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INTRODUCTION 

The purpose of this research was to analyze bore- hole samples from 

1 four locations in the KSA, namely Jabal Tawlah, Jabal Hamr a, Umm Al-Birak, 

and Jabal Sayid . The objective was t o l ook for element s of potential 

interest , specifically , Uranium and Thorium, using NAA . Fig . 1 shows the 

four sample-source locations in the KSA. 

NAA is a ver y sensitive technique for the identification and 

precise measurement of elements of interest . The cent r a l idea of this 

technique is the bombarding of the samp l e with low ener gy (thermal) 

neutrons and measu r ement, by a radiation detector, of the resulting decay 

photon activity . The selection of AA as the appropriate technique fo r 

de termining the sample composit ion was made on the basis of its speed, 

sensi tivi t y , avai lability, and economy . 

The necessary i rradiations can be obtained from nuclear reactors, 

radioiso topes (Cf) , accelerator, and neutron genera t ors . However, 

selection of a n appropriate irradiation facility is based on the choice 

of the ac t ivating particle, the energy required, the intensity and the 

fluence . Mo reover, t here are additional factors which effect the final 

selection . They are as follows: 

1. Sensitivity wanted, which requires consideration of 

the flux intensity, 

2 . Neutron energy, 

3 . Physical properties of the sample, 

1 . Al l abr eviations are explaLned in nomenc l ature page . 



2 

35• 38° 4 1° 44• 47• 

J~DAN 
1 

27° 

KINGDOM OF SAUDI ARABIA 

PRECAMBRIAN SHIELD 
gener•I loc• tion m•p ... ... ....... 

Fig . 1 . Four samples location map 



3 

4. Location and availability of the facility, 

S. Irradiation cost. 

Considering the above factors, MURR was selected for this thesis 

research. It has the highest neutron flux and steady s t ate power reactor 

availabl e at a U. S. universi t y . Financial support for this research was 

pr ovided by KAAU, Jeddah, KSA through the SAEM to the USA (Ho uston 

office) and the USDOE Univer sity Reactor Sharing Program. In order to be 

used in NAA the sampl es, taken from bore holes at various depths, were 

ground in the DGMR Laboratory, to produce a very finite powder . 

The comparative technique for quantitative analysis was employed . 

This technique required that standard samples of the element s being 

sought must be p r ovided . The standards and the samples must be 

simul t aneously irradiated and trea t ed (e . g . , counted) in a 

uniform and consistent manner . This technique eliminates the principal 

sources of errors in activity measurement namely self absorption , 

scattering, geometric errors, radioactive decay and background radiation . 

The employed technique also minimizes the effects of neutron flux 

variation. Minimization of instrumental errors was carried out by 

frequent energy calibrations of the multichannel analyzer . 

The presence of U and Th was determined by measu r ing photons from 

the daughter products. Pa-233 and Np-239 with associated hal f lives and 

energies of 270 days, 228 . 2 KeV and 2. 35 days, 312 Kev , respectively . 

Since U and Th concentration in the samples is generally small; one 

sample from each area was selected randomly for enhancement by the GS 

technique . Finally, NAA was used to determine the magnitude of GS 

enhancement. 
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REVIEW OF LITERATURE 

The value of AA as a research tool was recognized almost from the 

moment I rene Curie and F. Jolie t produced the firs t recognized activation 

of an element in 1933 by bombarding light metals wi th a l pha partic les 

from Polonium. This discovery and that of the neutron by J . Chadwick i n 

1932 led to the application of induced radioactivity t o analytical 

problems . In 1936 the first NAA experiment was carried ou t by the Nobel 

Pr ize winners G. Hevesy and H. Levi [ l], when they non-destruc t ively 

determined dysprosium i n rare earth material using a Ra- Be neutron 

source . The impure y ttr ium was bombarded by the neutrons in order to 

ac t ivat e and measure the con t aminant, a small quantity of dysprosium. 

Since then, i nteres t i n AA has gr own r a the r slowly, perhaps awaiting 

i mprovements i n the two basic experimental components, the irradiation 

facili ties and the gamma detection and signal processing equipment . 

In 1938, the determination of 10 mg amounts of eur opium in gado l ium 

was reported [2] . In the same year , Seabor g and Livingood [3] described 

a technique in which char ged partic l e activation cou ld be applied t o 

analytical problems . They de t ermined trace quantities of gal l ium in 

ultrapure iron by irradiating and activating with cyclotron produced 

deuterons. These pioneers s t imulated s ubs t ant ial inte rest in this new 

technique. One year later, Goldschmid t and Djourkovitch [4] showed that 

irradiation with neutr ons and measurements of the intensity of ac t ivat ion 

was a sa t isfactory method for dete rmining the dysprosium content in a 

mixture of yttrium- group oxides . With the advent of t he firs t nuclear 

reac t or on December 2 , 1942, and the development of neutron generator s , 
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sources of high neutron fluxes became available. Advances were reported 

in proportional, scintillation and gamma ray counting techniques. 

By 1952, several review papers on AA had presented details of basic 

principles and applications including some experimental data [5-14] . 

Mahlman and Leddicotte (1955) [15] were the first to use NAA to determine 

submicrogram quantities of uranium in silicate material. They separated 

the isotope Np 239 chemically from irradiated samples and used this 

238 iso tope to estimate the U concent r ation . In the pas t two decades, 

improvements in electronic technology had led to the growth and 

refinement of the gamma ray detectors and spec trometers . During the 

period of rapid development of nuclear reactors, corresponding rapid 

impr ovements in AA were made when Na! (Tl) scintillation detectors were 

introduced . In 1953, Khan and Lyon [16] pointed out the usefulness of 

the Na! (Tl) photon spectrometer as an aid to identifying radionuclides . 

Other articles rapidly followed pointing out the potential for NAA 

employing gamma ray spectrometry [17-21] . However, the full potential of 

the scintillation counter was not achieved until multichannel analyzers 

appeared in 1955 [1 8] . Further expansion of AA came with the development 

of solid state detectors. In 1965, groups identified with Girardi et al . 

[22], Schroeder et al . [23], and Hollander et al. [24] were among the 

first to use lithium drifted germanium detectors for activation work . 

A number of papers on various aspects of AA were presented at the 

two United Nations Internat ional Conferences on the Peaceful Uses of 

Atomic Energy held in Geneva in 1955 and 1958. By this time, specializa-

tions had appeared in papers devoted to such fields as ion exchange 

[25,26], gamma spec troscopy [1 7,27] , nuclear emulsion detectors [28,29], 
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llmltat lon and sources of errors [30], use of low-level neutron sources 

[31], comparison wlth othe r analytical methods [32-34], archeology (35], 

blol oglcal sys tems [36], and dating of minerals [37]. Advances ln AA 

have been discussed under the general heading of Nucleonlcs ln the annual 

reviews of analytical chemistry publ i shed ln the journal "Ana lyt ical 

Chemistry . " 

Reviews of AA were written by Go r don ln 1949, 1951, and 1954 

(7,8,38 ]; by Meinke in 1956, 1958 , and 1960 [39-4 1]; and by Leddlco tte in 

1962 [42 ] . These reviews were intended t o provide complete coverage of 

the available l i terature . A comprehensive blbllography of radloactlva-

tlon analysts was published in 1957 by Gibbons and hls co- workers (41]. 

The bibliographies contain sections devoted to r eviews and paper s of 

general conce rn, the matrices ln which precise elements have been 

resolved, and t he e l ement s whlch have been resol ved (43 ]. In 1960, Koch 

[44] condensed these rev lews and presented them in a handbook of AA . 

This useful re ference records fo r each element the relevant nuclear da ta, 

the evaluation of diffe rent reac t lons leadlng to a particular nucl i de, 

lnterf ering reactions, competing reactions, and data on, or refe rence to, 

thresholds, c r oss sections and estimates of sensltlvl tles of the varlous 

activation methods . 

A broad bibliography of the AA l i terature ls given by Bock et al . 

[45 ] . Also, Raleigh's [46] book , Literature Search~ AA contains 391 

selected refe r ences through 1963 on the use of radioactlvatlon ln a 

qualitat ive and quantitative analys is o f materials. Its index c lasslfled 

entries as 1) reviews and general interest , 2) materials analyzed, and 3) 

elements resolved. 
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A fami..li..ari..ty wi..th acti..vati..on cross secti..on, nuclear abundances , 

energy levels, and di..sintegrati..on methods, is needed to understand and 

i..nterpret acti..vation measurements. In Koch's (44] handbook, the nuclear 

data most relevant to AA were tabulated . The works of Salmon [47], and 

Senftle and Champi..on (48] provided tabula t i..ons of nuclear data for thermal 

NA, including cross-secti..ons, isotope abundances, half lives, and emi..ssion 

products . In addition, calculated saturation acti..vities and activi..ti..es 

produced by one-second exposures at standard fluxes were provided . 

Detailed nuclear energy levels, decay schemes of the nuclides , and other 

nuclear data are available in "Nuclear Data Sheets" [49] whi..ch is now 

publi..shed as the periodical, "Nuclear Data" [SO]. Many nuclear charts 

have been developed . Probably the best known, the "Chart of the 

Nuclides" (51], is very useful and is periodically revised . NAA and 

fi..ssion track techniques have been used to determine U abundances in 

terrestrial ultramafic rocks (52-56] . 

In the last two decades, s i..x international conferences dealing with 

AA have been held and their proceedings are valuable concentrated sources of 

information on AA developments . The first conference, entitled "Modern 

Trends in AA," was held i..n 1961 at Texas A&M University, College 

Statton, Texas (57] . It was jointly sponsored by the IAEA, the di.vision 

of Isotopes Development of the USAEC and the AA Research Laboratory of 

Agricultural and Mechanical College of Texas (Texas A&M University) . 

Papers presented at the Conference which stimulated the development of 

such analytical techniques as "AA, " were flux monitors, automatic 

systems , and feedback to improve stability . The papers presented fell 

i..nto two classifications: 1) Development of techniques: use of 
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multichannel pulse height analyzer, gamma ray spectroscopy, and 

explanations of interferences. 2) Applications: determination of tracer 

elements, metal industry, use of accelerations, (fast neutrons), food 

industry, aerospace industry, forensic science, and medical use . 

A significant change in emphasis occurred at the "1965 International 

Conference on Modern Trends in AA" held again at Texas A&M University 

[58). The subjects presented fell into two different interests areas: 

a) computer - coupled automatic system, which followed development s of 

statistical interpretation of decay characteristics, computer program-

ming, optimization of irradiation, decay, and counting times, giving the 

system the advantage of automation and speed; and b) use of commercially 

available 14- Mev neutron generators. 

The "Third Conference on Modern Trends in AA," was held in 1968 at 

the National Bureau of Standards (NBS), Gaithersburg, Maryland. This 

conference featured five plenary lectures, 1) the applications of AA, 2) 

radiochemical separations, 3) nuclear reactions, 4) radiation detection 

and data processing and 5) computation methods in AA [59) . The fourth 

conference was held at Saclay, France, i n 1972 . The conference proce-

edings were divided into three sections . The first, included general 

applications, fast neutron activation and use of isotopic sources and 

computation techniques; second, thermal neutron activation and radio-

chemistry, thermal neutron activation and radiochemistry in biological 

sciences, and photon activation; and third, charged particles activation, 

charged particle activation and special techniques, analysis by direct 

observation of nuclear reactions and free communications [60) . The 

"Fifth International Conference on Modern Trends in AA," was held in 
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Munich (F . R. Germany) in 1976 . The main headings included fundamental 

contribution, technical development, biological and biomedical applica-

tions, and environmental and ecological applications [61] . The last 

International Conference on Modern Trends in AA was held in Tor onto , 

Canada , 1981 . The main paper headings were, analytical studies by NAA 

and other methods, archeometry and biological applications [62] . Princi-

ples of NAA and AA are discussed in many books [63- 78] . 
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BASIC PRINCIPLES OF NAA 

A number of trace analyses techniques are possible as shown in Table 

1 [67]. Based on the consideration summarized in the table, AA is 

selected as the best technique. It is an isotopic analysts procedure 

achieved by producing artificial radioactivity within a specimen through 

particle bombardment . Thus, a stable isotope, when irradiated, for exam-

ple, by neutrons, can undergo a nuclear transformation to produce a 

radioactive nuclide. The high sensitivity with which this induced 

radioactivity can be detected, the penetrability of many substances for 

certain activating and emitted particles, and the individually charac-

teristic modes of decay of each radioisotope lead to the many advantages 

of this technique. The definite advantages of AA are as follows [63,64]: 

1. The ultimate sensitivity ts excellent for nearly every element 

and is for many elements better than can be obtained by any 

other technique . Note, however, those for which it is poor 

(e.g . , 0 , C, and N) . 

2 . The possibility of non destructive analysis . 

3. It is generally possible to determine several elements 

simultaneously in a single sample. 

4. Provided that no pre-irradiation chemical operation is 

attempted, the technique is free from errors caused by the use 

of contaminated reagents. 

