^^Tc. The correlation coefficient is 0.999
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Figure 22. Typical calibration curve for ‘ ’̂R c. The correlation coefficient is 0.999.

M ethod D etection Lim its (IVIDL)

The M D L sam ples were prepared hy spiking seven separate sand blanks w ith 50 

pg/kg (ppq) ^ T c  and 5 ng/kg Re before sam ple preparation. The H R -ICPM S analysis 

results for the seven spiked sand blank replicates is present in Table 16. The first 

replicates o f  the seven replicates for ^ T c  were slightly h igher than the subsequent 

replicates. This is due to the incom plete w ashout “m em ory” o f  the previous standards 

that were analyzed im m ediately prior to the M DL sam ples. This behavior was not 

m im icked hy the '^^Re results or the Rh internal standard. The wash tim e was increased 

for subsequent analysis to m inim ize any ' '̂^Tc m em ory effects. The wash solution was 

also changed from  1 to 3%  F I N O 3 . The standard deviation (n-1 w eighting) o f  the seven 

replicates w as perform ed and m ultiplied hy Students’ t value o f  3.143 to derive the
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detection limit. The detection lim it for ®^Tc was also calculated using sequentially less 

replicates by step wise rem oval o f  the initial replicates from  the calculation in order to 

elim inate the initial standards m em ory effect from  the calculations. Table 16 presents the 

seven blank replicates as well as the subsequently calculated M D Ls using fewer 

replicates. The percent recovery o f  the spike is presented in the second colum n, along 

w ith the average recovery. The average recovery for the seven replicates was 107%. The 

^ T c  detection lim it o f  33 pg/kg (ppq), calculated based on the latter five replicate sand 

sam ples, was used for reporting the sam ple data and is consistent w ith HR-ICPM S 

detection lim its presented in Table 7 using a concentric nebulizer.

Table 16. D etection L im it Calculations for ^ T c , based on 50 pg/kg spiked silica sand

Replicate All 7 
pg/kg (ppq)

Rec
(%)

Last 6  

pg/kg
Last 5 
pg/kg

Last 4 
pg/kg

1 91.8 184 - - -

2 6%8 136 628 - -

3 5&2 116 582 582 -

4 414 91 45.4 45.4 45.4
5 422 84 42 2 422 422
6 37J 75 323 323 323
7 30.4 61 3&4 30.4 30.4
SD 2L1 A vg 107 128 10.4 6.5
SD*3.143 6 6 43 33 21

Table 15 presents the M D L sam ple results for the seven replicate silica sand sample 

each spiked at 5 ng/kg. The sand was determ ined to contain an endogenous Re 

concentration o f  6.5 ng/kg. The third colum n o f  Table 17 presents the M D L results 

corrected for the 6.5 ng/kg silica sand endogenous Re concentration. The forth column
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gives the percent spike recovery for each replicate and the average M D L spike recovery. 

The Re M D L was determ ined to be 2.7 ng/kg (ppt) based on seven replicates. The 

average M D L spike recovery for the seven replicates was 100%. It should be noted a 

lower detection lim it could probably be determ ined i f  another blank soil m aterial could 

be selected that did not have an endogenous Re content.

Table 17. D etection L im it Calculation for '^^Re, Based on a 5 ng/L  Spike o f  Silica Sand.

R eplicate
All 7 

ng/kg (ppt)

M inus 6.5 
ng/kg Sand 
Blank ng/kg

Spike
Recovery

(%)
1 128 6.3 126
2 11.9 5.4 109
3 12.4 6 . 0 119
4 1 0 . 8 4.3 8 6

5 1 1 . 0 4.5 91
6 10.7 4.2 84
7 1 0 . 8 4.4 8 8

SD 0.9 Avg 5.0 A vg 100
SD *3.143 2.7

Y ucca M ountain T uff  ̂ *̂ Tc Sam ple Results 

Each o f  the six tu ff  sam ples from  Yucca M ountain m uck rock area w ere analyzed in 

duplicate and the ^ T c  results are presented in Table 18. N one o f  the results show '^^Tc at 

concentration levels greater than the detection lim it o f  33 pg/kg (ppq). The Ru 

concentration in the aqueous sam ples was estim ated based on a single 20 ng/L (ppt) 

standard analyzed at the end o f  an analysis sequence. The Ru results for the tu ff samples 

ranged from  less than 1 GO pg/L to 1000 pg/L (ppq). The Ru concentration for the tu ff 

sam ples 5 and 6 , w hich were a slight orange-red color, were approxim ately tw ice that o f
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the lighter colored sam ples 1-4. P resum ably the orange color o f  the rocks is due to iron 

oxides. The standard deviation o f  the R u results was typically 2%  RSD. Given the 

nature o f  T c O f  to reduce in the present o f  m ixed Fe(II)Fe(III) oxides makes these orange 

tu ff  sam ples good candidates for the possible detection o f  bom b pulse Tc. Unfortunately, 

these slightly orange tu ff  sam ples also have m ore Ru concentration w hich m akes the 

possibility o f  accurate m easurem ent o f  the "̂̂ Tc by ICPM S m ore difficult.

All Tc sam ple results w ere corrected for ^^Ru interference based on the '°*Ru signal 

using the ratio calculation for the correction o f  Ru interference on ^^Tc, which is based on 

the relative m ass abundance ratio o f  ̂ ^Ru (12.7% ) to '°*Ru (17.0% ). No correction for 

Mo sample concentration was deem ed necessary, because the 1 ug/L (ppb) M o standard 

analyzed during an analytical sequence did not show  any increase in the ^^Tc signal.

Table 18. ^ T c  concentrations o f  Pow dered Y ucca M ountain T uff Samples.

Sam ple Sam ple
D uplicate

pg/kg

Average
pg/kg

RSD

Sam ple 1 <33 <33 <33 NA
Sam ple 2 <33 <33 <33 NA
Sam ple 3 <33 <33 <33 NA
Sam ple 4 <33 <33 <33 NA
Sam ple 5 <33 <33 <33 NA
Sam ple 6 <33 <33 <33 NA

81

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Yucca M ountain T uff Re Sam ple Results 

Each o f  the six tu ff  sam ples from  Y ucca M ountain m uck rock area were analyzed for Re 

in duplicate and the results, along with the SD and RSD  for each set o f  duplicate samples, 

are presented in Table 19. The Re results ranged from  18 to 42 ng/kg, based on tbe 

average o f  the duplicate sam ples, and the overall average result was 23 ng/L. The RSDs 

for the duplicate sam ples ranged from  0.6 to 13.2%, w ith an average overall RSD  o f  

7.5% , indicating good analytical m ethod precision betw een duplicate sam ples. The slight 

orange colored sam ples 5 and 6  showed higher Re concentrations than the lighter color 

sam ples 1-4.

Table 19. Re C oncentrations o f  Pow dered Y ucca M ountain T u ff Sam ples.

N am e Sam ple
ng/kg

Sample
Duplicate

ng/kg

Average
ng/kg

SD RSD

Sam ple 1 18 18 18 0 .1 0 . 6

Sam ple 2 16 19 18 2 . 2 12.4
Sam ple 3 15 13 14 1.5 10.3
Sam ple 4 2 0 2 1 2 1 1 .1 5.1
Sam ple 5 38 46 42 5.6 13.2
Sam ple 6 24 23 23 0.7 3.1
A verage> 2 2 23 23 1.9 7.5

Y ucca M t T uff Sam ples Spike Recoveries for ^^Tc and Re 

The ^^Tc spike recovery for the three tu ff  sam ples that w ere spiked are presented in 

Table 20. The ^ T c  spike recovery o f  the 100 pg/kg spike ranged from  32 to 54% , with 

an average spike recovery o f  45 %. The Re spike results and percent recoveries are given
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in Table 21. A  40 ng/kg Re spike was used as an analog for ^^Tc recovery, and the 

recoveries ranged from  60 to 95% , w ith an average recovery o f  77%.

Table 20. ^^Tc Spike Recovery Results for Pow dered Y ucca M ountain T uff Samples.

Sam ple N am e Tc Spike 100 
pg/kg (ppq)

Sam ple
pg/kg(ppq)

Difference 
pg/kg (ppq)

Recovery
(%)

T uff-1 130 76 54 54
T u f f -2 6 8 18 51 51
T u f f -5 94 62 32 32
A verage 45

Table 21. Re Spike Recovery Results for Pow dered Yucca M ountain T uff Samples.

Sam ple N am e Re Spike 40 
ng/kg (ppt)

Sam ple
ng/kg(ppt)

D ifference 
ng/kg (ppt)

Recovery
(%)

T uff-1 48. 18 30 76
T u f f -2 56 18 38 95
T u f f -5 6 6 42 24 60
Average 77

Rhyolite SRM  Results 

Two 20 gram  sam ples o f  Standard Reference M aterial (SRM ) JR-2 were purchased 

from the Geological Survey o f  Japan. This SRM  was selected because it is the only 

rhyolite reference m aterial that has values for Re. The provisional Re concentration 

value supplied with the m aterial was 23 ng/kg (ppt). The H R -ICPM S results from  this 

study are presented in Table 22. The results yielded an average concentration o f  5.4 

ng/kg (ppt), w ith a RSD for the duplicate results o f  0.2% . The average result is 23.5%  o f
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the provisional value. The results are lower than the provisional value, but the sample 

preparation used in this thesis study involves heating o f  the sam ple w ith 1 M HNO 3, and 

the provisional value m ay have been derive from  a com plete d issolution o f  the sample.

Table 22. Re H R -IC PM S Results for Geological Survey o f  Japan SRM  JR-2 samples.

Sam ple
Nam e

Sam ple
ng/kg

Sam ple
D uplicate

ng/kg

Average
ng/kg

SD RSD

SRM JR-2 5.4 5.5 5.4 0 . 0 0 . 2

Bom b Cavity Sam ples A nalyses Results 

Bom b Cavitv HR-ICPM S Results 

The H R -IC PM S analysis results for the four bom b cavity sam ples were derived from a 

one gram sam ple. The ^^Tc and Re results are present in Table 23. The spike recovery 

for the 40 ng/kg Re spike was 61.8 %, which is also a typical Re spike recovery o f the 

pow der tu ff  sam ples; how ever, the ^^Tc spike result w as absent. The ^^Tc spike was 

small, at 1 ng/kg, relative to the un-spiked sample 1 1 . 8  ng/kg, and the apparent lack o f 

recovery is probably  the result o f  the m ethod-instrum ental variation as well as possible 

inhom ogenity the sam ple sub-portions used for the sam ple and spike sample.
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Table 23. HR-ICPM S ^ T c  and Re Results for Bomb Cavity Samples, units ng/kg (ppt).

N am e ^^Tc ng/kg ‘**̂ Re ng/kg
C H E - 6  T-2-A #2 9.6 2 . 2

CHE-3 T-4 #3 5.4 I . l
CH E-9 16-Tunnel 0.3 2 . 1

CHE-5 T-2-#2 1 1 . 8 1.5
CHE-5 SPK 1 1 . 8 262

The ^ T c  results are not inconsistent w ith the results for bom b cavity w ater samples 

taken from  bom b cavities that w ere detonated below  the w ater table and bave 

subsequently refilled. The highest bom b cavity w ater results, presented in Table 6  in the 

Introduction section, w ere 3.9 ng/L and 4.1 ng/L (ppt). It should be pointed out that the 

bom b cavity sam ples w ere not pure glass fragm ents but, highly fragm ented rubble that 

contained a signifieant am ount o f  glass fragm ents. A lso, the sam ple preparation involves 

heating the one gram  o f  finely ground eavity sam ple with 50 m Ls o f  1 M H N O 3 which is 

considered a leaeh o f  the m aterial, and is not a com plete dissolution o f  the sample or 

glass fragm ents.

G am m a Spectroscopv Results 

The gam m a spectroseopy o f  the four bom b cavity sam ple yielded results w ith high 

identification confidence (> 0.95% ) for ^°Co, ’̂ ’Cs, and '^^Eu. The gam m a spectrum  o f 

the 16-tunnel sam ple is present below  in Figure 19. The results the gam m a spectroscopy 

were converted to activity in Bq/kg. The ^^Tc H R -ICPM S analyses results were also 

converted to Bg/kg. The activity  for these four analytes was then corrected for 

radioactive decay based on an estim ate fifty years elapsed tim e since tbe bom b 

detonation. The results w ere then converted to the num ber o f  initial atom s o f  the
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radioactive species present 50 years ago. The num ber o f  atom s o f  ealculated initial 

radioactive species w as divided the by the '^^Eu num ber o f  atom s to derive the ratio. The 

resulting ratio o f  the num ber o f  atom s o f  ̂ ^Tc, ^°Co, ’^’Cs, and '^^Eu is presented in Table 

24 and is also represented graphically in figures 24 - 27 for each o f  the four bom b cavity 

samples.

C obalt-60 is a pure aetivation produet o f  the stable ^^Co present in the steel used to 

m ake the device. The '^^Eu is derived from  both fission and activation. Initially a small 

am ount o f  '^^Eu is produced as fission product o f either, or ^^^Pu. A  small

am ount o f  '^ 'E u is also produced as a fission fragm ent. This '^ 'E u is then activated to 

'^^Eu w hich adds to the small am ount o f  '^^Eu produced by fission (RRC, 2006).

Figure 24, tunnel-16 sample, shows the highest '^^Cs/'^^Eu ratio and at the same tim e 

shows the low est ^^Tc/'^^Eu ratio o f  0.2. This ratio is w hat m ight be expected if  the 

sam ple w ere derived from  the chim ney rubble, according to the conventional thinking 

that from  the blast is carried into the chim ney rubble and '^’Xe ( t |/2 3.84 m in) an then 

decays to *̂ ’Cs.
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Figure 23. G am m a spectrum  for 16-tunnel sam ple. The spectrum  show s the large '^^Cs 
peak, 7770 Bq, at 661.7 kev for a 21 gram sam ple size.

Table 24. R atios o f  decay-corrected num ber-of-atom s (Ix lO '^ ) o f  ̂ '^Tc
152Eu.

^"Co, and '^^Cs to

Nam e> 16-Tunnel T-2-A#2 T-2-#2 T-4 #3
Geiger> 600 CPM 200 CPM 1200 CPM CPM 600

# o f  
A tom s

'"^Eu
Ratio

# o f  
Atom s

'""Eu
Ratio

# o f  
A tom s

‘""Eu
Ratio

# o f 
A tom s

'% u
Ratio

^T c ' 1.5 0 . 2 51.5 0.9 41.8 6&0 2 1 5 0.7
^C o 1383 19.5 24.1 0.4 3.4 5.6 58.4 1.7
"'(:s 1149 162 84.0 1.5 3&4 62.4 195.0 5.7
'^ E u 7.1 1 . 0 5 6 J 1 . 0 0 . 6 1 . 0 3 4 4 1 . 0
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Figure 24. R atios o f  ̂ ^Tc, ^°Co, '^’Cs, to ‘""Eu for 16-Tunnel bom b cavity sample1 52 t

The second bom b cavity sam ple T-2-A #2, Figure 25, shows sim ilar ratios for the ^ T c  

and '^’Cs, in this sam ple the absolute am ount o f  these radionuclides was low er and the 

gross counts per m inute on a G eiger counter was the low est o f  the four sam ples.
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Figure 25. R atios o f  ̂ ^Tc, ^*^Co, *^^Cs, to '^'^Eu for T-2-A #2 bom b cavity sample1 5 2 t

The T-2-#2 cavity sam ple, Figure 26, had nearly  equal Eu ratios for Tc and Cs. 

This sam ple also had the highest gross G eiger reading o f  1200 cpm. One could argue the 

point that the *’'*Co is rather low in this sam ple indicating that the sam ple was taken some 

distance from  the source and ^^Tc and '^^Cs ratios are nearly equal. This m ight he the 

expected scenario w here both '^^Cs ( ’^^Xe), and ^ T c , have m igrated to the chimney 

region.
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Figure 26. R atios o f  ̂ ^Tc, ^°Co, ’^^Cs, to '^^Eu for T-2-#2 bom b cavity  sample.

The last o f  four bom b cavity sam ples is T-4 #3, Figure 27, w hich show s sim ilar '^^Eu

ratios for all the radionuclides w ith the ^ T c  ratio o f  about 8 . This sam ple seem s be near

the bom b blast center given the num ber o f  atom s *̂*Co and '^^Eu. This w ould seem  to152 t

indicate that the ^^Tc is well represented in the glass, as is the conventional thinking.
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T-4 #3 CAVITY SAMPLE
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TC-99 00-60 CS-137 EU-152
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Figure 27. R atios o f  ̂ ^Tc, ^°Co, '^’Cs, to '^^Eu for T-4 #3 bom b cavity sample.

In a separate study, designated Radleg, by the International Science and Technology 

Center (Russia), the '^^Eu activity ratios were determ ined for '^’Cs and ^ C o  derived from 

gam m a analysis o f  soil/glass fragm ents o f  an atm ospheric bom b blast that occurred in 

Russia in 1949 (RRC, 2006). Their data show s a sim ilar range o f  ratios for '^’Cs and 

^"Co for the single site. The highest ’^^Eu ratio for '^^Cs is about 26, w hich also 

correlates well w ith the highest ^®Co ratio. This difference betw een the highest '^’Cs 

ratio for 16-tunnel sam ple o f  162 and the highest ratio o f  26 for the Russian blast may 

well be due to the escape o f  '^^Xe from  the atm ospheric fragm ents; w hereas the '^^Xe in 

an underground blast is trapped until it decays to '^^Cs.

The highest '^’Cs ratio for the four bom b sam ples analyze during the course o f  this 

thesis study was 162 for the 16-tunnel sam ple, w hich also had the highest ^°Co ratio
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indicating a relative nearness to the blast center, how ever there is virtually  no ^^Tc in this 

sam ple. These results m ight indicate the loss o f  ̂ ^Tc from  the m olten glass.

It is possib le that ^^Tc may, under certain conditions, becom e fugitive from  the 

m olten glass and m igrate in to the chim ney rubble. The few  sam ples analyzed here are 

interesting to ponder, but inconclusive as to w hether ^^Tc and '^’Cs m ay co-locate in the 

chim ney rubble w here they m aybe m ore available to ground w ater leaching when 

com pare to the glass fragm ents at the bottom  o f  the bom b detonation cavity.
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CH A PTER 5 

CO NCLUSIO N

The prim ary purpose o f  this thesis study was the investigation o f  the analysis o f 

Yucca M ountain tu ff  sam ples for technetium  by HR-ICPM S and secondarily the 

investigation o f  the concentration o f  ̂ '^Tc in bom b cavity sam ples. These studies were 

conduced to assist in the understanding o f  the Y ucca M ountain tu ff  geochem ical behavior 

with respect to sam ple preparation and analysis for ^^Tc using H R -ICPM S. The analysis 

for ^^Tc and i t ’s analog Re in tu ff  samples from  Y ucca M ountain and from  rock and 

water sam ples near nuclear blast cavities is an im portant m eans o f  obtaining the long 

term  transit tim e for anionic radionuclides through volcanic tuff. The certain 

determ ination o f  ̂ ^Tc at the level o f  the potential repository at Y ucca w ould be 

significant in that it w ould indicate the fast transit tim e o f  the ^^Tc bom b pulse through 

300 m eters o f  tu ff  in only fifty years. This result w ould have im plications for the 

radioactive w aste storage m odeling and overall suitability o f  Y ucca M ountain as a 

repository.

In th is study the O rise/Essap AP5 m ethod (A PPEN D IX  II) w as m odified by doubling 

the initial starting m aterial and adding a variation o f  the resin colum n m atrix separation 

step based on recent studies by Tagam i (2000). The AP5 m ethod originally finished with 

a ^ T c  determ ination using a liquid scintillation technique, which was replaced in this 

study by the H R -IC PM S technique. The average recovery o f  the 40 ng/kg Re analog
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spike o f  77%  indicated that the m odification and addition to the procedure allows for 

reasonable Re recoveries. The ^^Tc spike recovery w as 45.4 %; however, the spike was 

lOOpg/kg (ppq) w hich is only ~3 tim es the M DL o f  33 pg/kg (ppq), and therefore a spike 

at this level w as not expected to be highly quantitative for a soil sample.

Future W ork

The analysis o f  tu ff  sam ples obtained from  the Y ucca M ountain m uck area for ^^Tc 

and this analog Re by H R -IC PM S was perform ed during this thesis study. A lthough 

was not detected in the Y ucca M ountain tu ff  sam ple, several observation were m ade that 

m ay prove useful to others investigating the low  level determ ination o f  ̂ ^Tc in Yucca 

M ountain tu ff  sam ple or sim ilar m aterial. The signal for ^^Ru during the ICPM S analysis 

proves to be the m ost difficult problem  in the accurate determ ination o f  ̂ ^Tc by ICPM S. 

The second difficulty  is obtaining a concentrated enough sam ple to allow  the *̂ T̂c 

detection by H R -ICPM S.

Inform ation available indicates that the nom inal concentration o f  ̂ *̂ Tc on the soil 

surface and im m ediate sub-surface m aybe betw een 2 and 6  pg/kg. The ^ T c  M DL 

achieved in this study was 33 pg/kg (ppq), therefore, at a m inim um , a 12 fold 

concentrated sam ple w ould be required to have a signal for the hypothetical 6  pg/kg 

sample at tw o tim es the M DL, or 6 6  pg/kg (ppq). G iven that the starting aliquot was 20 

grams in this study w ith  a 10 m L final volum e, a 240 gram  sam ple w ould require sample 

processing w ith a final volum e o f  10 m Ls to allow  for the detection o f  surface ^ T c . The 

use o f a one kilogram  sam ple w ould be better. Even further sam ple concentration would 

be required for the detection of'^'^Tc bom b pulse sam ples taken a depth.
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The com plete rem oval o f  Ru from  the analytical solution containing Tc is made 

difficult by the form ation o f  nitrosyl-ruthinate anion species that bind strongly to the 

anion exchange resin and are w ashed out in the final stripping solution w ith the ^^Tc. 