5 . Before irradiation chemical treatment ls greatly facilitated by 

freedom to use carrier techniques, thus eliminating the 

necessity for rigorous microchemical procedures in the 



Table 1. Survey of the quality of different trace analysis techniques [67], 1972 

Technique 

Actlvatlon 
analysts 

Atomic ab-

Several 
elements 
simultan-
eously 

ln several 
cases 

sorpt i.on and flame 
spectrophotometry no 

Emlsslon spectrom-
etry 

Gas analysts 
(reducing 
fusion) 

Mass spectrom-
etry spark 
source 
isotope dilu-
tion 

Polarography 
(cathode ray, 
pulse) 

yes 

yes 

no 

yes 

Sensi-
tivity 
(ppm) Speci.fi.city Accuracy 

0 . 001 good good 

0.01 good good 

0.1 good reasonable 

1 reasonable reasonable 

0 . 01 good needs stand . 

0 . 001 good reasonable 

0 . 01 reasonable good 

Spectrophotometry 
and fluorlmetry no 0.1-0 . 01 reasonable good 

Freedom from 
contamination 

and tnterf erences 

good 

bad 

reasonable 

reasonable 

good 

bad 

bad 

bad 

Possi.bi.li.ty of 
overcoming 
surface 

contamination 

good 

reasonable 

reasonable 

bad 

good 

bad 

reasonable 

bad 
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determination of trace constituents. 

6. In principle, AA allows the opportunity of distinguishing 

between different isotopes of an element . 

7. Determination of the distribution of components can be 

accomplished by autoradiographic or counter scanning 

techniques; and in some instances rapid, nearly automatic 

machine analysis and monitoring, is possible . 

8 . According to L.A. Haskin [64], NAA is the best technique for 

multielement analysis. A serious problem with early NAA 

measurements was the inability to investigate many elements 

simultaneously, so interelement correlation went unnoticed. 

With more modern techniques , the total work and time required 

for analysis has been reduced because samples need to be 

prepared and handled only once or twice . 

9 . Fifty to 100 samples can now be analyzed accurately, 

efficientl y and rapidly in a sing le experiment (64]. 

10 . After a sufficient cooling time the samples can be reused for 

other purposes (75] . 

A number of significant limitations of AA are as follows (63] : 

(a) Since the technique is based on characte ristics of atomic 

nuclei, it does not give any information about the chemical 

form in which a particular element is present. 

(b) Near the limit of detection the main source of error in 

activation analysis lies in the fluctuat ions associated with 

the statistical character of nuclear disintegrations. This 

e rror, although perhaps negligible, is still present even when 
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the element sought occurs in amounts well above the limit of 

detection . 

It is to be noted that AA is rarely used for macro-

determination except when speed and convenience , rather than 

sensitivity, are decisive . So far, the main use of the 

technique has been in microdetermination of elements close to-

or beyond the limits of sensitivity offered by other methods . 

(c) Though the chemical and inst rumental methods used in AA are 

relatively simple and inexpensive, the i rradiation stage of 

technique requires access to a nuclear reactor or some other 

source of sub-atomic particles or radiation . 

In principal , AA can be based on any artificially induced nuclear 

reaction . It can be distinguished by three main possibilities: 

First : Energy given to a nucleus by bombardment with energetic 

~-ray quanta may be used to pr omote particle emission or t o produce 

excited states from which gamma emission can occur . 

Second: Heavier particles , such as protons, deuterons, and other 

nuclei may be accelerated by elect rical means and used to bombard the 

sample . Such particles may be incorporated in the nucleus, altering its 

mass, charge and radioactive status , or may bring about an internal 

rearrangement resulting in the emission of other nuclear particles . 

Electrically-charged projectiles may be furnis hed with any desired 

energy by electrical means, but they have the disadvantage of penetrat i ng 

the surface of the sample by only a short distance. The method provides 

information about the composition of the surface and not about the sample 

as a whole. 
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Thlrd: Nuclear reactlons of the klnd deslred for AA are most 

generally lnduced by neutron bombardment. Neutrons may be used to 

produce radloactive nuclldes from almost every element, often wlth very 

high yleld . In gene r al, they have good penetratlon, allowlng nearly 

unlform activatlon of the entlre sample . 

Most AA work is carrled out uslng thermal energy neutrons (2200 

m/ sec) for the followlng reasons (65]: 

1. Most materlals have a large cross-section for thermal neutrons . 

2. In many research reactlons, hlgh thermal neutron fluxes are 

13 2 available (10 n / cm sec or greater) . 

3. Radlatlon capture is the most probable nuclear reactlon that 

takes place at thermal energy enabllng the radlolsotopes formed 

to be lsotoplc with target elements . The radlatlon capture 

(n, y ) reaction ls one ln whlch the target nucleus captures a 

neutron and galns one unlt ln atomlc mass . The resultlng 

nucllde, a heavler lsotope of the activated element, wlll 

usually be radioactlve and wlll decay by emlttlng beta 

partlcles and usually gamma rays. 

(For example: 58 59 Fe (n, y)Fe 

NAA ls a method of elemental analysts based upon the propertles of 

the nucleus (66] . It, therefore dlffers from chemlcal methods of 

analysts whlch are based on the behavlor of outer electrons . Durlng NAA, 

the exposure of nuclel of stable lsotopes to neutrons results ln the 

productlon of radloactive lsotopes or radlonuclldes which emit radiations 

as they decay to stable nuclel . An understandlng of NAA involves 

nuclear structure, radioactivity, nuclear transformatlon and the l nter-
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actlon of radlatlon with matter . The theory of these processes ls 

thoroughly discussed in many standard references [67-78] . A s ummary of 

those processes which are of direct relevance to NAA and lts appllcatlon 

to geological material ls provided (up to the end of i nterferences 

section) . 

In NAA employing thermal neutrons (n) to activate the sample a 

t ypical reaction would be: 

23 1 24 
Na + n > Na + y 

11 0 11 
target neutron new radioactive prompt 
nucleus isotope radiation 

The energy, i ntens i ty and kind of radiations, together with decay half 

life, are used to characterize and quantify the elements present ln the 

sample. 

e . g . , 
24

Na 8 -(1.39 MeV)) 
24 Mg* Y (2 . 75 MeV)) 

11 T112 15 . 02 hrs 12 y(l . 37 Mev) 

24 
Mg 

12 

The measurement of the decay radiations ls usually made at some 

convenient time and place after the end of activation. NAA typically 

uses the comparison method of analysis , which involves activating a 

standard material of known content, along with a sample containing the 

same material , but with an unknown concentration, and then comparing the 

two sets of induced activities to es tablish the unknown quantity. 

Stable and rad ioactive nuclldes are shown as a function of neutron 

and proton numbers ln Flg . 2 [82]. Neutron irradiation usually produces 

a- active nuclei, i . e., above the stability level. 
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.\RTIFICIAL RADIOACTIVITY 

• Stable nuclei 
o fJ- emitters 
+ fJ+ emitters (or electron capture) -·~k:-----''k---"""!'!l!ltlll 
• fJ+, fJ- emitters (or electron capture) 
.o.} a-emitters (with {J-, {J +, or electron capture) ~ 
c a-emitters (pure or IJ-et&ble) 

JO .., 90 '° IO 

Proton number (Z) 
110 

Fi g . 2 , Stabl e and r adi oa c t ive nucl ides a s a f unct i on of neu t ron 
and proton numbers 
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The energies are well defined, consequently radiations with energies 

appropriate for the various possible transitions accompanies nuclear 

reactions which populate the excited nuclear levels . 

The various ways in which radioactive nuclei can decay is shown in 

Fig . 3 [66,79,80] . Since in NAA elements are usually identified by means 

of the gamma radiation emitted from the radionuclides produced by 

activating the elements, inspection of the relevant decay schemes is 

essential for planning and interpretation of the results . For example, 

in 92% of the disintegrations of Cs-137 by S decay, the Ba- 137 nucleus 

is left in the .662 MeV excited level (Fig . 3) . The isotope is de-

excited mainly by the emission of a . 662 MeV gamma ray and by internal 

conversion of K and L electrons. Two other examples of decay schemes are 

also given in Fig . 3. Branching ratios of such schemes are independent 

of temperature, pressure and chemical state . 

Although most excited nuclei are de-excited rapidly by gamma 

emission, there are some nuclei that remai n in excited state for 

considerable period (i . e., greater than a few milliseconds) . Thus, the 

same nuclide may have different nuclear metastable isomer, designated by 
60m 

"m" after the mass number, e . g., Zn. 
30 

Activation by Neutrons 

The probability of a neutron induced reaction depends on the 

neutron energy . Neutrons can be classified according to their kinetic 

energy, (Fig . 4) [66], as follows: 

1. Slow neutrons have energies up to about 1 KeV and include 

(a) Thermal neutrons, which are the most abundant particles in a 



137 Ca (33y) ee 

8°/o 
p-,0.17 MtV 

yJ .35Mevj 

64N. 
28 I 

92°/o 
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reactor, and are in thermal equilibrium with surrounding 

(moderating) nuclei at the ambient temperature having energies 

of the order of . 025 eV. 

(b) Epithermal neutrons are in the process of slowing down and thus 

are not in complete thermal equilibrium with their environment . 

They have energies of about . 2 eV . 

(c) Resonance neutrons with energy tn the range of 1 to 1000 eV . 

2. Intermediate neutrons (energies between about 1 and 500 KeV . ) 

3 . Fast neutrons wtth energies above . 5 MeV. 

Types of Neut r on Reactions 

There are several different types of reactions induced by neutrons . 

The most common are: 

1. neutron capture, 2. transmutation, 

3. flsslon and 4. i nelastic scattering 

1. Neutron Capture: 

Neutron capture involves the absorption of a low energy neutron 

by a nucleus and the prompt emlsston of y- ray . e.g., 

23 24 Na(n,y) Na. As a result, the mass number of the newly 

formed isotope ls increased by 1 . The product isotopes are 

usually unstable and undergo S- decay followed by gamma 

emission . 

2. Transmutation 

Transmutation acttvatton reaction takes place when a 

neutron ts absorbed by the nucleus resulting ln the release of 

27 27 a charged particle, usually a proton, e.g., Al(n,p) Mg. The 
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product nucleus is generally unstable and decays through 

a emission back to the targe t nucleus, e . g. , 

) 27Al . Other transmutation reactions may involve 

the r elease of a , 2n, d part icles . Most of these reactions 

have a threshold energy, and therefore, occur at relat i vely 

high neutron energies (i . e . , f as t or i ntermediate neutrons ) . 

3 . Fission 

In this process of grea test interest, a thermal neutron is 

absorbed by one of several heavy nuclides (Z ) 90) . The 

compound nucleus splits into two large fragments and 

simultaneously releases 2 t o 3 neutrons . Since neutrons are 

required for the reac t ion, and are produced by the reac tion , 

the process can lead t o a chain reaction which produces a 

sour ce of neutrons in a nuc l ear reactor . 

4 . Inelastic scattering 

The neutron is no t absorbed by the target nucleus and may 

transf er par t of i ts kinetic energy t o the target nucleus . 

Effective Cross-Sections 

The var ious t ypes of neutron interactions with a nucleus occur with 

different probabi l ities which are measured by the relevant cr oss-

sections . The neutron f lux, ~' t s the numbe r of neutrons passing through 

an area of 1 cm2 during a time of 1 sec , 

2 n . v neutrons /cm • sec 

where : 3 n ts the number of neutrons (per cm ) and 
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-1 v ls their velocity ln cm sec 

The numbe r of neutr on interactions, Xl, of a given t ype occurring 

per unit t ime ls directly proportional t o the number of target nuclei , N, 

in a sample, and to the neutron flux, and l s defined as follows: 

(1) 

where al is the cross- section of the given lnteractlon. Cr os s - sections 
- 24 2 are usually measured lo barns (1 barn = 10 cm ) . If the targe t nucleus 

can undergo different nuclear reactions , cross-sections exist for each 

t ype of interaction: lnelastlc scattering, neu tron capture, flsslon, 

e t c . The total cross- section, crT, ls a measure of t he probabili t y that 

an interaction of any t ype, wlll occur . Thus, crT ls equal t o the sum of 

the cr oss- sections of all t ypes of l nterac tlons. The number of reactions 

of all types fo r a given t a r ge t nuc leus ls 

x (2) 

In practice, however, the targe t nuclei are usually bombarded by 

neutrons of a limi ted energy range where a particular t ype of lnteractlon 

prevails and other reaction t ypes have ver y small cross- sections . As a 

t ypical e xample , the dependence of the total c ross-section on the energy 

of the actlvatlng neutron ls shown l n Flg. 5 (66 ]. For the case of 27Al , 

at low energies, the total cross section decreases linearly wl th 

increasing energy on a log-log plot. The dependence ln this energy 

region follows a "l /v law" which l ndlc ates that as the energy, and hence , 

the velocity of t he neutron increases, the tlme that the neutron spends 

in the region of the nucleus decreases, and therefore , the probability 
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that a reac tion wi.11 occur also dlmlnlshes. At energies ln the region of 

a 0 . 1-1 MeV , resonance peaks appear i n the plot . These peaks occur when 

the sum of the kinetic and binding ene rgies of the neutron ln the center 

of mass system ls equal to the energy of an excited state of the compound 

nucleus . The value of aT inc reases dramatically at these energies . 