Several anion exchange resin studies have been conducted in an effort to rem ove the ^^Ru 

while still retaining the ^^Tc (Tagam i, 1997; Suh et al., 2003). The im portant 

understanding gleaned from  these studies is that for sam ples that contain significant 

am ounts o f  Ru relative to the Tc concentration, then Re is not appropriate as an analog 

for ^^Tc. The data presented by (Tagam i, 1997), indicates that in order to significantly 

reduce the am ount o f  ̂ "^Ru in the sam ple solution, as m uch as 40 m Ls o f  2 M H N O 3  wash 

solution m ust be used, and unfortunately other studies have indicated that Re will begin 

to be rem oved from  the colum n after only 16 m L o f  2 M H N O 3  (Tagam i, 2000). The 

m eta stable ^^"^Tc should be used as the recovery m onitor for all further studies o f  Yucca 

M ountain tu ff  sam ples, because o f  the extrem ely low  am ount o f  "^^Tc present, if  any, and 

the presence o f  a small but significant am ount Ru in the tuff. The ^^"’Tc isotope 

unfortunately has a short half-life (61 days), and is rather expensive, as it is produced by 

alpha bom bardm ent in a cyclotron, and has a significantly higher activity  relative to ^ T c . 

It is im portant to obtain ^^"’Tc from alpha bom bardm ent of''^N b yielding ‘̂ "̂’Tc through 

the nuclear reaction ^^Nb(a, 2n)^^"'Tc, as this m aterial is unlikely to have ^^Tc 

contam ination (H arvey, 1991, Sekine, et al., 1999; Tagam i, 2003).

The use o f  high resolution anion exchange chrom atography w ith fractional collection 

m ay allow  for a m ore com plete separation o f  ̂ ^Tc from  ^^Ru. C olum n flow  conditions 

using 4 M ITNO3 m ay allow  for the R u(Ill) species to proceed through the colum n first.
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followed by TcOT and then  the nytrosyl-ruthenate species. This anion chrom atography 

technique m ay w arran t investigation.

In another study, the investigators (Suh et al., 2003) added potassium  periodate 

( K I O 4 )  to the sam ple to  oxidize the nytrosyl-ruthenate species to the volatile ruthenium  

tetraoxide. Ethanol is then added to the solution to reduce the Ru(IV ) to the plus 3 

oxidation state. The sam ple is then separated on an anion exchange colum n and the 

TCO4' is retained and the Ru(III) species pass through w ith the colum n wash. This 

technique m ay allow  for the com plete separation o f  ̂ ^Tc from  ^^Ru, and warrants further 

investigation.

Several investigations using therm al chrom atography have been conducted that 

indicate that Tc can be com pletely separated from R u in the gass phase (Steffen & 

Bachm ann, 1978). In one experim ent using a 1 m eter long, 1 cm  diam eter, glass colum n 

packed with quartz crystals, the colum n was heated at 20°C per m in to 900°C, w ith a 

colum n flow  o f  3 cc m in o f  10% O 2 (N 2 90% ), the TcOs gas w as separated from the Ru 

oxide species (Steffen & Bachm ann, 1978). In a sim ilar experim ent, 150mm partial 

pressure o f  H 2O was added to the 10% oxygen gas and the H T c0 4  species was conducted 

through the colum n, w hile the ruthenate species were reduced to a non-volatile form. In 

another experim ent, using a quartz tube (no quartz crystals) and 1 0 %  O2 , and a m uch 

faster flow  rate o f  1.3 liters a m inute, the volatilized TcOg and ruthenium  oxides were 

conducted alone the colum n then a saturated HCL m ixture was added and the colum n 

tem perature reduced to 150°C, the TcO] was converted to the volatile TcO^Cl and the 

ruthenate species w ere reduced (M atschob & Bachm ann, 1979). The interesting fact 

about the later experim ent is the flow  rates are very sim ilar to the ICPM S carrier flow
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rates, m aking the concept o f  d irect coupling o f  the techniques an intriguing possibility. 

The colum n effluent could be condensed onto an alum inum  (or stainless steal) plates that 

could later be electrotherm ally heated in an entrained argon - 0 2  carrier flow  connected to 

the ICPM S torch injector. The therm al chrom atography separation o f  ̂ ^Tc from  Ru for 

environm ental sam ples should be considered for future work.

The tu ff  sam ple analysis for ^^Tc requires only leaching w ith PINO3 acid, not a 

digestion. The m ethod em ployed in this study used a I M H N O 3 leach, followed by 

hydrogen peroxide (H 2O2) treatm ent o f  the supernatant solution after centrifugation and 

rem oval o f  the sedim ent/soil. In an effort to leave as m uch o f  the m atrix elem ents behind 

as possible, while still extracting the "^^Tc, the sam ple, after addition o f  sufficient H 2O to 

m ake a slurry, m ight be acidified to pH 2 w ith H N O 3, and then H 2O 2 added to the slurried 

sam ple in as little as 1 m L o f  30%  H 2O2 per ICO gram s o f  soil. This sam e procedure 

could also be investigated using only w ater and 1 m L o f  30%  H 2O 2 per 100 gram s o f  soil, 

for sam ples as large as one kilogram , or perhaps even larger.
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A PPEN D IX  I

PE R C E N T  M A SS A BU N D EN CES FO R TC A N D RE REGIONS 

Source: Perkin E lm er Sciex M ass A bundance Sheet M arch 1998, V alues V erified 

A gainst (CRC, 1970) Table o f  Isotopes.

The R elative M ass A bundances for the M ass Region 97 to 106.

M ass EL % AB EL % A B EL % AB

97 Mo 9 3 5

98 Mo 24.13

99 Tc Ru 12.7

1 0 0 Mo 9 63 Ru 1 2 6

1 0 1 Ru 17.0

102 Pd L02 Ru 3L 6

103 Rh 1 0 0

104 Pd 11.14 Ru 18.7

105 Pd 2 2 J 3

106 Pd 2 7 3 3 Cd 1.25
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The Relative M ass A bundances for the M ass Region 182 to 191.

M ass EL % A B EL %  AB EL %AB

182 W 2 6 3

183 W 14.3

184 Os 0.02 w 30 67

185 Re 37.4

186 Os 1.58 w 2 8 3

187 Os 1.6 Re 6 2 3

188 Os 13.3

189 Os 16.1

190 Os 2&4 Pt 0.01

191 Ir 3 7 3
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t; e l e a n  s m e a r  l o r  m e t h o d  d l a n k .  S e e  s t e p  4 . 2 .1  o f  . \ l ’5  .111 A.

I.Ù.2 , \ d u  5 0  m l ,  o l  I X I I  i \ (  to  e. iel i  I v a s e r ,  S e c  s t e p  4 . 2 . 2  o l ' . M ’s  I I IA

I : i .aa. , t i i r\  P m e e d i  le-  Ma un ;  
I 'RIM I S S . \ P

Re\  i ' io n  Vo,  I : 
I Date; \ o \ e n t b e r  7, J on ,  

I ' a a e d o l  I I o f  A ! ’;
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I..1.3 P l a e e  a w a i e l i  g h i s s  oi i  e a d i  I v a k e i  o n  a hot  p l a lc  a m i  i ical  l o  8 ( l ' \  lor I

lioLir.s. w h i l e  s i i n  i i ig .  .Aeiei 1 X I I  I S '  a s  n e e d e d  t o  k e e p  \ o i u i i i e  al  p P  i n k .  
S e c  s l c p  4 . 3 . 2  nl  A E S  J I I A .

1.3. I R e i m w e  e a e h  h e a k e r  l ion i  the  h o i p l a l e  a n d  a l l o w  to e o o i .

1.3.P 1 1 anst'ei  ti ie s o l n t i o n  a nd s o l i d s  to a eent i  i l 'nge t a k e  a nd  eent i  i t n y e  lor

a p p r o x i i n a i e l )  IP ni ini i tes  at 2PPP rpin.  S e e  s t e p  4 . 2 . 5  o f  , \ l ’5  I I IA

1.3.(1 I ) e e a n l  s n p e n i a t a n l  into a IpP i n k  be ake r .

1.3.1’ . \ i k:  IP i n k  o f  I V[  1 1 \ 0 . ;  l o  the  e e i u r i l n g e  t ub e.  V o r t e x ,  an d  e e n t r i l l i g e

li'r P n i i nn t es  at 2PPP rpiii.  A d d  s i i p e m a t e  to  l i ie I P P  m l .  beake r .  Di se ar d  

so i i i l s  to the  app rop ri at e  w a s t e  s t ream.  S e e  s t e p  4 . 2 . 7  o f  A l ’5  I I I A  .

1 . 3 . x  , \ d a  l -P ok 3P"u I k(  ); i a>e I i n k  per  pP m l .  o l  s o i n t i o n ) .  I lent to

SP"C w itii st irring until  the e l l e r \  e s e e i i e e  a nd  l i ie \ e l l o w  er'Ior d i sa ppe a rs  

I tin s o i l s ) .  S e e  s t e p  4 . 2 . S o f  A l ' 5  J I I A .

N o t e :  It is i i i i p e i  : i t i \ e  t l ia l  al l  t h e  I L O ,  is ( i e e o i n p o s e d .  I f  a n y  I L O i  

r e i i i a i i i s .  t h e  I I A  A  e o lu i i i i i  l l o «  r a l e  w i l l  d e e i  e a s e  o r  e v e n  s t o p .

1.3.P li a dark e o i o r  pers i s t s ,  repeat  ste;i  I.3.X.  o t h e r w i s e  g o  to s t e p  -1.3.10.

1 . 3 . 1P . \ k o w  b ea ke r s  to e o o l  to r o o m  t emp er a tur e .

1.3. II I i . l er  S i m m i e s  w ith \ i si hie s o l i d s  . i s ing l ) \ l - l p P  i i i ter  paper.  S e e  s t e p

4 . 2 . 1 1  o f  \ l ' 5  J I I A .

1 . 3 . 12 I or sol id sail  i n k s ,  adiust  pi | to 2 i t s ing I . \l  ' Ni l , (II I. S e c  s t e p  4 . 2 . 1 2  o f

A P 5 . I I I A .

C ohttttti  I’r eparat i on

1.1.1 I 'kiee  the 11A A  Re s i n  e o in t n n  in a e o h i n n i  raek.

1 . 1.2 I ' laee  a betmet s v i o w  e a e h  e o i u t n i a  r e m o v e  the  b o t t o m  p i ne  krom eaei i

eolut t in .  a l l ow ing e a e h  e o i n m n  to  d :a i n .  S e e  s t e p  4 . 4 . 2  o f  A R 5  I I IA

1 . 1.3 I’i pe l t e  P  ml  o f P . P ]  X I I  IN< Ç i nto  eaei i  I k V . \  R e s i n  e o i n m n  to c o n d i t i o n

t he  res in and a l low to a rain. S e e  s t e p  4 . 4 . 2  o f  , k P 5  J l l  \ .