Elastic scattering (n,n) and neutron capture ( n, y) dominate ln reac t ions 

wi.th thermal neutrons . Inelastic scattering ( n,n' ) occurs at higher 

neutron energies and since transmutation reactions have a threshold 

energy they also only occur at higher neutron energies . 

Theory of Activation Analysts 

Dur i ng l rradlatlon of a material ln a nuclear reacto r, some of the 

atoms of the sample lnteract wlth the bombarding nuc lear partlcles and 

are transformed lnto differ ent isot opes , many of whlch are radioactive 

and decay emltt l ng characterlstlc radlatlons . The amount of radiation 

emi tted from ac tlvated samples will be proportional t o the amount of the 

lsotope present ln the or lglnal sample . 

Production of Radioisotopes 

The number of neutron lnteractlons , Xl , of a given t ype occurring i n 

uni t tlme depends upon the pr oduc t of the cross- sec t lon fo r the 

lnter ac t ion, al , the neutron flux, ~. a nd the number of targe t nuc l ei , N, 

as indicat ed ln Equa tlon (1) . Assumlng that the activating neutrons are 

monoenergetic and that a single radlonuc l ide ls produced, the lncrease ln 

the number of r adioactlve nuclel, N* , with time from the beglnnlng of 

ac t iva t ion ls desc rlbed by : 
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where a : ls the activation cross section. act 
0act~N: ls the production rate of the radioac tive nuclei, 

and 

AN*: ls the rate of decay of those same nuclei . 

Thus 

N* 
( a ~N) 

act (1 - e ->-.t) 
>-. 

The activity, At, is given by 

A = AN* = a .1N(l - e->-.t) t a c t'I' 

The saturated activity corresponds tot ~-) oo, thus (1- eXt) 

a .1N = A act'+' sat 

Thus 

(3) 

(4) 

(5) 

1 , 

(6) 

(7) 

The relationship between induced radioactivity and time is shown lo 

Fig . 6 (3] . Irradiations times are us ually limited for practical reasons 

and rarely need to be much longer than one half- life, since eight times 

the exposure only doubles the activ i ty . For irradiation times less than 

one- half life, the amount of induced activity is nearly proportional to 

the irradiation time . Fig . 6 shows generalized growth and decay curves of 

radioactivity. 

The number of radioactive nuclei remaining after a cooling or delay 
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perlod, td, measured from the end of an lrradiatlon tlme, whlch lasted 

tl, can be obtained from Equation (4); 

* N II 

The number of radloactlve nuclei decaying during the counting 

interval, t , c ls glven by: 

(8) 

(9) 

If the relative lntenslty of emitted gamma-rays of a glven energy ls I , 

and if the efficiency of the detector lncludlng the solld angle 

correction for this gamma-ray, ls E then the measured count ls 

(10) 

In comparison type NAA experiments where samples and standards are 

irradiated together ln the same flux, and where the same energy y-ray is 

counted for the same period of time, Equation (10) can be simpllfled to 

* N (u) 

* N (k) 

N(u) =--. N(k) 

where u and k refer to unknown samples and standards, respectively. 

N(u): proportional to the amount of the element ln the sample. 
-A(t ) The terms e d wlth subscripts u and k must be retained in 

(11) 

Equation (11) slnce samples are counted sequentially; i . e., different 

samples have different td and the activity must be normalized . 

Equation (11) can be rewritten ln terms of the unknown concentration 
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of the element in the sample, and the known concentration of the same 

element in the standard, as: 

ppm(u) 
* ppm(k) w* (k) • 

W (u) 

* N (u) • * N (k) 

where W*(k) and W*(u) are the weights of standards and unknown samples, 

respectively, and ppm stands for parts per million. 

In addition to r eactions which lead to the direct formation of 

stable nuclei from the product of activation, there are other reactions 

during which radioactive intermediares are produced . In a general form, 

such reactions can be expressed as: 

activation 
A---- --> 

target 

decay 
B ---- ----> 

parent 

decay 
c-----> 

daughter 
D 

stable 

An example of such decay scheme is a radioactive series involving 

Th and U in reaction 

232Th(n,•()233Th s > 233Pa 13 > 2330 
T = 22 . 2 min T1 27 . 0 days 1: 2 '2 

238U(n ,y)239u 13 -
> 239Np 13 > 239Pu 

T~ 23.5 min Tl:: 
2 

2. 35 days 

The decay of the daughter radioisotope is used to determine the 

amount of parent present in the sample . 233u and 239Pu are considered t o be 

stable products since their half-11.ves are l . 592xl05 and 2.4llxl04 years, 

respectively (51]. The associated decay schemes for Th and U are shown 

in Figs . 7 and 8, respectively (83] . 
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Decay Times 

Many radionuclides are formed during the irradiation of geological 

samples . The activities of these radioisotopes depend upon the 

irradiation time (Eq . 5) and cooling time from the end of activation. 

In practice, these two times are chosen to maximize the activity of 

the radioisotopes of interest, and minimize the activity of other radio-

isotopes, especially those which have peaks with energies close to that 

of the peak of interest. Such isotopes may interfere with the activity 

determination. If the isotope of interest has a half - life shorter than 

the interfering radioisotopes, a short irradiation time is used . If the 

desired element has a longer half-life than the interferents, a longer 

cooling time could be chosen. As an example of minimizing the inter-

ference from longer lived isotopes, consider what happens when copper and 

silicon are neutron irradiated together . 63 64 The Cu(n, y) Cu reactions has 

762 . 6 min [51,81] . 31 30 31 Si is also formed by the Si(n,y) Si 

reactions and has a T112 = 157.2 min [51,81] . If the copper activity is 

measured after 628.8 min cooling , which corresponds to four half - lives of 

31st, the radiosilicon activify would have decayed to one-sixteenth of 

its original value, while the activity of copper will have decayed to 

roughly half of its initial value . Thus the copper peak would be easier 

to find and analyze. 

Radioactivity Detection 

Gamma- rays detection 

Following neutron activation, the radionuclides produced decay by 

emitting a beta followed usually by one or more gammas . These gamma rays 
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energies are used as analytic al properties to identify the radioisotopes, 

and the amount of induced radioactivity is used to determine the amount 

of the desired radioisotopes present . A sample's radioac tivity can be 

measured only when the radiation given off by the decaying nuclei 

in teracts with some material. When gamma rays interact with matter they 

lose most or all of their energy ln one event. Gamma rays interact with 

matter in three ways: the photoelectric effect, pair production, and the 

compton effect. 

1 . Photoelectric effect: This process implies the total absorption 

of a photon by an atom, through ionization . The photon vanishes during 

the interaction and transfers all its energy t o an electron which is 

ejected from one of the electronic shells . 

The photoelectron energy ls c lose to the gamma-ray energy because 

the binding energy of an electron to the nucleus is comparatively small . 

The emitted electron is from the K shell usually, but in a number of 

cases an L shell electron can be involved . The hole left by the ejected 

electron is filled by another electron dropping from a higher level, 

a transition which ls accompanied by the emission of characteristic x-

rays . 

2. Compton effect: If the incident photon collides with an 

essentially free electron, part of its energy can be transferred to the 

electron. A new gamma-ray with lower energy emerges while the electron 

receives the rest of the energy . The scattered photons have a continuous 

energy spectrum since the i r energy depends on the 

which takes all values between 0 and 180° and E ' g 

is the energy of the scattered ray . 

scattering angle, 9, 
2 

: m c h E ' 
1 aw ere -cos g 
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0 When t he scat tering angle equals 180 , the term 'backscatter' is 

applied. The Comp t on effect is important for gamma- rays with energies 

between .5- 5 MeV . 

3. Pair Production: High energy gamma rays can be absorbed by 

interact ion with the electrostat ic field of a nucleus to pr oduce a 

- + negatron (e ) and a positron (e ) pair . Pair production occurs fo r 

2 gamma- rays with ener gy greater than 1 . 02 MeV = 2m c where m is 
0 0 

electron mass . If gamma- ray energy ts mor e than 1. 02 MeV , t he extra 

energy is converted into kinetic energy of the pair. Pair pr oduction is 

the predominant mode of interact ion wi t h matter when the gamma-ray energy 

is above 5 MeV. When the positron loses its kinetic energy, it interacts 

with a negative electron i n the absorber and both par ticles are 

annihilated forming two photons each with an energy of . 51 MeV. 

Typica l Gamma Spec trum 

The decay of 24Na to the 24Mg yields two gamma-rays as it passes t o the 

ground state: 

24Na 
1 1 

(parent> 

1.39 MeV 

24Mg * (daughter> 
1 2 

yC2.76 MeV) 

yCl.37 MeV> 

24Mg (stable Isotope> 
1 2 
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If the resulting gamma-rays enter the detector, a spectrum similar 

to that shown in Fig. 9 (66] is produced . When gamma- rays emitted by the 

24Mg daughter are absorbed in a single event (photoelectric effect), then 

two photopeaks of energies 1. 37 and 2.76 MeV are obser ved . Gamma rays 

scattered by the Compton effect produce a continuous Compt on spectrum 

found on the low energy side of each photopeak. At certain energies, 

where the probability of absorption of the scattered photons is at maxi-

mum, a Compton peak shows on the continuous spectrum. The Compton edge 

is the high energy end of the Compton spectrum immediately below to the 

photopeak. If the gamma rays energy is more than 1. 02 MeV, as in Fig. 9, 

then pair production can occur . When the positron is subsequently 

annihilated, two phot ons of . 51 MeV are produced . One or bo t h of these 

photons may escape from the absorber thus two additional peaks are 

observed at energies 0 . 51 and 1. 022 MeV below the photopeak energy . 

Thus for a 2.76 MeV photon, the pair peaks are formed at E - . 51 MeV g 

and E -2( . 51) MeV, i . e . , at 2. 25 MeV and 1. 74 MeV . In some cases, when g 

the gamma ray energy is sufficiently large so that pair production occurs 

with high probability, it is possible to observe an annihilation 

radiation peak at . 51 MeV due to photons produced by positron 

annihilation in the medium surrounding the detector . 

Interfer ences 

Two main type s of interferences in NAA are 1) interfering nuclear 

reactions, which occur during activation and 2) spectral interference 

which appear during the detection of the photons . 
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Interfering nuclear reactions 

Interfering nuclear reactions are defined as reactions that change 

the relationship between the element to be determined and a particular 

radionuclide. There are three main types of interfering nuclear 

reactions which are listed below and illustrated by examples following 

the listing. 

1. Primary reactions, the most important of all, involve the 

production of the desired radionuclide from elements in the sample other 

than the element of interest . 

2. Secondary reactions are usually of low probability and involve 

secondary particles, released from a nucleus by the action of neutrons, 

activating another nucleus to yield the desired radionuclide . 

3. Second-order reactions are divided into two subclasses: 1) 

reactions that increase the amount of the desired radionuclide by 

producing a short-lived product of neighboring element that decays to the 

element of interest; and 2) reactions that decrease the amount of the 

desired radionuclide as a result of capture by the product nucleus . 

Arsenic analysis by NAA displays several types of interference . 

Thermal neutron irradiation of arsenic leads to the useful reaction 

product: 75 76 As(n, y) As. Arsenic 76 is also produced by the primary 

interfering reactions: 76 76 Se(n,p) As and 79 76 Br(n, a ) As . Secondary 
76 interference produces As from Selenium: 77 76 Se( y ,p) As. An example of 

. 74 75 75 76 . second order interference LS Ge(n, y) Ge~~> As (n, y) As whLch 

increases the amount of product. The (n,p), (n,a) and ( y ,p) reactions 

have small cross-sections so their interference is usually not 

significant in comparison with (n, y ) reactions . 
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Spectral interferences 

The area under a photopeak in a gamma spec trum ls usually measu r ed 

i n order t o determine the activity of a r adionuclide. This can be 

accomplished easily lf one of the photopeaks associated with a particular 

isotope is well defined and free from i nte rference from nearby peaks. 

There are several methods which can remove the interference with the 

phot opeaks of i nterest and any one could be selected: (1) spec trum 

stripping ; (2) peak fitting; (3) cooling time select ion and (4) analysis 

of decay curves. 

Most of these methods are facilitated by the use of computer . 

l. In spectrum stri pping , l . e ., s ubtracting a pure refe r ence 

spectrum, multiplied by an appropriate constant from the measured sum of 

spec tra , thus the int erfering radionuclide spectrum ls stripped f r om the 

sample spectrum. Another procedure is to calculate an lnterferent 

contribution to the area associated with a certain photopeak of the 

sample element, using tabulated values of the relative intensities of two 

differ ent photopeaks of the lnterferent, and the detection efficiency 

f actors at both gamma-ene r gies . One of the photopeaks will be measured 

and the second (which i nt e rf eres) , inferred from the experimental 

results . 

2. Peak fl ttlng : Many mathematical models can be used t o simulate 

the shape of a peak without interference, which permits the resolution of 

two or more overlappi ng peaks. 

3. Cooling t ime selection: Cooling time is chosen to allow short 

half-life i nterferents t o decay. The total ac t ivity , At , of both the 

elemen t of inter es t, Ae , and the lnterferent , Ai , can be measured after a 
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cooling t ime, T1 , 

Thus, 

and again after another long cooling period, T2 , such t hat the activity 

of the element has decayed to "zero" and only the interferent remains 

with activity A i(T
2
). The activity of the standard sample of the inter-

fering radionuclide, Ai(s) is also measured after the same two cooling 

times enabling Ai(T1 ) to be calculate from the ratio: 

The activity Ai(T~ of the interferent is then subtracted 

from the total activity to yield the activity of the element of in t erest . 

4. Analysis of decay curves: after irradiation, the total 

activities of elements of interest and the interfering radionuclides are 

measured at different times and the logarithm of the total activity is 

plotted against time. If the half- lives of the radionuclides are 

sufficiently different, the decay curve, after some time, becomes a 

straight line on the semi-log plot, and the associated half-life corre-

sponds to the longer half-life. If this line is extrapolated to t = O, 

the intercept would be this radionuclide's initial activity . If only two 

radionuclides were present, then subtraction of the extrapolated values 

of the activity of the longest half-life nucle i from the experimental 

curve will give another straight line, and its intercept on the t = 0 

axis would be the initial activity of the shorter half - life isotope. 
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EXPERIMENTAL DETAILS 

Samples Identification 

Fifty-one samples were provided by the DGMR at Jeddah in the KSA, 

which has an exploration program with the USGS. The samples were 

obtained as a result of an exploration program carr ied out under contract 

by the United Sta tes Geological Survey, USGS . These samples were 

collected from boreholes at four different locations, namely Jabal 

Tawlah, Jabal Hamra, Umm Al- Birak, and Jabal Sayid, in the Kingdom. These 

samples were later g r ound to a very fine powder. Sixteen samples were 

selected randomly, four from each area for the NAA. The samples were 

originally provided wlth six digit identification numbers. For 

convenience, they were renumbered serially . Table 2 depicts the identi-

fication scheme and the origin of each sample . 

Preliminary Investigation 

To select optimum time for neutron irradiation , decay and counting 

an estimate of the quantitative elemental composition of the samples was 

required . To carry out an estimate, some of the samples were analyzed by 

XRF and XRD techniques. The former (XRF) provided information about the 

major constituents of the samples while the later (XRD) provided clues to 

the identification of the minerals included in the ores . 

For precise detection of U, Th, and what other elements might be 

encountered , standard GS, XRF, and XRD techniques were employed in the 

preliminary inves t igat ion . 

The objective of each technique was as follows: 

• GS was carried out to increase the concentration of the heavy 
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Table 2. Samples identification scheme 

Sample I. D. Identlficat ion Location in 
Number by DGMR/ USGS Saudi Arabia 

3. W- 1 3 11089 Jabal Tawlah 

4. W- 3 311094 Jabal Tawlah 

s. W-9 311103 Jab al Tawlah 

6. W-14 31 1101 J abal Tawlah 

7. W-16 311692 Jabal Hamra 

8 . W- 18 31 1694 Jabal Hamra 

11 . W-20 3 11696 Jab al Hamr a 

12. W- 23 311700 Jabal Hamr a 

13 . W-24 348009 Umm Al- Birak 

16 . W-26 348222 Umm Al-B i r ak 

17 . W- 30 348333 Umm Al-Birak 

18 . W-33 348337 Umm Al-Bi r ak 

19 . W-39 336680 Jabal Sayi.d 

20 . W-42 336684 Jabal Sayid 

21. W-45 336687 Jabal Say id 

22 . W-48 336690 Jabal Sayid 
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frac tion material, and was intended to inc r ease the U and Th content in 

the sample. This was done at the Department of Environmental Health and 

Safety ventilated hoods in the Nuclear Engineering Labor a t ory at ISU, 

Ames , Iowa . 

The sample was divided into 2 part s , one for the separation and the 

othe r for NAA . Bromoform (a liquid with density 2 . 78) was pour ed into a 

separatory funnel and one portion of the sample was mixed with it and 

left f or about 15-20 minutes . The heavy fraction settled to the bottom 

of the funnel and the ligh t f r action floated on the surface of the 

Bromoform. Each f rac t ion was collect ed separately on a fil t er paper and 

allowed to dry under a heat lamp . Four samples , one from each location, 

were treated in this way . The effecti veness of the GS was explored using 

NAA. 

• XRF was done fo r one of the samples using chr omium (Cr) , radiation 

and again with tungsten (W) , radiation . This was performed in the ERI 

Ser vi ce Group Laboratories in the Town Engineering building at Iowa Sta te 

Unive r sity. 

• XRD was conducted in the Earth Sciences (Geology) Department 

labor a t ory and by the chemistry branch of the Chemist r y Department . This 

anal ysis was done on the four GS sample s . 

Sample Preparation Encapsulation and Irradiation for NAA 

Samples were weighed and poured into high purity quartz vials type 

T-2 1 which were then sealed under vacuum using a torch . The sample 

weights were between 25-60 mg. 

To avoid contaminat ion , gloves were used to handle vial s , a scriber 
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was used to number the vlals for ldentlflcatlon, and a motor vibrator to 

concentrate sample materlal at the bottom. The samples and the standard 

were wrapped wlth aluminum foll to form bundles whlch flt lnslde the 

aluminum lrradlatlon cans. Samples were lr rad lated at the MURR Faclllty 

13 2 -1 fo r 24 hours wlth a flux of 5 x 10 neutrons (cm sec) • 

Standards 

The standard reference materlal used was obtalned from the NBS and 

ls ldentlfled as SRM-1633a, Fly Ash . Three replicates were used . They 

were bundled in aluminum foll wlth the samples so that the same 

lrradlatlon condltlons were experienced by all components, thus 

mlnlmlzlng corrections for flux lnhomogeneltles . 

Gamma-ray detection 

All instruments and equlpment used were provided by the MURR 

Facility . 

Followlng a decay of 8640 min ( ~ slx days) after lrradlation, the 

flrst actlvlty measurements for all samples were taken uslng 3000 sec 

counting periods. A second set of actlvlty measurements were taken 

following a decay 36864 min ( ~ 25 . 6 days) after lrradlatlon . In this 

case, the samples were counted for 7200 sec per sample . 

All samples were counted using an automatic sample changer-detector 

system avallable at the MURR Facility . 

The equipment used for the NAA experiment included: 

1. A Princeton Gamma Tech Ge(Ll) detector, serlal number 2419, 

wlth an efflclency of 17% relative to a "3x3" Na-I detector. 

The detector resolution ls about 1.8 keV for the 1332-keV co60 
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ray . The detector operates at 2 kV volts . (Preampllfler was 

att rac ted to and was a part of the detector assembly) . 

2 . A Nuclea r Chlcago sample changer (automatic) modlfted by MURR 

for use with Ge detectors. About 811 of lead shleldtng, 

prevents photons from samples wait ing to be counted from 

reaching the detector 

3 . An ORTEC 459 High Voltage Supply. 

4. An ORTEC 572 Ampltfler . 

5 . A Nuclear Data ND570 ADC having 8192 channels (calibrated to 

have a gain of about 0. 38 keV per channel) . 

The output of the ADC went lnto the memory of a Nuclear Data 6620 

analyzer system which controlled all counting, sample changing and 

sto rage of data on both a disk, using a Winchester drive, and on a 

magnetic tape . 

The ND6620 analyzer was used to perform the anal ysis afte r all 

standards and samples have been counted . Samples deadttmes were kep t 

below 20% to mtnlmize errors by pulse-pileup. A pu lse-pi leup correction 

was made at the time of analysis . 

The experimental setup ts shown in Fig . 10 . The actual procedure ts 

illustrated in Figs . 11-18 . 



Princeton gamma Tech Or tec 572 ND 570 ND6620 
s ample 

• Ge ( Li ) Pre- Amp MCA Computer Detector Amp 

Signal to Control 
Sample Changer 

Fig . 10 . Exper i menta l setup 
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fig. 11. Sample preparation I : Quart7. vial (1), aluminum 
can (2), analytical balance (3) 

Fig . 12. Sample p repara tion 11: numbering vial (l) for 
identifica t ion with scribe ( 2) and v ibrator (3) 
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Fig . 1 3. 3ample pre para tion II I : fi ll i ng vial ( 1) with 
samp le mat e rial (2) 

Fig. 14. Sample preparation I V: sample compaction in vial 
(2) using motor vibrator (l) 



47 

Fig. 15. Sample prepara tion V: sample weighing using 
analy t ical balance (1) 

Fig . 16. Sample pre par at ion VI : vial ( 1) being sealed 
using torch (2 ) and va cuum system ( 3) 
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F. 17 MURR re· i_rrad_fation locations (1) and (2) i g. • co • 

Fig. 18. Automatic counting system: sample changer (1) 
and Ge(Li) detector (2) 
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RESULTS 

Gravimetrtc Separatton 

Four samples were selected for enhancement by gravlmetr lc means . 

Each sample was dlvlded lnto two roughly equal portlons and one portlon 

from each sample was separated into a heavy and a llgh t fractlon . Thus 

for each sample there was a heavy fractlon, a light fraction and an 

unseparated portlon . NAA of the sets of three revealed an enhancement 

ratlo of two or more for heavy elements in the heavy fraction, a slmilar 

enhancement ratio for light element in the light fractlon and little lf 

any change fo r intermediate weight cases . Tables 3a and 3b show the 

gravlmetrlc enhancement fo r all the elements detected, and for 

measurements made after both decay periods of about 6 and 25 . 6 days . 

X-Ray Fluorescence 

An optimized NAA ls posslble only if prior inves tlgat ions have 

identified the elements present and their approxlmate concentratlons . 

With thls i nformation, suitable irradiation and decay time combinations 

can be chosen t o permit the best possible assay for the elements 

i nvolved. The lnltial search for information can be done by repeated NAA 

or by uslng other analytical technlques. 

Two XRF analyses were conducted using chromlum and tungsten 

radlatlon. The "chromium" analysts revealed Si, Al, K, Fe, Ca , and Tl to 

be major constltuent elements, Cu, Zn, Nl, Ba, Zr, Sn, Rb, Y, and Nb as 

minor elements, and Mg and Na as trace elements . The "tungsten" analysts 

confi r med the elements llsted above, and ln addltlon revealed Thorlum. 

Uranium was not found. 



Table 3a . Concentratlons (ppm) obtained ln the gravlmetrlc enhancement s tudy ( t d -
lrradlation) 

Sample I. D. Na- 24 
Number 1368 . 6 

l . 

2. 

3. 

9 . 

10. 

11. 

14 . 

15. 

16. 

Kev 

H-la 18582 + 42 1 

L-lb 21053 + 479 

W-l c 21098 + 480 

H- 20 1501 + 64 

L- 20 1567 + 59 

W-20 1311 + 51 

H- 26 16113 + 374 

L- 26 14503 + 336 

W-26 16229 + 374 

aH: Heavy f r action. 

bL: Light fraction . 

cw: Unseparated frac tlon. 

As-76 Br-82 Mo- 99 
559. 10 619 . 10 140. 4 

Kev Kev Kev 

16.14 + 1.27 22.99 + 7. 36 106.5 

18. 30 + 1.61 6 . 374+ 2. 275 54 . 33 

< 3 . 998d < 3 . 365d 61.24 

764.9 + 12. 7 282 . 9 + 89.8 60 . 95 

64 . 86 + 3. 09 81.25 + 26.8 17.68 

48 . 45 + 2.67 < 5 . 03ld 22 . 96 

11.70 + 2. 58 48 . 99 + 15.66 377 . 41 

< 5 . 850d 52 . 32 + 16 . 66 139.61 

< 5 . 89ld < 3.109d 152.92 

6 days after 

Sb-122 
564 . 1 
Kev 

4 . 94 1 + 0 . 297 

2 .787 + 0 . 295 

2. 401 + 2 . 58 

27 . 37 + 1.07 

8 .784 + 0 . 537 

8 . 024 + 0.451 

< 1. 027d 

< . 8146d 

< .7698d 

d< Peak not seen, • •. detec tlon limit was calculated so sample has less than thls amount . 