I a'-III...III \ :’;neei . lule '  Ma n u a l  Kev i ' l o n  N,i. I
I 'KIM I N s . x p  Date:  w e a t h e r  a  2 " U

I ' aee  P ot I 1 o l ' A I '
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1.5 I e -W  eolti imi separation

1 . 5 . 1 I r a i t s l e i  e a e i i  s a n ) | i l e  i e a e l i a l e  l i o i i i  . s tep I. .E I P  i w a t e r  s a n i p i e s )  o r  - i .e .  12
I s o l i d  s a m p l e s  I t o  a  i a i v l e u  e o l u m i i .  a l l o w  d i e  e l u e n t  t o  d r a i n ,  a n a  d i s e a r d  
t o  t h e  a p p r o p r i a t e  w a s t e  s t r e a m .  S e e  4 .5 .1  o f . A I ’ S I I I A .

1. 5 . 2  R i n s e  b e a k e r  w i th  5 m l .  b . O l  \J_ I IN* *.a I r a i i s t e r  r i n s e  t o  e o k i t t t t t  a t t d
a l l o w  t o  d r t i i n .  S e e  4 . 5 . 1  o l  A l ' 5  . II I A.

I.5. .1 I’ i p e l l e  2 5  m l .  b. t . i ]  \J_ 11 N O ;  - O . b p  X I I I I  s o l n t i o t t  d i r e e t b  i n l o  e a e h
e o i n m n .  a l l o w  t o  d r a i n ,  a n a  d i s e a r d  t o  t h e  a p p t o t n i a t e  w a s t e  s i r e a t i t .  S e e

4 . 5 . 2  o f  . \ P 5  . II I A.

N o t e :  11 ui  e a t e r  s a m p l e  e l e a i i i i p  is i i e e d e i l  ( i . e .  s a m p l e s  w l i iel i  m a \  

r m i l a i i i  h i g h  l c \ e l s  o l  i i a l t i r a l  u r a n i u m  o r  H i - 2 2 4 h  adt l  u p  t o  2 5  m l .  ol  

(I.(l2 XL I I N D j  -  0.(15 XL HI' s o l u t i o n  t o  e n l i a i i e e  t h e  l e - 0 9  p u r i l l e a t i o n .

1.5 .1  I’ i p e l l e  5 m l .  d . P l  Xi I I'n* b  i n t o  e a e l t  e o i n m n  a n d  a l l o w  to  d r a i n .  S e e

4 . 5 . 4  o l  \ l » 5  . I I I A

1.5 .5  I r a n s t e t  l i i e  r e s i n  t o  a  l i ep i i a  s e i n t i i l a t i o n  \ i a l  b \  e a r e l i d i s  e i t ' l i n g  t h e  
p k i s t i e  e o h i n t i t  w itli  t h e  e o k t t n n  s n i p s  n e t t r  t h e  b o l t o t n  a m i  p u s h i n g  t i ie 
r e s i n  i n t o  t h e  \ i;ti.  S e e  s t e p  4 . 5 . 5  o f  \ l ’5 II I A.

1. 5 . 0  . \ d a  10 t t t l .  o l  t h e  d e s i r e d  s e i n l i l l a t i o t :  e o e k i a i l  t o  e . ie l t  \ iaI.  e a p .  s h a k e  
w e l l ,  m t a  a l l o w  t h e  r e s i n  t o  s e t t l e  hot' a t  le .t s l  o n e  I t o t t r  i v i i i r e  s i t ' a t t i t l i t t g  
t in  e o t t n l i i t g .  S e e  s t e p  4 . 5 . 6  o f  , \ l ’5  . II I A.

N o t e :  It is i m p o r t a n t  to  s h a k e  t h e  \ iai  >\el l  to  e o m p l e t e l s  s t r i p  al l  t h e  

l e  f r o m  t h e  r e s in .

.0  C  \ 1 . I R R A I I O N

5 . 1 I ra ns t i e i  t . i e  r e s i n  It m u  a  n e w  1 1 \  A  e o i n t u n  to  a  liL| t; id s e i t d i l l a l i o t ;  \ iai  b \  
ea t  e l i d A  e i t t l i t i g  t h e  p k t s t i e  e o i n t n n  w i th t h e  e o h n a t ;  s t t i p s  n e a r  t h e  i ' o l t o : ; ;  a n d  
p t t s h i n g  t h e  r e s i i t  i t t to  t h e  \ ia : .  S e e  s t e p  5 . 1  o f . \ P 5  . I I I A .  l.U k \  w ill b e  r e \  i s e d  
o t t e e  I l ie p t o e e d i a e  i s e o r . t p l e t e .  t

5 . 2  I s i n g  a  N i s i  t r a e e a n i e  l e - O V  s t a n d a t J  a dr l  a p p r o x i m a l e b  2 0 ( i 0  p (  j d i r e e t b  t o
t h e  r e s i n  l i m n  t h e  p r e \  i o n s  s t e p .  S e e  s t e p  5 . 2  o h  \ l ’5  . I I I A.

1 a 'Hi. tiii \ i’n . e e d r i V '  \ki: tu: i l  Ke\  i woa  \ o .  1;
I iRlM I SN.Xh Date:  N i i se i r dv :  7. J on .

I ' aae  0 ut I I o l ' AI ' :
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5.3 . \vM III m l . ol  il;e vlesire. i  s e i i i l i l l a u o . i  e o e k i a i l  to  eae l i  \ lal .  e a p .  s h a k e  w e l k  a l low 

i h e  ivsi i i  lo  s e u l e  l o r  ai  leas t  o n e  h o u r  i v l o r e  s u h i u i t t i u g  f or  e o u u i i i i g .  S e c  s t e p

5 . 2  o l  A P 5  J I I A .

S o l e :  11 is i i i i p u r l a i i l  to s h a k e  t h e  \  iai  w el l  to  e o i n p l e t e l s  s t r i p  al l  t h e  I c  f r o m  

t h e  r e s i n .

5 . 1 1 h i s  e l ' l i e i e i ie )  siauelaixl  is e o u i i t e a  w i th e a e l ;  s a u i | ' l e  h a t e h .  1 h e  e a l e u l a t e d
el  l ie iei iev a ik l  t h e  ipueuel i  i i u i i ea t iu g  p a r a m e t e r  ( tSl  I . ) a r e  m o n i t o r e d  to  e n s u r e  that  
t i ie e f l i e i e n e )  stai iLiard d o e s  n o i  e . e t e r io ra ' e .  l i t h e  e a l eu l a t ev l  el  l ie iei iev d o e s  not  

a g r e e  w i th t h e  e s t a h l i s h e d  v a l u e ,  a  n ew el l ie i e i i ev  s ia i i i l a t i l  is p r e p a r e d ,  l i t h e  
tSl  h. V a l u e  vloes no t  a g r e e  vv i thi i i  2 o  [vereeii t  o l  t h e  e s t a h l i s i i e d  v a h ie .  a  ne w 

e l i i e i e i i e v  slaiivlaixl is p r e p ar e xk

0 . 0  t . ' A l . C l  1 . \  1 1 ( ) \ S

I r i t i ea i  d a t a  v a  k i e s  w ill h e  i l o e i i i u e u t e d  o n  s l a n d a r e  i i i rn t s  m a i i i t a i n e d  as  e r i t i ea l  r e e o r e s .
1 h e  f o l l o v v  i iig e i . | ua l ioi i s  viei l l ie t h e  e r i t i e a i  vlala v a l u e s .  A l l  vlata w i l l  i v  reeorvkxl  ativl

r e e ue ev l  a e e o r d i i i e  to  t h e s e  e t de ui a t iv 'u s .

S O  I l i t  I h e  a i i a h s l  a m i  rev i e w e r  m u s t  e n s u r e  t h a t  t h e  t S I K  v a l u e s  l o r  al l  s a m p l e s  in 
a h a t e h  a u r e e  w i t h i n  * o f  t h e  I S I E  v a l u e s  l o r  t h e  i l e t e e t o r  h a e k ^ r o i i m l  a n i l  t h e

e f l l e i e i i e v  s t a m l a r t l .

a - 1  ■ /V )
; //a//

2rr hr,-I,!
l.Oh.^

( f I. -}

2rr  n>l . - m l . O h , ' ' ' ' / I
l |tO ; I'

i d . -  t ! \ ( r  ani l

I r l i â Æ Ï
O i  l - )

1 ;rvur. .anv I’a v e v l i u e '  Manua l  
I i R l s h  I s s . v p

Rev i ' i on  No.  1 : 
1 late; Nov eat  he; J o i r  

I ' aee " ot '  1 ! ol '  M':
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il
Id i ie ie i ie v  : A ■    c/ '/n.

i : , . .

Yield: G/,) /; 

/- /b a,,

w here: I l  In iekgrouiid  epii i  IvU i

11} A( 1 p( i o l  I e - W  advlevl lo  Ixiieh \ iek i  s am p le
I  e o i ; e e : i l i i u i o i i  i n  p l  i u n i :
1. e o m i i i n g  e i ' i l e iei ie} e p m  p l  i

h .A t I p l  i o l '  l e - VR mivievi K' e l i i e i e n e )  s l a ikia ixl
I I s a m p l e  g r o s s  e p m  h e l a

(ri.  e l i i e i e n e }  s , ; i i n l a i \ l  g r o s s  e p m  I v l a
( il), l ' a i e i i } i e k i  g r o s s  e pm .  h e l a

\ l l ) l  m i i a m n i i i  v I e l e e U m i e  e o n e e n i r a l i o u
(.t ai ia i i l i l }
R i ;  I * ‘r e i a t i v e  m ; e e : 1 a i i i l }  o f i i i e  e l i i e i e n e }
R5'  I * *1 ViUliv e  i i i : e er l a i iU}  ol  Uie  } i e k i
R ( J  I • * i e i a l i \ e  nu ee - ' l a i i i i }  o l ' i i i e  q u a n i i l }
1 l i m e  mi i i i i l es

I RI t ota l  p r o p a g a t e i l  n u e e :  taint}

Y eh em iea l  \  iek i

R I r o R D s

~ . l  R e l e ; e i : e e  (,)A M a n n a i  loi'  g e n e r a l  r eeoix l  i v e n i r e m e u t s .

- .2  I lie l'uw eoi i i i t  vlala is savee .  vlurii ig t h e  w e ek ! }  h a e i s u p  o l ' l h e  I .iv|t ivl
S e l i i t i i l a l : o i i  A i i a h  / e r  to  t h e  ( > R 1 S | . u e t w i a  k disks.