V1 
0 



Table 3a . (Continued) 

Sample I . D. La-140 Sm-153 Yb-175 W-187 U(Np-239) 
Number 487 69 . 7 396 . 3 479 . 6 228 . 2 

Kev KeV Kev Kev Kev 

1. H-1 150 . 3 + 1. 3 120 .1 + 2. 7 1067 + 43 < 4. 767 212. 7 + 15 . 8 

2. L-1 60 . 37 + o . ~5 58 . 95 + 1. 54 502 . 3 + 20 . 2 < 4 . 991 95 . 06 + 7. 24 

3 . W-1 71. 89 + 0. 90 71 . 01 + 1. 75 553 . 9 + 22 . 3 < 4 . 832 112. 2 + 8. 5 -

9 . H-20 1350 + 10 315 . 0 + 7. 0 267 . 2 + 10 . 8 21. 41 + 5. 54 109 . 7 + 8 . 6 -
10 . L- 20 1079 + 8 232 . 6 + 5 . 2 115 . 9 + 4 . 8 < 8 . 072 63 .91 + 5. 26 - -
11. W- 20 1090 + 8 226 + 5 11 5. 1 + 4 . 7 < 5. 474 59 . 72 + 4 . 84 V1 

t-' - -

14. H- 26 790 . 2 + 5 . 8 205 . 7 + 4 . 6 438 . 9 + 17 . 7 <ll . 57 109.7 + 8 . 6 - -
15 . L-26 263 . 8 + 2. 1 67 . 80 + 1.63 23 . 46 + 1. 13 5. 592 + 1.925 52 . 71 + 4 . 16 -
16 . W-26 316 . 1 + 2. 5 81. 27 + 1. 94 29 .10 + 1. 34 < 5.898 53 . 75 + 4 . 25 -



Table 3b . Concentrations (ppm) gravimetric enhancement study (td - 25 . 6 days after 
irradiation) 

Sample I. D. Sc-46 Cr- 51 Fe- 59 Co-60 Nt(Co-58) 
Number 889 . 3 320 .1 1099 . 2 1332.5 810 . 8 

Kev KeV KeV Kev KeV 

l.Ha-1 1. 559 + . 049 296 . 2 + 8 . 4 26063 + 434 3. 223 + . 254 < 198.5b 

2.Lc-1 . 8731 + . 037 218 . 3 + 6 . 8 15234 + 319 2. 064 + .167 < 121 . 6b 

3.Wd-1 1.001 + .039 218 .8 + 6 . 8 15905 + 323 1. 857 + . 158 < 166.l b 

9 . H-20 .1209 + . 0359 1054 . 0 + 21 . 0 290732 + 3431 9. 157 + . 319 211.1 + 97 . 6 

10 .L-20 . 1021 + . 0257 241. 5 + 6.5 71493 + 932 1. 254 + • 142 127. + 61.0 -
ll.W- 20 .1 535 + . 0215 247.3 + 6 . 2 71377 + 901 1.453 + .133 < 110 .1 b 

14.H-26 . 9619 + . 043 101. 6 + 8.5 89102 + 1131 2. 844 + . 233 < 201 . 6 b 

15.L-26 . 2052 + . 0196 117.0 + 3 . 8 19639 + 335 1.378 + .107 < 108.6b 

16 .W-26 . 2612 + .0241 117.4 + 3. 9 22015 + 361 1. 398 + .109 < 115 . 7b 

aH: Heavy fraction. 

b< Peak not seen, ••• a detection limit was calcul a t ed , so sample has less than thls 
amount . 

CL: Llght f ractlon. 

dW: Unseparated fractlon . 

\Jl 
N 



Table 3b. (Continued) 

Sample I. D. Zn-65 Rb- 86 Sn-85 Sb-124 Cs-134 
Number 1115.S 1076.6 514 . 00 1691.00 604.7 

Kev Kev Kev Kev Kev 

l.H-1 2764 + 92 49 .94 + 13 . 32 < 646 . 0 4 . 429 + . 361 < 1.235 

2.L-1 3282 + 109 55 . 81 + 11.77 < 517 . 6 3 . 060 + . 230 < 1. 025 

3.W-1 3493 + 116 83 .1 5 + 12.28 < 521. 2 3 . 317 + . 248 < 1. 030 

9. H-20 1735 + 59 169.5 + 22 . 3 < 734.4 27 .44 + 1.12 < 1. 659 -
10.L-20 966 + 33 . 6 313.2 + 21. 0 < 467 . 7 9. 540 + . 482 1.934 + . 258 -

V1 

ll. W- 20 982 + 33 .7 349 . 2 + 21.6 < 412 . 8 8 . 933 + . 436 1. 63 + . 226 VJ 

14.H-26 3958 + 131 85 . 93 + 14. 61 < 887 .5 < . 7546 < 1.481 

15. L- 26 377 .1 + 14. 1 250 . 2 + 16.l < 318 . 5 1.012+ .177 < . 6279 

16. W-26 451.5 + 16.5 250 .5 + 16.6 < 342 . 6 < . 4371 < .5260 



Table 3b . (Continued) 

Sample I. D. Ba-1 31 Ce-14 1 Nd-147 Eu- 152 Tb- 160 
Number 216 145 . 4 91.1 1408 879 . 4 

KeV Kev Kev Kev Kev 

1. H- 1 12022 + 6Sl 628 . 9 + 7. S 227 . 7 + 18.2 4 . 862 + 0. 144 88 . 9S + S. 18 

2. L-1 6268 + 372 263 . 2 + 4 . 4 126 . 1 + lS . 2 2. 36S + 0 . 089 45 .10 + 2 . 64 

3. W- 1 7304 + 419 304 . 8 + 4. 5 17S . 3 + 15 . 4 2.649 + 0 . 098 50 . 7S + 2.97 

9. H- 20 11S3S + 630 3697 + 34 1471 + 80 40 . 91 + 0 . 72 77 . 82 + 4. SS 

10.L-20 SS04 + 319 2747 + 25 1193 + 6S 24 . 72 + 0 . 46 38 . 85 + 2. 28 
V1 

11. W-20 S729 + 320 2766 + 25 1206 + 6S 24 . 93 + 0 . 45 38 . 47 + 2. 2S .&:--

14.H-26 10046 + 609 1991 + 19 98S . 4 + S8 . 4 19 . 3S + 0. 37 68 . 63 + 4. 01 

lS . L- 26 1761 + 135 699.3 + 7 270 . 8 + 16 . 9 4 . 2S9 + 0 .11 4 12 . 48 + 0 . 76 

16 . W- 26 1875 + 142 811 . 9 + 7. 8 324 . S + 19.8 4. 9S6 + 0 . 124 13 . 3S + 0 . 81 



Tabl e 3b . (Continued) 

Sample I. D. Yb-169 Hf-1 81 Ta- 182 Th(Pa- 233) Lu-1 77 
Number 197 . 9 482 . 2 122 1.4 312 208 . 4 

Kev KeV Kev Kev Kev 

1. H-1 999.8 + 31.1 1508 + 45 458.2 + 18.7 1179 + 13 136.7 + 8 . 2 

2. L-1 470 . 3 + 14 . 1 887 . 2 + 26 . 3 192 . 4 + 7. 9 580 . 6 + 6 . 2 65 . 6 + 3 . 95 - -
3. W-1 528 . 9 + 16 . 5 971 .3 + 28 . 8 221 . 8 + 9 . 1 685 . 6 + 7. 3 73 . 09 + 4. 4 -
9. H-20 293 . 9 + 9 . 2 689 . 2 + 20 . 5 211. 9 + 8. 7 248 . 1 + 2.7 35 . 02 + 2.1 2 - -

10 .L-20 128 . 8 + 4 .1 329 . 1 + 9. 8 79.49 + 3 . 29 131 . 7 + l . 5 15. 72 + o. 96 - -
lJ1 

11 . W- 20 126 . 0 + 4 . 0 325 . 7 + 9 . 7 78 . 07 + 3. 22 130 . 6 + 1. 5 15 . 38 + 0 . 94 lJ1 
- -

14.H-26 451 . 3 + 14 .1 184 +154 157 . 6 + 6 . 5 89 . 99 + 1. 29 76 . 80 + 4. 64 -
15 . L- 26 42 . 06 + 1. 37 2ll. 5 + 6. 3 96 . 76 + 3.98 19 . 72 + 0 . 35 3. 584 + 0 . 240 

16 . W-26 48 . 44 + 1. 57 263 . 0 + 7.8 108.2 + 4 . 5 22 . 35 + 0 . 36 4. 648 + 0 . 313 
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Although the preliminary analysis was considered adequate for the 

intended purpose , more informat ion could have been obtained if a more 

complete set of XRF standards had been available . The decision to use 

the MURR (rather than the UTRIO) made this preliminary analysis 

unnecessary . The results are i ncluded here for completeness. 

X-Ray Diffraction 

An XRD study was carried out on the gravimetrically separated 

samples i n the hope that heavy minerals associated with uranium might be 

found . The data bank used with the XRD system did not contain all the 

appropriate and needed standards, so the results were limited . Lines 

associa ted with two uranium compounds were found in only one sample 

(H-26). 

NAA 

Table 4 shows the experimentally determined Uran ium and Thorium 

concentrations i n ppm for all samples investigated. The techniques 

uncertainty was one standard deviation. High concentrat ions of Th were 

found in all samples except samples W-26 at Umm Al-Birak and W-48 at 

Jabal Sayid where the concentrations were small and sample W-45 at Jabal 

Sayid where the concentration was even l ower . The highest Th concentra-

tion was found in samples coming from Jabal Tawlah area , W-3, W-9, W-14, 

and W-1, and also in two W-39 and W-42 of the four samp les from the Jabal 

Sayid location . 

U was present in all four areas. At Jabal Tawlah it was detected ln 

high concentration in one sample, W-9, and was below the LDL fo r the 
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Table 4 . Uranium and Thor ium concentrations in ppm 

Sample I. D. Loca t ion in U(Np- 239) Th(Pa- 233) 
Number Saudi Arabi.a 228 . 2 Kev 312 . 00 KeV 

l Ha-1 Jab al Tawlah 212 . 7 + 15 . 8 1179 + 13 . 
Lb- 1 -2 Jab al Tawlah 95 . 06 + 7 . 24 580 . 6 + 6. 2 
wc-1 I 8 . 5d 

-3 Jabal Tawlah 112. 2 685. 6 + 7. 3 
4 W- 3 Jab al Tawlah < 5 . 847d 1043 + 11.0 - 9. 6 5 W-9 Jabal Tawlah < 5. 623d 901. 7 + 

W-14 -6 Jabal Tawlah < 6 . 527 749 . 5 + 8 . 0 -7 W-1 6 J abal Hamr a 68 . 76 + 5. 57 264 . 8 + 2. 9 
8 W- 18 Jabal Hamr a 60 . 71 + 4. 94 416 . 8 + 4 . 5 

H- 20 109 . 71 + - 2. 7 9 J abal Hamra 8 . 6 248 . l + 
10 L- 20 Jabal Hamra 63 . 91 + 5. 26 131. 7 + 1. 5 

W- 20 59 . 72 + 4. 84 130 . 6 -11 Jabal Hamra + 1. 5 
12 w-23 73 . 09 + -Jabal Hamra 5 . 80 158 . 8 + 1. 7 - -13 W-24 Umm Al- Birak 104 . 4 + 7. 9 152 . 8 + 1. 7 -14 H- 26 Umm Al-Birak 109 . 7 + 8. 6 89 . 99 + 1. 29 
15 L- 26 Umm Al- Birak 52 . 71 + 4 . 16 19 . 72 + 0 . 35 
16 W- 26 Umm Al- Birak 53 . 75 + 4. 25 22 . 35 - 0 .36 + 
17 W-30 31. 51 + 2. 71 140 . 2 -Umm Al- Birak + 1. 5 
18 W-33 Umm Al-Birak 46 . 15 + 3. 8 1 163 . 0 - 1. 8 + 
19 w-39 Jabal Sayid 427 . 5 -+ 31. 8 743 . 2 + 7. 9 
20 W- 42 Jabal Sayid 556 . 2 + 41. ~ 791 . 8 + 8. 5 
21 W- 45 Jabal Say id < 2 . 761 4 . 752 + 0 . 19 
22 W-48 Jabal Sayid 22 . 75 + -2 . 21 24 . 04 + 0 . 33 

aH : Heavy f raction. 

bL : Ligh t fraction. 

~ : Unseparated fraction . 

d<: Peak not seen, a detection l imi t was calculated, so sample has 
l ess than t his amount . 
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other three samples from thls locatton. The htghest U concentration was 

found for two o f the four J abal Sayid l ocat ion samples only , W-42 and 

W-39. High concentrat ions of U were found also in samp l es W-1 at Jabal 

Tawlah and W-24 at Umm Al-Birak . 

Tables Sa and Sb show all NAA determined e lemental concentrations (tn 

ppm), for measurements following decay time of about 6 and 2S . 6 days , 

respectively . 

Comparison of DGMR Results with the Results Obtained 

with the ISU/MURR Results 

The DGMR laboratory results (SQSA , 6 Step D-C-Arc) are found in 

Tables 6-9, NAA result s in Tables Sa and Sb. The available resul ts for U 

and Th ob t ained by different techniques are compar ed i n Table 10 . A 

compari son of the concentrations all element s determined both SQSA and 

NAA techniques is presented in Tables 11 - 14 . 

DGMR Laboratory carr ied ou t two anal yses , XRF in search of Th and 

Ta, and Fluorometr ic in search of U, i n Jabal Tawl ah samples . The 

results are shown in Table 6 . 

At omic Absorpt ion analysis was carried out by the Bondar-Clegg 

Company looking for Th and Ce, in Jaba l Sayid samples . The results are 

shown in Table 9 . They did not search for U i n Jabal Sayid samples . 