I lai'vl e o p i e s  ol  a s s i g n m e n t  a:ivl e a i e u l a l i o n  s i i ee l s  : a e  i i i a in la iuevl  in t h e  

a r e h i v e u  s i t e  l ' i e .  I l e e l ro i i i e  e o p i e s  o i  a s s i g n i u e i r .  aiiii  e a i e u l a l i o n  s h e e t s  a r e  

s a \  e u  vlu: l o g  t h e  vlaii} i i i e r e m e n t a l  h a e k u p  o i ' l h e  n e t w o r k  s} s t e m .  I lie 

d i i l i o w i n g  vlata s h e e t s  s l k n i k l  he  eoi i ip le t ev l  a:ivl letLiiiievI:

I e - ' iV A n a l }  Sis . \ s s i g n i i i e i a  I a m  i i i  

I e-VD I a h  I ) a :a  S i i ee t

1 e-RR l  o i - e e i i t r a t i o i ;  a n d  l u e e : t a i i i t }  R e p o r t

I ■.l 'uu. ' .ui \ d oi ee v i i ae '  Ma:tu:il  
i iRIM I S s . \ P

R e \  i ' i o n  N o .  I : 

1 Date: N o \  e n : he r 7. 20(1. 

Rriae S o t '  11 o f  .M ' :
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AP5(Rev 15) - Tc-99 ANALYSIS ASSIGNMENT FORM

Assigned To:_  

Task  

Sam ple it's:

Datc;_  

LW R #:

B atch: _ 

A ctivity  L e v .’ :

QC REQUIRED:

BLANK I I

REPLICATE I I

LCS □

M ATRIX SPK I I

BATCH Y IELD  I I

SPEC IA L IN STR U C TIO N S:

S A M P L E #_

Tc99 S T D # _

Pipe: #_

S A M P LE  #_ 

Tc99 S T D # _  

S A M P LE  #_ 

Tc99 STD #

#  RepI cates

IN ITIALS
Q U A N TITY:

U N IT S :'
V olum e i n v i W eight (g i

‘ f Activity _eve is i idicmect as Ivlodeiate oi I ig t-  p e itc n i  a ie a  survey. 

COM M ENTS:

Q U A N TITY:
U N IT S :'

Q U A N TITY:

UNITS;
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AP5(Rev 15) - Tc-99 LAB DATA SHEET

B A T C H  Y IE L D

Siunpic  U

Quan ti ty

Units

S am p le  U

Quant ity

Units

S am p le  #

Quanti ty

Units

S am p le  U

Quant ity

Uni ts
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AP5{Rcv 15) - Tochnctium-99 (by batch yield) Concentration and Uncertainty Report

INPU T BY: 

DATE:  

TASK#  

BATC H#

f ' o s i i i o n  #

2
3
A
ÜV
Sample

7
3
0
10
11
12
13
M
13
10
17
18 
10

B a t c h  Yield (BY) C a lcu la t io n Efr ic ien c y  (Eff) C a lc u la t io n

BY sam p le  ID Eff spike epm
BY s a m p le  epm Bac kground epm

BY S a m p e  U jan t ily  (SO; pCi ad d e d
BY S O  error pCi a d d e d  error

S a m p l e  epm Ef( (cpmfpCi)

SO Ef( E r r o r  (cpmfpCi)
S O  error E(f R e la t iv e  E r ro r

BY pCi ad d e d
By oCi ac laed  error

BY Counting time for Elf
BY Erro r ^ ^ a n ^ B ^ a i c u l a t i o n s  (mini 1

BY R e la t iv e  E rror

SAMPLE ID G R O S S  epm SO SO E R R O R UNITS TIME (min) CONC. TPU
4.65 3;gma 

MDC

I III
M t ' i l N .
k ilO M I I  I III-.

O A S A M P L L S  C O R R L C i ?  YL S[  ] NC 
if N Ü  S P L C i f  V R E A S O N

IN::

A N A L Y S l  R L V L v V .  _

RLVlEvVLD ÜY,_ 

C IV L N  TO

D A T L ._

D A T L ._

DATE.
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A PPEN D IX  III 

SA M PLE PR EPA RA TIO N  PR O C ED U R E

Reagents;
A m m onium  hydroxide, N H 4OH, 14.8 M, concentrated, reagent grade.
A m m onium  hydroxide, N H 4OH, 4 M, slowly add 135 m L 14.8 M N H 4OH to 300 mL 
reagent water. D ilute to 500 m L with reagent water. M ix well.
Hydrogen peroxide, H 2O 2, 30-35%  (w/v).
N itric acid, H N O 3 , 0.16 M (1%  H N O 3), slow ly add 10 m L 16 M H N O ato  900 mL water. 
Dilute to 1 L
Nitric acid, H N O 3 , 1 M, slow ly add 64 m L 16 M H N O 3 to 900 m L water. D ilute to 1 L 
N itric acid, H N O 3 , 16 M , concentrated, double distilled grade.
N itric acid (8 M ) -  A dd 500 mL o f  16 M H N O 3 to 400 m L water. D ilute to 1 L 
AG-1 X8 R esin, 50-100um  m esh size, 2 m L colum ns.

Standards:
Technetium -99, Standard Solution N IST SRM 4288a
Rhenium
Rhodium

Procedure:

1 ) W eigh 20 g o f  soil, sedim ent, or solid m aterial in a 200 m L TEFLO N  beaker.
Use clean sand for a m ethod blank. Also use a reagent blank w ithout sand.

2) A dd 50 m L o f  1M H N O 3 to each beaker

3) Place a TEFLO N  w atch glass on each beaker on a hot plate and heat to 80°C for 4 
hours, w hile stirring. A dd 1 M HNOs as needed to  keep volum e at 50 mL.

4) R em ove each beaker from  the hotplate and allow  to cool.

5) T ransfer the solution and solids to a centrifuge tube and centrifuge for 
approxim ately  10 m inutes at 2000 rpm. Use 1% H N O 3 to assist in all solid or 
liquid transfer.

6 ) D ecant supernatant into a 200 mL beaker.
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7) Add 10 m L o f  1 M HNOs to the centrifuge tube. V ortex, and centrifuge for 5 
m inutes at 2000 rpm. Add supernatant to the 200 m L beaker. Discard solids to 
the appropriate waste stream .

8 ) A dd 2 m L o f  30%  H 2O 2 (1 m L per 10 gram s o f  soil). H eat to 80“C with stirring 
until the effervescence and the yellow  color disappears. Note; It is im perative that 
all the H 2O 2 is decom posed. I f  any H 2O 2 rem ains, the resin colum n flow  rate will 
decrease or even stop.

9) If  a dark color persists, repeat previous H 2O 2 addition step, otherw ise go to 
follow ing step.

10) A llow  beakers to  cool to room  tem perature.

11) Filter sam ples using 45m m  diam eter, 1 um  pore size, glass filter.

12) For solid sam ples, adjust pH to 2 using 4 M NH4OH, using a well rinsed pH 
probe.

13) Prepare 2 ml resin bed colum n. Pre-treat colum n by adding 5 m Ls o f  8  M H N O 3 

follow ed by 10 m Ls o f  1% H N O 3 . W ith colum n stopcock, adjust colum n flow 
rate to 1 m L per m inute, w hich is approxim ately 1 drop every 4 seconds. Repeat 
this step once.

14) Pass sam ple through colum n at a flow  rate 1 m L per m inute, wash colum n 
reservoir w ith 10 m Ls o f  1 % H N O 3 .  D iscard colum n elutent.

15) W ash out colum n with 15 m Ls o f  2 M H N O 3 follow ed by 10 m Ls o f  1% H N O 3. 
D iscard colum n elutent.

16) Place appropriate receiving vessel under colum n, such as a w ide m outh 30 mL 
polyethylene bottle. A dd 5 m L o f  8  M H N O 3 to colum n, adjust flow  rate to 1 mL 
per m inute. A dd 10 m L o f  1% FINO3 to colum n. Place lid on bottle.

17) Transfer bottle contents to a 50 m L flat bottom  beaker using 10 m L o f  1 % H N O 3 . 
H eat beaker on hot plate at 80 until one drop, approxim ately 200 uL rem ains. Do 
not evaporate to dryness.

18) A llow  beaker to cool.

19) Add 10 m L o f  1 %  ITNO3 to beaker, wash dow n the sides o f  the beaker while 
doing so. T ransfer beaker contents directly to a 30 m L polyethylene bottle or 
other suitable vessel w ithout dilution.

20) Add a 0.1 m L spike o f  a rhodium  standard to the 10 m L sam ple in the vessel such 
that the final concentration is 1 ug/L Rh. M ix contents.

112

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



21) The sam ple is ready for analysis by ICPM S. The sam ple results will be 2 fold 
concentrated. O btain the dry w eight o f  the sam ple from  a  separate portion o f  the 
soil sam ple.

13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



REFERENCES

A CS, (2006). E lem ents Rhenium . A m erica n  C h em istry  Society , C hem ica l E n g in eerin g  
N ew s, A n n iversa ry . Retrieved: O ctober 20, 2006, from: 
http://pubs.acs.org/cen/80th/rhenium .htm .

Anders, E. (1960). The R a d io ch em istry  o fT e ch n e tiu . Enrico Ferm i Institute And
D epartm ent o f  Chem istry, U niversity o f  Chicago, Chicago, Illinois, N ational 
Research C ouncil-N ational A cadem y o f  Sciences. A vailable from  the Office o f  
Technical Services, D epartm ent o f  Com m erce, W ashington 25, D.C.

A N L (A rgonne N ational Laboratories) (2005). Technetium , E V S  H um an H ea lth  F act 
Sheet. R etrieved: A ugust 20, 2006, from: 
h ttp ://w w w .ead .an l. gov/pub/doc/technetium .pdf.

A rm strong, J. T., & V an A ssche, P.H .M . (2000). The D isp u ted  D isco very  o f  E lem en t 43 
(T echnetium ), S ig m a  X i  C o lloqu ium  Series. Retrieved: N ov. 20, 2006, from: 
h ttp ://w w w .nist.gov/sigm axi/talks/A rm strong.htm l.

B ibler,N . E., Fellinger,T .L ., M arra, S. L., O ’D risscoll, R .J., Ray, J., W ., & Boyce, W.T.
(1999). T c-99  a n d  C s-1 3 7  V o la tility  fr o m  the D W P F  P ro d u c tio n  M elter  d u rin g  
V itrifica tion  o f  the  F irs t M a cro b a tch  a t the S a va n n a h  R ive r  S ite. W estinghouse 
Savannah R iver Com pany Aiken, S.C., Rpt., W SRC -M S-99-00860.

Beals, D. (1992). D eterm ination o f  Technetium -99 in A queous Sam ples By Isotope 
D ilution Inductively Coupled Plasm a-M ass Spectroscopy. T h ird  In tern a tio n a l  
C onference  on  N u c lea r  a n d  R a d io ch em istry , V ienna, Sept. 1992. Retrieved: June 
15, 2006, from: h ttp ://w w w .eichrom .com /radiochem /biblio/resuits.cfm ? 
m ethod=resin& resin=T eva+R esin .

Boyd, R. (2006). R a d io iso to p es  in M edicine, N u c lea r  Issu es  B r ie fin g  P a p er 26. Pub. by 
the U ranium  Inform ation Centre Ltd (A ustralia) A .C .N . 005 503 828. Retrieved: 
A ugust 20, 2006, from: http ://w w w .uic.com .au/nip26.htm .

Bunker, D. J., Jones, M. J., Charnock, J. M ., Livens, F .R .,Pattrick, R .A .D , & Collison, D.
(2000). E X A F S  S tu d ies  o f  C o -p rec ip ita tio n  a n d  A d so rp tio n  R ea c tio n s  o fT c .  
D epartm ent o f  Earth Sciences, U niversity o f  M anchester, UK.