The Th concentrat ions in samples W- 3 and W-9 a t Jabal Tawlah, 

as determined by NAA, were the highest found . The NAA determi na tions 

were about 200 ppm higher than r esults obtained by SQSA , as reported by 

DGMR. The same r esult was obtained with sample W- 39 at Jabal Sayid . The 

results fo r the othe r three samples at Jabal Sayid follow. For samp le W-



Table Sa . Concentrations in ppm of e l ement s found by NAA td - 6 days afte r i rradia tion 

Sample I . D. Na- 24 As- 76 Br-82 Mo- 99 Sb- 122 
Number 1368 . 6 559 . 10 619 . 10 140 . 40 564 . 1 

KeV Kev KeV Kev Kev 

3. W-la 21098 + 480 < 3 . 998b b 61. 24 + 24 09 2. 401 + 2. 58 < 3. 365b 
4. W-3 13489 + 308 14.52 + 1. 25 < 2. 808b < 36 .909b 15 . 47 + 0 . 57 
5. W-9 13860 + 316 7 . 058 + 1. 076 < 2 . 105b < 36 . 296b 2. 520 + . 237 
6 . W-14 27808 + 631 30 . 78 + 1.78 < 3 . 678 < 41.187 1. 955 + . 284 
7. W-15 743 . 5 + 42. 0 103 .1 + 3 . 3 7. 67 1 ~ 20859 40 . 85 + 19 . 24 8 . 155 + . 507 
8 . W-1 8 779.6 + 5 1. 7 66 65 + 2. 61 < 4 . 626b 32 . 39 + 16 .99 6 . 992 + .439 

11. W-20 1311 + 51 48 . 45 + 2. 67 < 5 . 03 lb 22 . 96 + 15 . 11 8 . 024 + . 451 
12. W- 23 1212 - 35 . 71 ~ 5 . 62 55 . 19 + 20 . 52 • 533 + 54 < 4.908b 9 . 612 + 
13 W- 24 12234 + 286 < 7 . 506b < 4 . 324b 51.37 + 23 . 1 1. 027 ~ . 3~9 
16. W- 26 16229 + 374 < 5 . 891 < 3.10\ 152 . 92 + 28 . 4 < 0 . 7698b V1 
17 . W- 30 17272 + 398 44 . 01 + 2.11 < 3. 563 22 . 33 + 11 . 08 < 0 .7504 \0 

18 . W-33 23861 + 546 44 . 21 ~ t . 30 4.153 + 1. 816 73 . 37 + 18 . 20 1. 033 + . 2b9 
19. W-39 2669 + 108 < 13 . 26b 8 . 239 ~ 30609 156 . 23 + 78 . 5 2. 164 ~ - ~08 
20 . W- 42 7315 + 198 < 12. 30b < 7. 26 lb 232 . 47 ~10~ . 5 < 1.489 b 
21. W-45 22146 + 509 < 4 . 545b < 3. 120b < 19 . 55 < 0. 611lb 
22 . W- 48 15864 + 369 < 5 . 406 < 3. 386 16 . 68 + 8.66 < 0. 6677 

aw·. u f nsepar ated r ac tion . 

b< Peak not seen, • •• a detection l i mi t was cal culat ed , so samp l e has less than this amount . 



Table Sa . (Continued) 

Sample I . D. La-140 Sm-153 Yb-1 75 W-187 U(Np-239) 
Number 487 . 00 69 . 7 396 . 30 479.6 228 . 20 

Kev KeV Kev KeV Kev 

3 . W-1 71. 89 + 0 . 90 71 . 01 + 1. 75 553 . 9 + 22 . 3 < 4 . 832 11 2. 2 + 8. 5 
4. W-3 1. 877 +0.423 < 2.441 980 . 4 + 39 . 4 < 5. 281 < s .847 
s . W-9 3. 214 + 0 . 409 < 2. 432 1289 + 52 < 5. 087 < 5. 623 
6 . W-14 10.80 + 0.60 < 2. 821 1166 + 47 < 5.839 < 6.527 -7. W-1 5 1643 + 12 276 . 0 + 6.1 120 . 2 + s . o < 7. 289 68 . 76 + 5 . 57 
8. W-18 1473 - 249 . 6 - - 60 . 71 + 4 . 94 + 10 + 5 . 5 111. 7 + 4. 6 < 6. 850 

11. W-20 1090 + 8. 227 . 0 - 4.7 < 5. 474 59 . 72 + 4. 84 + 5. 0 115.1 + - - -12. W-23 1762 + 12 314 . 2 + 6 . 9 151 .1 + 6. 2 < 7.975 73 . 09 + 5. 80 - - -13 . W-24 796.0 + 5 . 8 126.9 + 2. 9 76 . 26 + 3 . 21 11.95 + 3. 49 104 . 4 + 7. 9 
16. W- 26 316. 1 + 2. 5 81. 27 + 1.94 -29 . 10 + 1. 34 < 5. 898 53 . 75 + 4 . 25 
17. W- 30 451.9 + 3. 4 102 . 0 - 2. 3 68 . 29 - 2 . 82 < 5 . 821 31. 51 + 2. 71 °' + + 0 

18 . W-33 859.1 + 6.2 180 . 3 + 4 . 0 53 . 63 + 2 . 29 11.13 + 3. 25 46 . 15 + 3. 81 
19 . W- 39 2357 - 17 1605 + 35 + 15 . 2 12-:64 427 . 5 + 31 . 8 + 377 . 2 < 
20 . W-42 1518 + 11 936 . 0 + 20 . 3 593 . 3 + 23 . 9 < 11.94 556 . 2 + 41.2 
21. W-45 5.988 + .439 3 . 812 + 0 . 488 4. 860 + .441 < 4 . 555 < 2.761 
22 . W-48 143 . 0 + 1. 4 66 . 86 - 1.62 - 1. 38 < 5.153 22 . 75 +2.21 + 31 . 30 + 



Table Sb. Concent rations i n ppm of e lements by NAA t d : 25 . 6 days afte r irradiation 

Sample I. D. 
Number 

3 . W-1 a 
4. W- 3 
5 . W-9 
6. W-14 
7. W-16 
8 . W-18 

11 . W-20 
12 . W-23 
13. W-24 
16 . W-26 
17. W- 30 
18 . W- 33 
19. W-39 
20 . W- 42 
21. W- 45 
22 . W-48 

Sc- 46 
889 . 30 

Kev 

1. 001 + 0 . 039 
0 . 5845 + 0 . 0362 
1. 238 + 0 . 038 
7.472 + 0.1 35 
0. 1601 + 0 . 0246 
0.1665 + 0. 0215 
0 .1535 + 0 . 0215 
0 . 2050 + 0 . 0232 
0 . 5314 + 0 . 0295 
0 . 26 12 + 0 . 024 1 
0 . 3521 + 0 . 0192 
0 . 6396 + 0 . 0228 
2. 120 + 0 . 06 1 
0 . 4794 + 0 . 0470 

17 . 36 + 0 . 29 
0 .1541 + 0 . 0143 

8w: Unseparated fraction . 

Cr- 51 
320 .10 
Kev 

218. 8 + 6 . 8 
111. 7+6. 8 
163 . 9 + 7.1 
27 1. 8 + 8 . 3 
203 . 8 + 5. 5 
242 . 7+6 . 0 
247. 3 + 6. 2 
269 . 9 + 6 . 5 
265 .l + 6 . 2 
117.4 + 3 . 9 
146. 3 + 3. 9 
105 . 5 + 3. 1 
283 . 7 + 8 . 5 
249 . 2 + 8 . 4 
110 . 7 + 3. 3 
214 . 9 + 4 .7 

Fe- 59 
1099 . 2 
Kev 

15905 + 323 
14659 + 325 
16506 + 312 
21955 + 394 
67096 + 855 
64747 + 819 
71377 + 90 1 
584 17 + 746 
22300 + 382 
220 15 + 361 
16753 + 281 
23231 + 343 
55 772 + 773 
42700 + 669 
30283 + 438 
24836 + 377 

Co- 60 
1332. 5 
KeV 

1.857 + 0 . 158 
1.159 + 0 .179 
1. 901 + 0 .179 

10.06 + 0 . 29 
1. 548 + 0. 141 
1. 334 + o. 149 
1.453 + 0 .133 
1. 814 + 0 .14 2 
1. 284 + 0 . 137 
1. 398 + o. 109 
1. 3 7 1 + 0 . 096 
4 . 261 + 0 . 146 
1. 854 + 0 . 287 
1. 453 + 0 . 262 
8 . 226 + 0 . 214 
1. 562 + 0.093 

Ni(Co- 58) 
810 . 8 
Kev 

b < 166.l b 
< 149.8b 
< 114.lb 
< 184. 6b 
< 107 . 7 

138.4 :. 69 . 8 
< llO. l 

125 . 8 :. 67 . 9 
< 11 2. 6b 
< 11 5. \ 
< 79 . 29 

89 . 68 + 40 . 34 
466 . 2 + 182 . 1 
307 . 7 ~ f,32 . 4 

< 93 . 86b 
< 60 . 33 

b< Peak not seen, • •• a de t ec tion limit was cal cul ated, so sample has less than this amount. 



Table Sb. (Continued) 

Sample I. D. Zn- 65 Rb- 86 Sn- 85 Sb-1 24 Cs-1 34 
Number 1115 . S 1076 . 6 514 . 00 169 1. 00 604 . 7 

Kev KeV KeV Kev KeV 

3. W-1 3493 + 116 83 . 15 + 12 . 28 < 521. 2 3. 317 + 0 . 248 < 1. 030 
4 . W-3 5936 + 196 484 . 2 + 28 . 6 < 64 1.9 17. 79 + 0 .73 36 . 98 + 0 . 88 -s. W-9 5539 + 183 288 . 8 + 19.3 < 593 . 4 2. 403 + 0 . 218 1.820 + 0 . 286 
6 . W-14 + 145 - 2. 238 + 0 . 237 9. 245 + 0 .436 4370 519. 3 + 30 . 6 < 62 1. 4 
7. W-16 651.6 +23 . 2 345 . 8 - 21. l 426 .1 8. 49 1 + 0 . 414 2.1 57 + 0. 224 + < 
8 . W-1 8 515 . 3 +18 . 6 378 . S + 23 . 0 < 393 . 8 7. 093 + 0 . 351 1.494 + 0 . 214 

11. W-20 982 . 0 +"33 . 7 349 . 2 - 21. 6 412 . 8 8. 933 + 0 .436 1.630 + 0 . 226 + < 
12 . W-23 679.8 +23 . 9 213 . 2 + 15 . 4 < 431.0 10 . 09 + 0 .46 28 . 57 + 0. 70 
13 . W- 24 312.1 +1 2. 7 213 . 8 - 396 . 9 1. 156 + 0 . 148 < o. 78T8 + 15.3 < 
16 . W-26 451.S +16 . S - 342 . 6 < 0 . 4371 < 0 . 5260 250 . S + 16 . 6 < 
17. W-30 148 . 1 + 7. 0 236 . S + 14.7 < 269 . 3 0 . 4941 + 0 .1023 < 0 . 5418 °' 

244 . 1 + 9 . 7 - N 
18 . W-33 144. 7 + 10 . 6 < 282 . 0 1.098 + 0 . 122 0 . 6588 + 0 . 1474 
19. W-39 2093 + -71 414 . 7 + 29 . 8 < 8 19. S 1. 103 + 0 . 328 5 . 525 + 0. 449 
20 . W-42 908 . 4 +33 . 4 412 . 1 + 29 . 6 < 685 . 9 1. 081 + 0. 261 3. 315 + 0 . 480 
21. W-4 5 114 . S + 5. 7 75 . 77 + 7. 62 < 29 1. 7 0 . 6549 + 0 . 0906 13 . 20 + o. 38 
22 . W-48 637.1 +22. 2 -319 . 2 + 18. S < 222 . S 0 . 3804 + 0 . 08 12 1.705 + o. 144 



Tabl e Sb. (Continued ) 

Sample I. D. Ba-1 31 Ce-141 Nd-1 47 Eu-1 52 Tb-1 60 
Number 21 6 . 00 145 .40 ':J l. 90 1408 . 00 879.40 

Kev Kev KeV Kev Kev 

3. W-1 7304 + 419 304. 81 + 4. 5 175 . 3 + 15. 4 2. 649 + 0 . 098 50 .75 + 2. 97 
4. W-3 71 72 - 441 98.91 + s8. 42 0 .7919 + 0 . 064 50 . 87 + 2. 98 + 4 .91 < 
s . W-9 11131 + 614 103 .1 + 4 . 2 < 54 . 20 1. 015 + 0 . 059 78 .1 4 + 4. 55 
6 . W-14 12202 - 665 139.1 - 4. 9 < 54 . 85 1. 693 + 0 . 077 85 . 35 + 4. 97 + + 
7. W-1 6 6329 - 35 1 3443 + 31 82 28 . 77 + 0 . 51 41. 95 + 2. 45 + 1520 + 
8. W-18 5337 300 3236 1424 - 26 . 06 + 0 . 46 38 . 12 + 2 . 23 + + 30 + 77 