114

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

http://pubs.acs.org/cen/80th/rhenium.htm
http://www.ead.anl
http://www.nist.gov/sigmaxi/talks/Armstrong.html
http://www.eichrom.com/radiochem/biblio/resuits.cfm
http://www.uic.com.au/nip26.htm


CFR(40) part 141, U. S. Environm ental Protection A gency, N ational Prim ary Drinking 
W ater R egulations, C ode o f  F ed era l R eg u la tio n s, W ashington, DC, 1995.

Colton, R ., (1965). The Chem istry o f  Rhenium  and Technetium . Cotton A., W ilkinson,
G., Eds., John W iley & Sons Ltd., N ew  York, 1965.

CRC (The Chem ical Rubber Com pany) 1970. H andbook o f  C hem istry and Physics 50th 
Edition. Ed. W east, R., CRC Press Cleveland O hio, pp. B 267-561.

Daniels, J.L, A ndricevic, R., Anspaugh, L.R., & Jacobson, R.L (1993). R isk-B a sed
S cre en in g  A n a ly s is  o f  G ro u n d  W ater C o n ta m in a te d  b y  R a d io n u c lid es  In tro d u ced  
at the N eva d a  T est S ite  (NTS). U C R L -ID -1127889, Law rence Liverm ore 
N ational Laboratory Report, Liverm ore, CA, pp. 69-97.

Darab, J. G., Sm ith, P. A., (1996). Chem istry o f  Technetium  and Rhenium  Species
during Low -Level Radioactive W aste V itrification. C hem . M ater. 1996, 8, 1004- 
1021 .

Desm et, G., M yttenaere, C. (1986). Technetium  in the Environm ent. Desm et G., 
M yttenaere C.,Eds., E lsevier Applied Science Publishers, N ew  York.

D ickin, A. P. (2002). O sm ium  A nalysis M ethods, R a d io g en ic  Iso to p e  G eology, Chapter 
8 . C am bridge U niversity  Press, Retrieved; N ovem ber 14, 2006, from: 
h ttp://w w w .onafaraw ayday.com /R adiogenic/.

Eckhardt, R. C. (2000). Yucca M ountain: Looking Ten Thousand Y ears into the Future
L o s A la m o s  S c ien ce , 26, 465-489.

Eckhardt, R., (1983), M igration o f  Radioisotopes in the E arth ’s C rust, L o s A la m o s  
Science, sum m er 1983.

Ewing ,R .,C ., Long, J.C .S. (2004). Yucca M ountain: Earth-Science Issues at a Geologic 
R epository  for H igh-Level N uclear W aste. A n n u . Rev. E a rth  P lanet. Sci., 32, 
3 6 3 ^ 0 1 .

Fabryka-M artin , J.T , et al. (1993). D istribution o f  chlorine-36 in the unsaturated zone a 
Y ucca M ountain: A n indicator o f  fast transport paths. In  F O C U S ’93, Site 
C haracterization and M odel V alidation, [Conf. Proc] Las V egas, Nevada, 26-29 
Sept. 1993.

Fabryka-M artin , J. T., Turin, H. R., Brenner, D ., D ixon, P. R., Liu, B., M usgrave, J., & 
W olfsberg, A.V. (1996). S u m m a ry  R ep o rt o f  C h lo rin e -3 6  S tu d ies  as o f  A u g u st 
1996. (A ugust D raft 1996). M ilestone 3782M , LA -13458-M S, Los Alam os 
N ational Laboratory: Los A lam os NM .

115

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

http://www.onafarawayday.com/Radiogenic/


Fabryka-M artin, J.A ., W olfsberg, A.V., D ixon, P.R., Levy, S., M usgrave, J., & Turin,
H .J., (1996). S u m m a ry  rep o rt o f  ch lo rin e-3 6  stud ies: Sam pling , a n a lysis  a n d  
S im u la tio n  o f  C lo rin e -3 6  in the E xp lo ra to ry  S tu d ies  F acility . Los A lam os 
N ational L aboratory, M ilestone Report 3783M , Los A lam os, N ew  M exico.

Flarvey, B .R ., Ibbett,R .D ., W illiam s, K.J., & Lovett, M .B.(1991). D eterm ination o f 
T echnetium -99 in Environm ental M aterials. A q u a tic  E n v iro n m en t P ro tection : 
A n a ly tic a l M e th o d s  N u m b er  8. M inistries o f  A griculture, Fisheries and Food, 
D irectorate o f  F isheries Research, Lowestoft.

Hinds, J. (2000). G eology o f  the Y ucca M ountian at the Potential Repository Horizon. 
B erke ley  Lab, A n n u a l R ep o r t 1999-2000. Retrieved: June 15, 2006, from: 
h ttp ://w w w -esd.lb l.uov.

Horwitz, P. E. (1993). N e w  C h ro m a to g ra p h ic  M a teria ls  f o r  the D eterm in a tio n  o f
A ctin ides, S tro n tiu m , a n d  Technetium , in E nvironm enta l, B ioassays, a n d  N u clea r  
W aste Sam ples. U SD O E, A rgonne N ational Laboratory, A rgonne, IL, Report 
ZZ931.

Jarvis, 1., Totland, M ., & Jarvis, K. (1997). A ssessm ent o f  Dow ex l-X 8 -based Anion- 
exchange Procedures for the Separation and D eterm ination o f  Ru, Rh, Pd, Ir, Pt, 
and Au, in G eological Sam ples by ICPM S. A n a lyst, 122, 19-26.

K eith-Roach, M. J., M orris, K., & D ahalgaard, H. (2003). A n investigation into
technetium  binding in sedim ents. M arine  C hem istry , 81, Issue 3-2, 149-162.

Kim , E., & B oulègue, J. (2003). Chem istry o f  Rhenium  as an A nalogue o f  Technetium : 
Experim ental Studies o f  the D issolution o f  Rhenium  O xides in Aqueous 
Solutions. R a d io ch im ica  A c ta , Volum e: 91, Issue: 4/2003, 211-216.

Koide M ., H odge V., Y ang, J. S., & Goldberg, E.D. (1987). D eterm ination o f  Rhenium  
in M arine W aters and Sedim ents by G raphite Furnace A tom ic A bsorption 
Spectrom etry. A nal. C hem ., 59, 1802-1805.

Koide, M ., V. H odge, J. S. Yang & E. M. G oldberg (1987). D eterm ination o f  Rhenium  
in M arine W aters and Sedim ents by Graphite Furnace A tom ic Absorption 
Spectrom etry. H«a/. CAe/»., 59(14), 1802-1805.

Koide, M ., V. F. H odge, J. S. Yang, M. Stallard & E. G. G oldberg (1986). Some
C o m p ara tiv e  M arin e  C h em istries  o f  R hen ium , G old , S ilv e r and  M olybdenum . 
App. G eochem , 1, 705-714.

K orzhinsky, M .A., S. 1. Tkachenko, K. 1. Shm ulovich, Y. A. Taran, & G. S. Steinberg 
(2004). D iscovery  o f  a pure rhenium  m ineral at K udriavy volcano. N ature, 369, 

•51.

116

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

http://www-esd.lbl.uov


Krupka, K .M ., & Sem e, R. J. (2002). Geochemical Factors Affecting the Behavior o f
A ntim ony, C obalt, E uropium , Technetium , U ranium  in V adose Sedim ents. Pacific 
N orthw est N ational Laboratory Report, PN N L-14126, D eeem ber 2002.

Lazarev,V itali. (2003). The co sm o g en ic  a n d  a n th ro p o g en ic  36 C I in  the env ironm ent.
pH D  Physies D issertation, Teehnischen U niversitat M iinehen, Retrieved: June 20, 
2006, from: http://tum bl.b iblio .tu-m uenehen.de/publ/d iss/ph/2003/lazarev.htm l.

Lu, G., Sonnenthal, E. L., & Bodvarsson, G. S. (2003). Im p lica tio n s  o f  ha lide  leach ing  
on ch lo r in e -3 6  s tu d ies  a t Y ucca  M ounta in , N eva d a . Law rence Berkeley National 
Laboratory Report, Retrieved: Sept. 10, 2006, from:
http://w w w .osti.gO v/energycitations/servlets/purl/826092-uyK Ei6/826092.PD F.

Lloyd, J R., Cole, J. A ., & M acaskie, L. E. (1997). Reduction and Rem oval o f  
H eptavalent Technetium  from  Solution by E sch erich ia  coli. Jo u rn a l o f  
B a cterio lo g y , Vol. 179, No. 6 , 2014-2021.

LLN L(Law rence L iverm ore N ational Laboratory) (1997). D etec tio n  o f^^T c  by
a cce lera to r  m ass sp ec tro m etry: p re lim in a ry  in vestig a tio n s. U C R L -JC -127235 
Law rence L iverm ore N ational Laboratory, Liverm ore, CA, 94551-9900, USA

Lloyd, J. R. , Sole, V. A., Van Praagh, C. V. G., & Lovley, D. R.(2000). D irect and
Fe(ll)-M ediated  Reduction o f  Technetium  by Fe(lll)-R educing  Bacteria (2000), 
A p p lie d  a n d  E n v iro n m en ta l M icrob io logy , Vol. 6 6 , No. 9, 3743-3749.

Long, J.C .S., Ew ing, R.C (2004). G eolog ic  R ep o s ito ry  f o r  H ig h -L eve l N uclearW aste  
H yd ro lo g ie  S c ien ces  P ro g ra m . Annu. Rev. Earth Planet. Sci.. 32, 3 6 3 ^ 0 1 .

M agyar, J., (2004). R henium . M in era l C o m m o d ity  S u m m a ries . U.S. G eological Survey 
Retrieved: Sept. 10, 2006, from:
http://minerals.er.usgs.gOv/minerals/pubs/eommodity/rhenium/rhenimyb04.pdf.

M arshall, B.D. & Futa, K. (2001). S tro n tiu m  Iso to p e  E vo lu tio n  o f  P o re  W ater a n d
C alc ite  in  the T opopah  S p r in g  Tuff, Y ucca  M ounta in , N eva d a . Retrieved: Sept. 
12, 2006, from: http://ww w.osti.& ov/energvcitations/sei'vlets/purl/794109- 
B n58de/w ebview able/794109.pdf.

M atschob. V., & Baehm ann, K. (1979). Seleetive on-line Gas Phase Separation M ethods 
for Tc and Ru. Journal o f  Inorganic Nuclear Chemistry, A \ , 141-147.

117

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

http://tumbl.biblio.tu-muenehen.de/publ/diss/ph/2003/lazarev.html
http://www.osti.gOv/energycitations/servlets/purl/826092-uyKEi6/826092.PDF
http://minerals.er.usgs.gOv/minerals/pubs/eommodity/rhenium/rhenimyb04.pdf
http://www.osti.&ov/energvcitations/sei'vlets/purl/794109-


M ongano, G. S., S ingleton, W .L., M oyer, T.C., Season, S.C., Batm an, G.L. Albin, & 
Lung, R.C. (1999). G eo lo g y  o f  the E C R B  C ross D r ift -  E xp lo ra to ry  S tu d ies  
F acility , Y ucca  M o u n ta in  P roject, Y ucca  M ounta in , N evada . Bureau o f  
R eelam ation and U.S. Geologieal Survey, Retrieved; Sept. 15, 2006, from; 
http://w w w .ocrw m .doe.pov/docum ents/spg42gm 3 a/index .h tm .