5729 - 24 . 93 - 0 . 45 38 . 47 + 2. 25 11. W-20 + 320 2766 + 25 1206 + 65 + 
12 . W-23 7824 - + 36 - - 53 . 48 + 3.12 + 420 3998 1718 + 92 34 . 45 + 0.59 
13. W- 24 3399 - 7. 636 + 0 . 169 22 . 48 + 1. 34 + 219 1778 + 16 704 . 4 + 39 . 4 
16. W-26 1875 - + 78 324 . S + 19. 8 4. 956 + 0. 124 13 . 35 + 0. 81 + 142 811. 9 
17. W-30 3398 - 196 850 . 8 - 428 . 3 + 24 .1 6 . 647 + 0 .147 23 . 64 + 1. 39 O'\ + + 8 . 2 w 
18 . W-33 3776 214 1824 + 17 44 . 6 10 . 08 - 0 . 20 25 . 35 + 1. 49 + 820 . 9 + + 
19. W- 39 5911 2 + 71 + 292 86 . 21 - 1. 43 389. 3 + 22 . 6 + 3024 786 1 5479 + 
20 . W-42 43592 + 2243 4137 + 38 2533 + 136 53 . 02 + 0 . 91 282 . 4 +1 6.4 
21. W-45 228 . 1 + 61.1 18 . 75 + 1. 04 < ll. 86 0 . 75 11 + 0 . 0398 1. 088 + 0. 168 
22 . W-48 1857 - - + 0 . 094 11. 55 + 0 . 69 + 123 405 . 5 + 4. 2 25 1. 9 + 15. 0 3. 082 



Table Sb. (Conti.nued) 

Sample I.D . Yb- 169 Hf-181 Ta-182 Th(Pa- 233) Lu-1 77 
Number 197 . 9 482 . 20 1221.40 312 . 00 208 . 40 

KeV Kev KeV Kev Kev 

3 . W-1 528 . 9 + 16. 5 97 1. 3 + 28 . 8 221 . 8 + 9 . 1 685 . 6 + 7. 3 73 . 09 + 4 . 4 
+ 28 . 4 + 68 - - - 8. 0 4. W- 3 912. 8 2298 234 . 1 + 9. 6 1043 + 11 133.2 + 
+ 36 + 68 - - 167 . 2 + 10. 1 5 . W- 9 1168 2282 167 . 4 + 6. 9 901 . 7 + 9. 6 
+ 33 + 43 142.9 - 8. 6 6 . W-14 1065 1434 193 . 0 + 7. 9 749 . 5 + 8. 0 + - - -7. W- 16 135.7 + 4. 3 332 . 3 + 9.9 90 . 21 + 3. 72 264 . 8 + 2. 9 16 . 18 + 0 . 98 - - - 14. 99 - 0 . 91 8 . W-18 125 . 2 + 3. 9 321 . 4 + 9 . 5 85 . 04 + 3. 50 416 . 8 + 4 . 5 + - - - - - 0. 94 11. W-20 126 . 0 + 4 . 0 325.7 + 9 . 7 78 . 07 + 3. 22 130 . 6 + 1. 5 15 . 38 + - + 10 . 0 - - 18 . 48 - 1.12 12. W-23 165.3 + 5. 2 336 .1 112 . 9 + 4. 6 158 . 8 + 1. 7 + -13. W-24 99 . 49 + 3. 15 398 . 0 + 11. 8 149 . 3 + 6.1 152 . 8 + 1. 7 10 . 80 + 0 . 62 - - - - - 0 . 313 16 . W-26 48 . 44 + 1. 57 263 . 0 + 7. 8 108 . 2 + 4 . 5 22 . 35 + 0 . 36 4. 684 + - - - - °' 17 . W-30 76 . 00 + 2. 40 123.9 + 3.7 50 . 56 + 2. 0 140 . 2 + 1. 5 8 . 864 + 0 . 544 .I:-

18. W-33 76 . 77 87 . 24 - 2. 61 2. 77 163.0 - 1.8 6 . 900 0 . 427 + 2. 42 + 67 .1 8 + + + 
19 . W- 39 + 29 . 7 - + 12 . 7 - 39 . 90 - 2.42 952.2 124.8 + 3. 8 309 . 3 743 . 2 + 7. 9 + 
20 . W-42 786 . 3 + 24 . 5 191. 9 + 5.7 319 . 9 + 13.l 791 . 8 + 8 . 5 65 . 38 + 3. 95 
21. W-45 - 2. 880 + 4 . 752 + o. 190 0 . 7404 + 0 . 0824 4 .151 + o. 260 0 . 214 0 . 7930 + 0 . 0722 - - - - - 0 . 248 22 . W- 48 37.12 + 1. 20 61 . 48 + 1. 86 13 . 11 + 0 . 57 24 . 04 + 0 . 33 3. 892 + 
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Table 6. SOSA fo r J abal Tawlah. 6-Step D. C. Arc (reques t ed by C. T. 
Dou ch and done, at DGMR Lab . , by K. J . Curry in Oc t . 1979 . 
These s ample depths range from 25 . 30- 71 . 40 m) 

Element LDLa W- 1 w-3 W-9 W- 14 

Feb 500 10000 10000 10000 10000 
Mg 200 300 500 700 7000 
Ca 500 700 700 700 7000 
Tl 20 1000 2000 1500 1500 
Mn 10 1000 1500 1000 700 
Ag . 5 N N N N 
As 200 Nc N N N 
Au 10 N N N Nd 
B 10 N 10 15 L 
Ba 20 L L 70 50 
Be l 7 10 10 15 
Bl 10 N N N N 
Cd 20 N N N N 
Co 5 N N N 15 
Cr 10 150 100 70 150 
Cu 5 70 70 30 15 
La 20 50 N N N 
Mo 5 N N N 15 
Nb 20 1500 1500 1000 700 
Ni. 5 7 N L 50 
Pb 10 300 700 300 150 
Sb 100 N N N N 
Sc 5 20 30 50 30 
Sn 10 150 300 150 150 
Sr 100 L 100 L L 
v 10 L L L 20 

aLDL : l ower determination level . 
b 

Fe , Mg, Ca , and Ti were re ported i n % but we r e conve rted t o ppm. 

cN : Not detected at limit of de t ection, or a t value shown . 

dL: Detected, but below limit of determination. 
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Table 6 . c ontinued 

Element LDL W- 1 W- 3 W- 9 

w so N N N 
y 10 l SOO G(2000)e 2000 
Zn 100 3000 sooo 3000 
Zr f 10 Gl OOO Gl OOO Gl OOO 
Th 1 S72 823 711 
ug SS . 3 
Ta 3 328 312 204 

eG: Greater than 10% , or great er than value s hown. 

f XRF exper iment fo r Th and Ta . 

gFluor ome tr tc exper iment fo r U. 

W- 14 

N 
2000 
2000 

Gl OOO 
SS9 

1. 0 . 8 
148 
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Table 7. SQSA for Jabal Hamra. 6- Step D.C. Arc ( requested by C. T. 

Element 

Feb 
Mg 
Ca 
Ti 
Mn 
Ag 
As 
Au 
B 
Ba 
Be 
Bi 
Cd 
Co 
Cr 
Cu 
La 
Mo 
Nb 
Ni 
Pb 
Sb 
Sc 
Sn 
Sr 
v 
w 
y 
Zn 
Zr 

Douch and done , at DGMR Lab., by Analyst Jambi , in Dec. 1980. 
These samples were obtained at gr ound level) 

500 
200 
500 

20 
10 

.5 
200 

10 
10 
20 

1 
10 
20 

5 
10 

5 
20 

5 
20 

5 
10 

100 
5 

10 
100 

10 
50 
10 

200 
10 

W-16 

70000 
1000 

700 
5000 
2000 

NC 
N 

Nd 
L 
300 

70 
N 
N 
N 
200 

5 
G(lOOO)e 

N 
G(2000) 

N 
300 
N 

20 
150 
N 
N 

70 
G(2000) 

N 
G(lOOO) 

W-18 

70000 
300 
700 

5000 
1500 

N 
N 
N 
L 
150 
30 

N 
N 
N 
300 

5 
G(lOOO) 

N 
G(2000) 

N 
100 
N 

15 
100 
N 
N 
100 

G(2000) 
N 

G(lOOO) 

W-20 

70000 
300 
700 

5000 
2000 

N 
N 
N 
L 
150 

70 
N 
N 
N 
200 

10 
G(lOOO) 

N 
G(2000) 

N 
100 
N 

15 
100 
N 
N 

70 
G(2000) 

N 
G(lOOO) 

W- 23 

70000 
500 

5000 
5000 
3000 

N 
N 
N 
L 
300 

70 
N 
N 
N 
300 

15 
G(lOOO) 

N 
G(2000) 

N 
70 

N 
20 

150 
N 

10 
70 

G(2000) 
N 

G(lOOO) 

aLDL : lower determination level . 
b Fe, Mg, Ca, and Ti were reported in % but were converted to ppm. 

cN: Not detected at limit of determination, or at value shown . 

dL: Detected, but below limit of determination, or below value shown. 

eG: Greater than 10% , or greater than value shown . 
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Table 8 . SQSA for Umm Al- Btrak. 6-St ep D.C . Arc (requested by N. 
Jackson, done at DGMR Lab. , by Analyst Alt Bone, on Jul . 1982 . 
These samples were obtained at g r ound level) 

Element LDL8 W-24 W-26 W- 30 W- 33 

Feb 500 20000 30000 20000 20000 
Mg 200 700 300 200 1000 
Ca 500 3000 7000 2000 3000 
Ti 20 500 1000 500 1500 
Mn 10 300 500 200 3000 
Ag . 5 l. 5 NC 3 1 
As 200 N N N N 
Au 10 Nd N N N 
B 10 L 10 L L 
Ba 20 N 30 N N 
Be l 3 3 5 10 
Bl 10 N N N N 
Cd 20 N N N N 
Co 5 N N N L 
Cr 10 200 100 100 100 
Cu 5 15 20 15 15 
La 20 1000 500 500 G(lOOO)e 
Mo 5 5 100 L 50 
Nb 20 1000 500 300 500 
Ni. 5 7 L N L 
Pb 10 200 150 70 20 
Sb 100 N N N N 
Sc 5 N N N N 
Sn 10 50 150 50 70 
Sr 100 N N N N 
v 10 L 10 L 15 
w 50 N N N N 
y 10 1500 200 500 1500 
Zn 100 200 500 L L 
Zr 10 G( 1000) G(lOOO) G( 1000) G(lOOO) 

aLDL: l owe r determtnatton ltmtts . 
b Fe, Mg, Ca , and Tt were reported tn % but were converted to ppm. 

cN : No t detected at llmlt of detection, or at value shown. 

dL: De t ec t ed, but below llmi.t of determtnatton, or below value . 

eG: Greater than 10%, or greater than value shown. 
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Table 9 . SOSA for Jabal Saytd. 6-Step D. C. Arc (Requested by D. 
Hackett, done at DGMR Lab. , by Alt Bone, tn July 1982. These 
sample depths range from 18.0-27 . 0 m) 

Element LDLa W-39 W-42 W-45 W-48 

Feb 500 50000 30000 30000 30000 
Mg 200 1000 700 15000 700 
Ca 500 20000 50000 2000 1500 
Ti. 20 3000 300 1500 700 
Mn 10 1000 500 700 300 
Ag . 5 NC N N N 
As 200 N N N N 
Au 10 N Nd N N 
B 10 20 L 15 10 
Ba 20 70 200 300 20 
Be 1 20 10 7 7 
Bt 10 N N N N 
Cd 20 N N N N 
Co 5 N N 7 N 
Cr 10 200 300 150 300 
Cu 5 100 100 15 7 
La 20 G(lOOO)e G(lOOO) L 500 
Mo 5 N N N L 
Nb 20 G(2000) 2000 L 200 
Nt 5 N N 7 7 
Pb 10 3000 1500 70 150 
Sb 100 N N N N 
Sc 5 N N 20 N 
Sn 10 150 200 L 30 
Sr 100 N N 200 N 
v 10 L L 100 10 

aLDL: lower determtnatton limits . 

b Fe, Mg, Ca, and Tl were reported tn % but were converted to ppm. 

Not detected at ltmtt of detection, or at value shown. 

Detected, but below ltmtt of determination, or below value. 

Greater than 10%, or greater than value shown. 
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Table 9. continued 

Element LDL W-39 W-42 W-4S W-48 

w so N N N N 
y 10 G(2000) G(2000) so 700 
Zn 200 lSOO L N 1000 
Zrf 10 G(lOOO) G(lOOO) 70 G(lOOO) 
Ce 2891 2420 < 10 Sl8 
Th S33 842 < l 22 

fBy atomic absorpt ion experiment for Ce and Th. 
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Table 10 . Concentrations (ppm) comparison of DGMR results with NAA 
results 

Jabal Tawlah 

Elements Samples W- 1 W-3 W-9 W-14 
Techniques 

Th XRF 572 823 711 559 

NAA 685+ 7 . 3 1043+1 l. O 90 1+9 . 6 749+8 . 0 

u XRF 55 . 3 . 8 1. 0 

NAA 112+8. 0 < 5 . 8a < 5 . 6 < 6 . 5 

Jabal Sayid 

Elements Samples W-39 W-42 W- 45 W- 48 
Techniques 

Th AA Spec trography 533 842 < 1. 0 22 

NAA 743+8 . 0 791+8 . 5 4 . 7+2 24+0 . 3 

a < Peak not seen, a detection limit was calculated, so samples 
has less than this amount . 