N C I, (N ational C aneer Institute) (2006). E stim a ted  E xp o su res  a n d  T h yro id  D oses
R e c e iv e d  b y  the A m e r ic a n  P eop le  fr o m  Iod ine-131  in F a llo u t F o llo w in g  N eva d a  
A tm o sp h er ic  N u c le a r  B o m b  Tests. Retrieved: Sept. 5, 2006, from: 
http://rex .nci.n ih .gov/m assm edia/Fallout/contents.h tm .

N R D C  (N uclear R esources Defense Council) (2006). N u clea r-D a ta  Table o f  K n o w n  
N u c lea r  T ests  W orldw ide, 1945-1996. Retrieved: Oct. 20, 2006, from: 
http ://w w w .nrdc. org/nucl ear/nudb/datab/5. asp .

N W TR B  (1993). U n d erg ro u n d  E xp lo ra tio n  a n d  T esting  a t Y ucca  M o u n ta in . A Report 
to Congress and the Secretary o f  Energy, N uclear W aste Technical Review  
Board, Rpt 12, O ctober 1993. Retrieved: Oct. 4, 2006, from: 
http ://W W W .  nw trb . gov/reports/reports .htm l.

Office o f  N uclear M aterial Safety and Safeguards, (1987). P ro g ress  in E va lu a tio n  o f  
R a d io n u c lid e  G e o ch em ica l In fo rm a tio n  D e ve lo p ed  b y  D O E  H ig h -L eve l N u c lea r  
W aste R e p o s ito ry  S ite  P rojects. Site Project Report for A pril 1986 -  Septem ber 
1987 (1987), , N uR EG /m -5092, N R C  FIN No. B0290, Retrieved Sept. 15, 2006, 
from: http://w w w .osti.gov/bridge/servlets/purl/60479- 
dK N 2ie/w ebview able/60479.pdf.

O R ISE/ESSA P (2003). (Oak R idge A ssociated U niversities-Environm ental Survey Site 
A ssessm ent Program ) L a b o ra to ry  M anual, A P 5  D e te rm in a tio n  o f  Technetium -99, 
L a b o ra to ry  P ro ced u res  M a n u a l R ev isio n  No. 15. Date: N ovem ber 7, 2003 
Retrieved: June 3, 2005, from: http://w w w .orau.org/busops/ivhp/survey- 
projects/files/lab-m anual/23ap5.pdf.

Paces, J.B., N eym ark, L .A ., Peterm an, Z .E., N im z, G. J., Gascoyne, M ., & M arshall,
B.D ., C hlorinne-36 V alidation Studies at Y ueea M ountain, N evada (2003). USGS 
Seattle A nnual M eeting (N ovem ber 2 -5 , 2003) Retrieved: A ugust 4, 2006, from: 
h ttp ://gsa.confex.eom /gsa/2003A M /ilnalprogram /abstract 62427.htm

Paces, J.B., N eym ark, L .A ., M arshall, B .D ., W helan, J.F., & Peterm an, Z.E. (2001).
A g es  a n d  O rig in s  o f  C a lcite  a n d  O p a l in the E xp lo ra to ry  S tu d ies  F a c ility  Tunnel, 
Y ucca  M oun ta in , N evada. W ater-Resources Investigations Report 01-4049. 
Denver, Colorado. U.S. G eological Survey.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

http://www.ocrwm.doe.pov/documents/spg42gm3
http://rex.nci.nih.gov/massmedia/Fallout/contents.htm
http://www.nrdc
http://www.osti.gov/bridge/servlets/purl/60479-
http://www.orau.org/busops/ivhp/survey-
http://gsa.confex.eom/gsa/2003AM/ilnalprogram/abstract


Patterson, G. L. (2000). Low -level m easurem ents o f  tritium  in the unsaturated zone from 
the Exploratory  Studies Facility beneath Y ucca M ountain. N evada , G eo log ica l 
S o c ie ty  o f  A m e r ic a  A n n u a l M eeting , Reno, N eva d a , A -479-480, 2000, Novem ber 
9 -18 ,2000 .

Righter, K., C hesley, J.T ., G eist, D., & J. Ruiz, J. (1998). Behavior o f  Re during M agma 
Fractionation: an Exam ple from  Volcan A lcedo, Galapagos. Jo u rn a l o f  
P etro lo g y , 39, Issue 4,785-795.

Richter, R .C ., K oirtyohann, & S. R, Jurisson, S.S. (1997). D eterm ination o f  Technetium - 
99 in A queous Solutions by Inductively Coupled P lasm a M ass Spectrometry: 
Effects o f  Chem ical Form  and M em ory. J o u rn a l o f  A n a ly tica l A to m ic  
S p ec tro m etry , 12, 557-562.

Rokop, D. J., Schroeder, N .C ., & W olfsberg, K. (1990). M ass Spectrom etry o f 
Technetium  at the Subpicogram  Level. A nal. C hem , 62, 1271-1274.

RRC (R ussian Research Center), K urchatov Institute (2006). P ro jec t # 245, Radleg.
International Science and Technology Center, Retrieved: O ctober 15, 2006, from: 
h ttp ://w w w .kiae.ru /radleg/ch9e.htm .

Sam adi,A ., A illoud, P., & Fedoroff, M. (1975). D eterm ination o f  Rhenium  in
M olybdenum  and Tungsten by N eutron A ctivation. A n a ly tica l C hem istry , 47, 
p. 1847.

Selby, D., & Creaser, R. A. (2004). R h en iu m -o sm iu m  g eo c h ro n o lo g y  o f  o rgan ic-bearing  
sed im en ta ry  rocks: U tility  f o r  s tra tig ra p h ie  a n d  t im e s  ca le  ca lib ra tio n  studies. 
D epartm ent o f  Earth and A tm ospheric Sciences, U niversity o f  A lberta, 1-26 ESB, 
Edm onton, A lberta, Canada.

Sekine, T., K onishi, M., Kudo, H., Tagam i, K., & U chida, K. (1999). Separation o f 
Carrier Free 95m Tc from  N iobium  Targets Irradiated w ith A lpha Particles. J. 
R ad ioana l. N ucl. C hem ., 239, 483-487.

Simon, S.L., Bouville, A .,&  Beck, H E. (2004), The G eographic D istribution o f
R adionuclide D eposition Across the C ontinental US from  A tm ospheric N uclear 
Testing. Jo u rn a l o f  E n v iro n m en ta l R a d io a c tiv ity , 74, 91-105.

Smith, D .K ., Eaton, G .F., R ose, T.P., M oran, J.E., B rachm ann, A., M cA ninch, J. E.,
K ersting, A .B., R om anoviski, R.E., M artinelli, R.E., & W erner Jr., J.K. (2000). 
H yd ro lo g ie  R eso u rces  M a n a g em en t P ro g ra m  a n d  U n d erg ro u n d  Test A rea  F Y  
1999  P ro g ress  R eport. LEN T R eport U C R L -lD -139226

119

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

http://www.kiae.ru/radleg/ch9e.htm


Song, M ., & Probst, T.U. (2000). Rapid determ ination o f  technetium -99 by
electrotherm al vaporization-inductively coupled plasm a-m ass spectrom etry with 
sodium  chlorate and nitric acid as m odifiers. A n a ly tica  C h im ica  A d a .,  413, Issue; 
1-2, 207-215.

Suh, M .Y., Lee, C .H ., Sun, Han H., K im , J.S., Park, J.Y ., & K im , W . H. (2003).
Separation and D eterm ination o f  Technetium -99 in Spent PW R  N uclear Fuels, 
Bull. K o rea n  C hem . Soc., 24, No. 11, 1686-1688.

Steffen, A., & Baehm ann, K. (1978). Gas Chrom atography Study o f  V olatile O xides and 
H ydroxides o f  Tc, Re, Ru, Os, and lr-1. Talanta , 25, 551-556.

Sun W ., A rculus, R .J., B ennett, V .C ., Eggins, S.M ., and Binns, R.A. (2003). Evidence 
for rhenium  enrichm ent in the m antle wedge from  subm arine a rc -like  volcanic 
glasses (Papua N ew  Guinea). C eo logy, 31; No. 10, 845-848.

Synal, H.A., J. Beer, J., B onani, G., Suter M ., & W olfli, W . (1990). A tm ospheric
transport o f  bom b produced ^^Cl. N u clea r In stru m en ts  a n d  M eth o d s, B52, 483- 
488.

Tagam i, K. (2003). Technetium -99 Behavior in the Terrestrial Environm ent - Field 
O bservations and R adiotracer Experim ents. Jo u rn a l o f  N u c lea r  a n d  
R a d io ch em ica l S c ien ces , 4, N o .l , A1-A8.

Tagam i, K., U ehida, S., H am ilton, T., & Robison, W. (2000). M easurem ent o f
Technetium -99 in M arshall Islands Soil Sam ples by ICP-M S. A p p lie d  R a d ia tio n  
a n d  Iso topes, 53, 75-79.

Tagam i, K., U ehida, S. (2002). Global Fallout Technetium -99 D istribution and Behavior 
in .lapanese Soils. Jo u rn a l o f  N u c lea r a n d  R a d io ch em ica l S c ien ces, 3, N o 2, 1-5.

Thom pson, J.,L. (1993). The N evada Test Site: An A nalog for a N uclear Repository,
M ig ra tio n , C harleston, SC, D ecem ber 12-17, 1993, also report lN C -12, M S 1514, 
Los A lam os N ational Laboratory.

Uchida S., & Tagam i, K. (2000). E lu tion  B eh a v io r  o fT c  a n d  R e  th ro u g h  a  T c-selective  
C h ro m a to g ra p h ic  R esin  C olum n. Retrieved: June 20, 2005, from: 
h ttp ://w w w .nirs.go .jp/report/nene/h 12/1005/1005-14.htm .

U chida, S., & Tagam i, K. (1997). Im provem ent o f  Tc Separation Procedure U sing a 
C hrom atographic Resin for Direct M easurem ent by IC P-M S. Anal. C him ica  
A cta , 357, 1-3.

120

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

http://www.nirs.go


Uchida, S., & Tagam i, K .(2001). Low -level Technetium -99 D eterm ination in Soil
Sam ples by ICP-M S, R a d io ch em ica l M ea su rem en ts  C onference , H onolulu, 3-8 
N ovem ber, 2001. Retrieved: June 20, 2005, from: http://w w w .lanl.gov/BA ER- 
C onferenee/B  A ER C on-47p-U  ehida 1 .pdf.

U N LV H RC (2006). D raft A, B o m b -P u lse  C h lo rin e -3 6  at the P ro p o sed  Yucca M o un ta in  
R ep o sito ry  H orizon : A n  In ves tig a tio n  o f  P rev io u s  C o n flic tin g  R esu lts  a n d  
C o llec tio n  o f  N ew  D ata . U niversity o f  N evada, Las Vegas, H arry Reid Center, 
Rpt. TR -06-002 D raft A, 5-12-06.

u s e  (U nited States Code) (2006). S ec tio n  42 code  10101 et seq. Retrieved: Oct. 20, 
2006, from: http://uscode.house.gov.