Table 11. Concentra tions (ppm) comparison of NAA result s wi t h SQSA r esul ts f or Jabal Tawlah 
( s amples de pth r anges from 25 . 3 - 71 . 4 m) 

Samples 
El ements W-1 W-3 W- 9 W- 14 

As < 3 . 9%8a 14 . 52 + 1. 25 7. 058 + 1. 076 30 . 78 + 1. 78 
N N N N 

Mo 61. 24 + 24 . 9 < 36 . 909 < 36 . 296 < 41. 187 -
N N N 15 

Sb 2. 40 1 + 2 . 58 15. 47 + . 57 2. 520 + . 237 1. 955 + . 284 
N N N N 

La 71. 89 + . 90 1. 877 + . 423 3. 214 + . 409 10 . 80 + . 60 
50 N N N 

w < 4 . 832 < 5 . 28 1 < 5. 087 < 5 . 839 
N N N N 

Sc 1. 001 + . 039 . 584 5 + . 0362 1. 238 + . 038 7. 472 + . 135 
20 30 50 30 

Cr 218 . 8 + 6. 8 111. 7 + 6 . 8 163 . 9 + 7 . 1 271. 8 + 8 . 3 -150 100 70 150 
Fe 15905 + 323 14659 + 325 16506 + 312 21955 + 395 

10000 10000 10000 10000 
Co 1. 857 + . 158 1.1 59 + .1 79 1. 901 + . 179 10 . 06 + . 29 

N N N 15 
Ni < 166 .l < 149 . 8 < 11 4 . l < 184 . 6 

7 N LC 50 

a NAA r esults . <: peak not seen a dec t ion l imi t was cal cula t ed , so sampl e has less t han 
thi s amount . 

b SOSA r e sults . N: no t de tected a t limit of de t ect i on , or a t value s hown . 

cL: Detec ted but be l ow l i mi t o f de t e rmi na t ion. 



Table 11 . (Continued) 

Samples 
Elements 

Zn 

Sn 

Ba 

W- 1 

3493 + 11 6 
3000 

< 52 1. 2 
150 

7304 + 41 9 
L 

W- 3 

5936 + 196 
5000 
< 64 1. 9 
300 

7172 + 441 
L 

W- 9 

5539 + 183 
3000 

< 593 . 4 
150 

111 31 + 614 
70 

W- 14 

4370 . + 145 
2000 
< 62 1.4 

150 
12202 + 665 

so 

-...J 
w 



Table 12 . Concentrations (ppm) comparison of NAA results with SOSA results for Jabal Hamra (samples 
were obtained at g round level) 

Samples 
Elements W-16 W-1 8 W-20 W- 23 

As 743 . 5 + 42 . 0a 779 . 6 + 51. 7 1311 + 51 1212 + 54 
Nb- N N N 

Mo 40.85 + 19. 24 32 . 39 + 16.99 22 . 96 + 15 .11 55 . 19 + 20 . 52 -N N N N 
Sb 8 . 155 + . 507 6 . 992 + . 439 8 . 024 + .451 9 . 612 + . 533 

N N N N 
La 1643 + 12 14 73 + 10 1090 + 8 1762 + 12 

G(lOOO )-ed G(lOOO) - G(lOOO) -G( 1000) 
w < 7.289 < 6 . 850 < 5. 474 < 7. 975 

70 100 70 70 
Sc . 1601+ . 0246 . 1665 + . 02 15 . 1535+ . 0215 . 2050+ . 0232 

20 15 15 20 
Cr 203 . 8 + 5 . 5 242 . 7 + 6 . 0 247 . 3 + 6. 2 269 . 9 + 6 . 5 

200 300 200- 300 

aNAA results. 

b SOSA results , N: Not detected at limit of detection , or at value shown. 

CG: Greater than 10% or greater than value shown . 



Table 12. contlnued 

Fe 67096 + 855 64747 + 819 71377 + 901 58417 + 746 
70000 70000 70000 70000 

Co 1. 548 + .141 1.334 + .1 49 1. 453 + . 133 1. 814 + • 142 
N N N N 

Nl < 107 .7 138 . 4 + 59.8 < 110 . 1 125 . 8 + 57 . 9 - -
N N N N 

Zn 651.6 + 23 . 2 515 . 3 + 18 . 6 982 . 0 + 33 . 7 679 . 8 + 23 .9 - - - -
N N N N 

Sn < 426 . 1 < 393 . 8 < 412 . 8 < 431 . 0 
150 100 100 150 

Ba 6329 + 351 5337 + 300 5729 + 320 7824 + 420 - -300 150 150 300 



Table 13 . Concen t rations (ppm) comparison of NAA r esults with SQSA results for Umm Al-Birak 
(sampl es were obtained at ground level) 

Samples 
Elements W-24 W- 26 W-30 w- 33 

As < 7 . 5~6a < 5 . 89 1 44 . 0 1 + 2 .11 44 . 21 + -
N N N N 

Mo 51. 37 + 23 . l 152 . 92 + 28 . 4 22 . 33 + 11.08 73 . 37 + - Le- -s 100 so 
Sb 1. 027 + .309 < .7698 < • 7504 1. 033 + 

N N N N 
La 796 . 0 + 5 . 8 316 .1 + 2 . 5 451 . 9 + 3. 4 859 . 1 + 

1000 500 5000 G(lOOOO)d 
w 11. 95 + 3 . 49 < 5. 898 < 5 . 821 11. 13 + 

N N N N 
Sc . 5314+ . 0295 .2612 + . 0241 . 3521+ . 0192 . 6396+ 

N N N N 
Cr 265 . 1 + 6 . 2 117 . 4 + 3 . 9 146 . 3 + 3 . 9 105 . 5 + 

200 100 100 100 

2. 3 

18.2 

. 269 

6 . 2 

3.25 

. 0228 

3 . 1 

aNAA resul ts . <: peak not seen , 
this amount . 

a detec t ion limit was calculated , so sample has less than 

b SQSA results , N: Not detected at limit of detection, or at value shown. 

cL : Detected , but bellow limit of determination . 

dG Greater than 10%, or greater than values shown . 



Tabl e 13 . (con t i.nued) 

Fe 22300 + 382 22015 + 361 16753 + 281 23231 + 343 
20000 30000 20000 20000 

Co 1. 284 + . 137 1. 398 + . 109 1. 371 + . 096 4.261 + . 146 -N N N N 
Ni. < 11 2. 6 < 115. 7 < 79 . 9 89 . 68 + 40 . 34 -7 L N L 
Zn 312 .1 + 12 . 7 45 1. 5 + 16. 5 148 .1 + 7. 0 244.1 + 9. 7 - - - -200 500 L L 
Sn < 396 . 9 < 342 . 6 < 269 . 3 < 282 . 0 

50 150 50 70 
Ba 3399 + 219 1875 + 142 3398 + 196 3776 + 214 - - -

L 30 N N 



Table 14. Concentrations (ppm) comparison of NAA results with SQSA results for Jabal Sayid (samples 
depth ranges form 18 - 27 m) 

Samples 
Elements W-39 W-42 W-45 W-48 

As < 13 . 2~a < 12 . 30 < 4.545 < 5. 406 
N N N N 

Mo 156.23 + 78.5 232 . 47 + 104 . 5 < 19 . 55 16.68 + 8 . 66 - LC N N N 
Sb 2. 146 + . 508 < 1. 489 < .6111 < • 6677 

N N N N 
La 2357 + 17 1518 + 11 5. 989 + . 439 143 .o + 1.4 

coooo-r1 G(lOOO) - -L 500 
w < 12 . 64 < 11. 94 < 4 . 555 < 5.153 

N N N N 
Sc 2. 120 + . 061 . 4794 + .047 17 . 36 + • 29 • 1541+ . 0143 

N N 20 N 
Cr 283.7 + 8 . 5 249.2 + 8 . 4 110. 7 + 3 . 3 214.9 + 4.7 

200 300 150 300 

aNAA results, <: peak not seem, 
than this amount . 

a detection limit was calculated , so sample has less 

b SQSA results, N: Not detected at limit of detection, or at value shown . 

cL : Detected, but below limit of de t e rmination . 

dG: Greate r than 10%, or greater than value shown . 



Table 14 . (cont 1.nued) 

Fe 55772 + 773 42700 + 669 30283 + 438 24836 + 377 
50000 30000 30000 30000 

Co 1. 854 + . 287 1.453 + . 262 8 . 226 + . 2164 1. 562 + . 043 -
N N 7 15 

Ni. 466. 2 + 182 . 1 307 . 7 + 132 . 4 < 93 . 89 < 60 . 33 
N N 7 7 

Zn 2093 + 71 908.4 + 33 . 4 114 . 5 + 5. 7 637 . 1 + 22 . 2 - - - -1500 L N 1000 
Sn < 819 . 5 < 685 . 9 < 29 1. 7 < 222 . 5 

150 200 L 30 
Ba 59112 + 3024 43592 + 2243 228 . 1 + 61.1 1857 + 123 - - -70 200 300 20 
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42 the SQSA results were higher than the NAA results by about 50 ppm, for 

sample W-45 the SQSA result was less than 1 ppm, while the NAA result was 

about 4.5 ppm, and for sample W-48 the results were tn close agreement . 

For Jabal Tawlah samples the U concentration provided by DGMR 

were about half of t he NAA result for sample W-1 and were below the NAA 

detection ltmtt for the other three samples. The SQSA results were also 

below the NAA for the three samples. Apparently the presence of U and 

Th at the other two locations, Jabal Hamra and Umm Al-Birak was not 

investigated at this time by DGMR. The U presence at Jabal Saytd was not 

investigated . 

The NAA method sought the presence of the following elements: Na, 

As, Br, Mo, Sb, La, Sm, Yb, W, U, Sc, Cr, Fe, Co, Nt , Zn, Rb, Sn, Cs, Ba, 

Ce, Nd, Eu, Tb , Hf, Ta, Th, and Lu. (Arranged in order of increasing Z, 

for 6 and 25.6 days delay time). 

The SQSA method sought the presence of the following elements: Fe, 

Mg , Ca, Tl, Mn, Ag, As, Au, B, Ba, Be, Bl, Cd, Co, Cr, Cu, La, Mo, Nb, 

Ni , Pb, Sb, Sc, Sn, Sr, V, W, Y, Zn, and Zr . 

It will be noted that there are a number of elements common to both 

lists and the concentrations of only these can be compared. 

From Table 10, tt will be observed that the results obtained by 

different techniques are consistent f or Jabal Tawlah and Jabal Saytd 

samples. 

From Tables 11-14, it can be seen that: 

• There ts a consistency (considerable similarity) t n the 

results of NAA and SQSA for five elements: La, Cr, Fe, Co, 

and Zn coming from all four areas . For example, the Fe 
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concentrations determined by the two techniques have the 

same orde r of magnitude . 

• The SOSA did not reveal the elements As and Sb in any 

samples . 

• The r e is i nconsistency (considerable variation) with six 

elements : W, Mo, Sc, Ni, Sn , and Ba . 

Although the NAA r esults are higher than SOSA results in most cases , 

the SOSA results are sometimes higher (e . g., Cr in samples W- 42 and W- 48 

at Jabal Sayid and in samples W-18 and W-23 at Jabal Hamra) . 

The typical gamma- ray spec trum fo r samples H-1 and L- 1 are shown in 

Figs . 19-22 for the two activity measurements . One can notice from the 

figures that even afte r taking the sample mass differences into a ccount 

the H-1 coun t level is higher than that for L-1 indicating that there is 

a difference in the concentration of element s in them. 
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CONCLUSIONS 

• GS, as applied to the separation of heavy elements from the 

lighter ones, was found to produce an enhancement factor of 

two or more in heavy elements (e . g . , Yb-175 , sample H-26 and 

L- 26; Table 3a, Fe-59 and Zn-65 sample H-26 and L- 26, Table 

3b) . 

• U and Th were found in all samples . U concen trations of up 

to 556 ppm were found at the Jabal Sayid location (2000 ppm 

is considered a good mining venture, whereas a concentration 

of 1000 ppm should be explored with care, and a 

concentration of 700 ppm is considered not to be economical 

to mine) [ 84] . 

• Th concentrations of up to 1043 ppm were found at Jabal 

Tawlah area (60,000 ppm is considered necessary for a good 

mining venture [84] . 

• Many rare earth elements were found including , La, Ce , Nd , 

Sm, Eu, Tb, Yb, and Lu, which are generally fouond in 

association with Th [84] . 
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SUGGESTIONS FOR FURTHER WORK 

• Belatedly, it was discovered that the samples from each of 

the four regions were obtained at different depths and thus, 

were not r eplicates. Continuing work should include a study 

of replicates at various depths. 

• The analytical technique used in this work emphasized long 

half lives and thus excluded from cons iderat ions those 

elements with half lives less than about 15 hours . Further 

work would be directed toward shorter half lives. 

• Additional analyses should be performed on more samples from 

all four areas but, particularly for the Jabal Tawlah and 

Jabal Sayid areas (Le . , Th and U "rich" a reas) . 

• Inductively Coupled Plasma (ICP) technique should be 

investigated as a potential alternative analytical method. 
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