USEED (U nited State Energy and Environm ental Directorate) (2006), B r ie f  H is to ry  o f  
N u c lea r  tes tin g  in the M a rsh a ll Islands. Law rence Liverm ore N ational 
Laboratory. Retrieved: June 5, 2006, from: h ttp://eed.llnl.gov/m i/testhistory.php.

USDO E (2000). Site characterization report 22/ 22"“̂ S em ia n n u a l R ep o rt o f  the Yucca  ' 
M o u n ta in  S ite  C h a ra c teriza tio n  P ro jec t - Sum m arizes activities from  October 1, 
1999, through M arch 31, 2000. Section 6 - Epilogue. Retrieved : A ugust 15, 2006, 
from: h ttp ://w w w .ocrw m .doe.gov/docum ents/m 2 ka_a/m ain .htm .

USD O E LB N L (Law rence Berkeley N ational Laboratory) (2003). R esea rch  P rogram  to 
In vestig a te  the F u n d a m e n ta l C h em istry  T echnetium . Project N um ber: EM SP- 
73778 Retrieved: June 20, 2006, from:
http ://w w w .osti.gov/bridge/servlets/purl/821046-G L xuA 0/native/821046.pdf.

U SD O E Law rence L iverm ore N ational Laboratories (LLNL) (1999). Technetium
M easurem ents by A ccelerator M ass Spectrom etry at LLN L. 8th  In tern a tio n a l  
C onference  on  A cc e le ra to r  M a ss S p ec tro m etry , V ienna, A ustria, Septem ber 6-10, 
1999

U SD O E LLN L (2000), H yd ro lo g ie  a n d  C eo ch em ica l C o n tro ls  on  the T ransport o f  
R a d io n u c lid es  in  N a tu ra l U n d is tu rb ed  A r id  E n v iro n m en ts  a s D e te rm in ed  by  
A cc e le ra to r  M a ss  S p ec tro m e try  M ea su rem en ts . Project N um ber: 55148. 
Retrieved July 28, 2006, from: h ttp ://w w w .osti.gov/em 52/fm al_reports/55148.pdf

USDOE (2002) Site Characterization Progress R eport Y ucca M ountain, N evada Num ber 
26 (Y M PR 26), Septem ber, 2002, Retrieved: July 27, 2006, From: 
h ttp ://w w w .ocrw m .doe.gov/docum ents/m 2 ka_a/m ain .htm .

USDOE C R W M S M & O  (C ivilian R adioactive W aste M anagem ent System  M anagem ent 
and O perating C ontractor) (2000). Yucca M o u n ta in  S ite  D escrip tio n . TDR- 
C R W G S-00001, REV 01, ICN 01. Las V egas, NV: U.S. D epartm ent o f  Energy, 
Y ucca M ountain Site Characterization Office.

121

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

http://www.lanl.gov/BAER-
http://uscode.house.gov
http://eed.llnl.gov/mi/testhistory.php
http://www.ocrwm.doe.gov/documents/m2ka_a/main.htm
http://www.osti.gov/bridge/servlets/purl/821046-GLxuA0/native/821046.pdf
http://www.osti.gov/em52/fmal_reports/55148.pdf
http://www.ocrwm.doe.gov/documents/m2ka_a/main.htm


u s  D O E (U .S. D epartm ent o f  Energy) (2002). Yucca M o u n ta in  Sc ien ce  a n d  E n g in eerin g  
R eport. D O E/RW -0539. W ashington, D.C.: U.S. D epartm ent o f  Energy, Office o f 
C ivilian  Radioactive W aste M anagem ent. A CC: M O L.20010524.0272.
Retrieved: A ugust 16, 2006, from: 
http://w w w .ocrw m .doe.gov/doeum ents/ser b/index.htm

U SD O E C R W M S (July 2000). N ea r F ie ld  P ro cess  M o d e l R ep o rt, W ashington, D C.:
U.S. D epartm ent o f  Energy, Office o f  C ivilian R adioactive W aste M anagem ent., 
TD R-N BS-M D -000001 RevOO ICN 01, R etrieved: June 20,2006, from: 
http://w w w .oerw m .doe.gov/docum ents/am r/25945/25945.pdf.

U SD O E Y M SSE (2002), Yucca M o un ta in  S ite  S u ita b ility  E va lu a tio n , D O E/RW -0549 
W ashington, D C.: U.S. D epartm ent o f  Energy, Office o f  C ivilian Radioactive 
W aste M anagem ent. Retrieved: A ugust 16, 2006, from: 
http://w w w .ocrw m .doe.gov/docum ents/sse a//index.htm

U SD O E EB FG H  (1999). C ivilian  R a d ioactive  W aste M a n a g em en t System ,
E n v iro n m e n ta l B a se lin e  F ile  G eo lo g y /H yd ro lo g y  F ile , R eport BOOOOOOOO-01717- 
5700-00027, Revision 01, DCN-01. Retrieved: June 15, 2006, from: 
http://w w w .ocrw m .doe.gov/docum ents/geology/index.htm .

U SD O E LLN L (2003). R a d io n u clid e  M o b ility  a t the N eva d a  Test S ite , UCRL-TR-
200953. R etrieved: June 15, 2006, from: http ://w w w .llnl.gov/tid/L ibrary .h tm l.

U SD O E (2001). (O CR W M ). Techn ica l U pdate Im p a c t L e tte r  R ep o rt  M IS-M G R-RL- 
000001 REV 00 ICN 02. Retrieved: June 17, 2006, from: 
http://w w w .ocrw m .doe.gov/doeum ents/tu ilr_c/tables/ap_b_t0 2 .htm .

U SD O E O ffice o f  Public Affairs (2006). Yucca M o u n ta in  L icen se  A p p lica tio n  Schedule , 
J u ly  19, 2 006 . Retrieved: Sept. 20, 2006, from: 
http ://w w w .energy . gov/news/3 846 .htm .

U SD O E N N SA  (N ational N uclear Security A dm inistration) (2004). C orrective  A ctio n  
In v es tig a tio n  P la n  f o r  C orrective  A c tio n  Unit 99: R a in ie r  M esa /S h o sh o n e  
M ounta in , N eva d a  Test Site, N evada , D ecem ber 2004, D O E/N V -1031, Retrieved: 
June 20, 2006, from:
http://w w w .osti.gov/energycitations/produet.b ib lio .jsp?osti_ id=838783.

USDO E, N evada O perations Office (NNO). (1979). R esea rch  a n d  D eve lo p m en t R e la ted  
to N eva d a  N u c lea r  W aste S torage In ves tig a tio n s  A p r il— Ju n e  30, 1979, (1979) 
Los A lam os Scientific Laboratory, Progress R eport L A -7974-PR  U C -70 Progress 
Report 1979. Retrieved: June 28, 2006, from: 
http ://fas.org/sgp/othergov/doe/lanl/lib-w w w /la-pubs/00317612.pdf.

122

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

http://www.ocrwm.doe.gov/doeuments/ser
http://www.oerwm.doe.gov/documents/amr/25945/25945.pdf
http://www.ocrwm.doe.gov/documents/sse
http://www.ocrwm.doe.gov/documents/geology/index.htm
http://www.llnl.gov/tid/Library.html
http://www.ocrwm.doe.gov/doeuments/tuilr_c/tables/ap_b_t02.htm
http://www.energy
http://www.osti.gov/energycitations/produet.biblio.jsp?osti_id=838783
http://fas.org/sgp/othergov/doe/lanl/lib-www/la-pubs/00317612.pdf


U SEPA (2004). U n d ersta n d in g  va ria tion  in P a rtitio n  C oeffic ient, Kd, Values, Vol. Ill, 
R ev iew  o f  C eo ch e m is try  a n d  A va ila b le  Kd V alues f o r  A m , As, Ci, I, Nb, Ra, a n d  
Tc. E PA  402-R -04-002C . Retrieved: June 4, 2006, from: 
http://w w w .epa.gO v/radiation/docs/kdreport/vol3/402-r-04-002e.pdf

USNRC (US N uclear R egulatory Com m ission) (1987). M eyer, R  . E., A rnold ,W. D., 
B lencoe, J. G, 0 'K elley ,G . B., & Land, J. P., P ro g ress  in E va lu a tio n  o f  
R a d io n u c lid e  C eo ch e m ica l In fo rm a tio n  D eve lo p ed  B y  D O E : H ig h -L eve l N u clea r  
W aste R ep o sito ry . Retrieved: July 7, 2006, from: 
h ttp://w w w .osti.gov/bridge/servlets/purl/137525-6vrG V Q /w ebview able 
/1 37525.pdf.

V andergraaf, T .T ., D rew  D.J., T icknor, K .V ., & H am on, C.J. (2003), Radionuelide
M igration Experim ents in T u ff B loeks\U ndersaturated and Saturated conditions at 
a scale o f  to  1 M eter, W aste M a n a g em en t 2003, C on ference , February 23-27, 
T ucson, Az.

W ildung, R .E ., 11, S.W , M urray, C.J., Krupka, K .M ., X ie, Hess, N .J., Roden, E.E. (2004). 
Technetium  R eduction in the Sedim ent o f  a Shallow  A quifer, F E M S  Jo u rn a l o f  
M ic ro b ilo g y  E co lo g y , 49, 151-162, Retrieved: Sept. 20, 2006, from: www.fem s- 
m ierobilogy.org.

Zuekier, L. S. , Dohan, O ., Li, Y., Jen C.,C ., Carrasco, N ., & D adachova, E., (2004). 
K inetics o f  Perrhenate U ptake and C om parative B iodistribution o f  Perrhenate, 
Perteehnetate, and Iodide by N al Sym porter-E xpressing Tissues In Vivo. Jo u rn a l 
o f  N u c le a r  M edic in ,. 45, No. 3, 500-507, R etrieved: Oct. 20, 2006, from: 
http://jnm .snm journals.org/cgi/content/abstract/45/3/500?ck=nck.

123

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

http://www.epa.gOv/radiation/docs/kdreport/vol3/402-r-04-002e.pdf
http://www.osti.gov/bridge/servlets/purl/137525-6vrGVQ/webviewable
http://jnm.snmjournals.org/cgi/content/abstract/45/3/500?ck=nck


VITA

Graduate College 
U niversity o f  N evada, Las V egas

Clifton Lee Jones

H om e Address:
6220 Saginaw  D rive 
Las Vegas, N evada

Degrees:
Bachelor o f  Science, B iology, 1979 
U niversity o f  N evada, Las Vegas

Thesis Title: Technetium  and Rhenium  in V olcanic Soils by ICPM S

Thesis Exam ination Com m ittee:
Chairperson, Dr. V ernon Hodge, Ph. D.
Com m ittee M em ber, Dr. K laus Stetzenbach, Ph, D.
Com m ittee M em ber, Dr. Spencer Steinberg, Ph. D.
Graduate C ollege R epresentative, Dr. A. K. Singh, Ph. D.

124

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


	Technetium and rhenium in volcanic soils by Icpms
	Repository Citation

	tmp.1534462568.pdf.InF56

