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ABSTRACT 

This manuscript presents an application of calculation methods in neutron activation analysis (NAA) of a large crude oil 
sample. Monte-Carlo computer code was developed. The computer code calculates neutron cross sections and neutron 
flux density distribution in the interior large sample. ENDF/B-VII.0 data files and ENSDF BNL-NCS-51655-01/02-Rev 
data files were used as nuclear databases in our computer code. HPGe planar detector efficiency registration technique 
and the software were developed for the absolute NAA technique of the large sample. The concentrations of Na, K, Ca, 
Sc, Cr, Fe, Co, Ni, Cu, Zn, Ga, As, Br, Sr, Zr, Mo, Ag, Sb, Cs, Ba, Ce, Nd, Sm, Eu, Tb, Dy, Ho, Tm, Yb, Lu, Hf, Ta, W, 
Pt, Au, Hg, Th and U in the crude oil samples of Eastern Siberia oilfield were determined using calculation and relative 
techniques in the concentration range from 10−9 to 0.5%. 
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1. Introduction 

The rapid development in the last few decades of power 
engineering and industry throughout the world, has led to 
increase consumption of crude oil and petroleum product. 
Elements Fe, Co, Ni, V, W, Mo, Pt, Pd are catalysts and 
N, P, As, Sb, Bi, O, S, Se, Te are paralysts of crude oil 
dissociation. Trace concentrations of these elements have 
an effect on the petroleum refining process. The concen- 
tration ranges of the elements (Co, Ni, Fe, V, W, Mo, Pt, 
Pd) are 10−9% - 10−4%. During the last five years at our 
institute, studies have been conducted on the application 
of nuclear-physical methods of analysis to determine im- 
purity content of crude oil samples. Neutron activation 
analysis, X-ray fluorescent analysis (XRF), and prompt 
gamma neutron activation analysis (PGNAA) were used 
as study methods. In our work, the NAA has high sensi- 
tivity and the ability to determine a large number of ele- 
ments in one series of analysis. 

NAA was used as an analytical method for the deter- 
mination of impurities in the crude oil samples from Si- 
beria oilfields. Usually the NAA is performed in point- 
source geometry for decrease of neutron self shielding 
effect. Intensity of gamma ray (sensitivity of NAA me- 
thod) can be increased by using of the large samples (weight 
about 100 g). An increase in the number of determined 

elements and the improvement of the detection limits (DL) 
has been achieved using large oil sample (LOS) NAA.  

Monte Carlo method was used for assessing gamma- 
and neutron-transport in samples. The Monte Carlo me- 
thod is a probabilistic one that follows the path of a par- 
ticle from its creation to death, simulating all its interac- 
tions. The result is an ability to accurately model com- 
plex systems. Hussein et al. [1] utilized Monte Carlo me- 
thod to model the measurement of chlorine with prompt 
gamma-ray neutron activation analysis. Maurec [2] also 
used it to assess the neutron and gamma flux distribution 
in soils saturated with fresh water, salty water, and oil. 
We used this method to determinate neutron flux density 
distribution and activity distribution into large crude oil 
samples. Our studies were carried out under IAEA pro- 
ject “Application of Large Sample Neutron Activation 
Analysis Techniques for Inhomogeneous Bulk Archaeo- 
logical Samples and Large Objects,” research contract 
15249. 

2. Description 

Computer code of activation large cylindrical crude oil 
sample was developed. The program calculates (n, γ), (n, 
n), (n, f) nuclear reactions cross-section of sample mate- 
rial with ENDF/B-VII.0 data files and the program cal- 
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culates thermal and epithermal neutron flux density dis- 
tribution in the sample with the Monte-Carlo method. 
The program takes resolved resonance data from ENDF 
data file of section 151. The subroutine that computes 
Single-Level Breit-Wigner (SLBW) cross-sections uses 
next equations [3,4]: 

Elastic Scattering Cross Sections were calculated with 
the next equation for resolved resonance 
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Radiative Capture Cross Section was calculated as 

( ),r
mr

l r r

xγ
γσ σ ψ θ

Γ
=

Γ  

Fission Cross Section was calculated by equation 

( ),fr
f mr

l r r

xσ σ ψ θ
Γ

=
Γ . 

where Γnr—neutron width, Γγr, the radiative capture width, 
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wave number, which depends on incident energy E and 
the atomic weight ratio to the neutron for the isotope A 
(AWRI in the ENDF file). 

The resonance line shapes is variated with temperature. 
The line shape functions ψ and χ determined the tem-  
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 is primed resonance energy. rE′
Multi-Level Breit-Wigner (MLBW) resonance is de- 

scribed by the same equation as SLBW except that reso- 
nance-resonance interference term is included in the 
equation for elastic scattering of l-wave neutrons 
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Angular distribution of secondary particles has been 
made. Angular distributions of emitted neutrons are used 
for elastically scattered neutrons, and for the neutrons 
resulting from discrete level excitation due to inelastic 
scattering. Probability that a particle of incident energy E 
will be scattered into the interval dμ about an angle 
whose cosine is μ given by  
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where: μ—cosine of the scattered angle in either the la- 
boratory or the center-of-mass system, E—energy of the 
incident particle in the laboratory system, l—order of the 
Legendre polynomial al the l-th Legendre polynomial 
coefficient, Pl(µ) is penetration factor. 

Program verification has been executed using MCNP4C 
computer code and experiment. Following conditions 
were taken as initial data to calculate the neutron flux  

density distribution into sample: sample form was cylin- 
der (Ø4.95 cm, H = 12.5 cm), sample material was NaCl 
(ρ = 1.38 g/cm3). The sample was irradiated with the iso- 
tropic Maxwell neutron flux f = 1013 s·m−2·s−1 at T = 293 

K. Radial neutron flux density distribution was calculat- 
ed with our program and MCNP4C computer code into 
sample, Figure 1. 

Figure 2 shows experimental and calculation thermal 
neutron flux radial distribution inside NaCl sample. 

HPGe planar detector efficiency registration techni- 
que and software for the absolute NAA technique of the 
large sample are developed. The correct registration of an 
activity is a very important problem for absolute NAA. 
Registration geometry is given in Figure 3.  

For the sake of mathematical simplicity are taken a = 
R. The detector efficiency calculation is based on the 
formula [5]: 
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Figure 1. Neutron flux density distribution is obtained with 
MCNP4 computer code and our program. 
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Figure 2. Experimental and calculation thermal neutron 
flux radial distribution inside NaCl sample. Sample weight 
1.35 kg, sample height 12.5 cm, Ø9.9 cm. Flux monitors- 
container bottom distance was 6.5 cm. 
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Figure 3. Registration geometry of large sample. x and y— 
distance travelled by γ-rays through the detector and sam- 
ple respectively. a and R are detector and sample radius 
respectively. b and l are detector and sample height respec- 
tively. h0 is detector-sample distance. 
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ε(E) is total absolute efficiency with which the Ge 
crystal detects γ-rays of energy E, μ(E) is total linear ab- 
sorption factor of Ge detector, τ(E) is total linear absorp- 
tion factor of sample. k(E) factor to take into account 
contribution of the Compton effect in the registration 
efficiency, kτ is gamma ray absorption factor of the sam- 
ple material, ka is factor take into account the gamma ray 

absorption in end cap of detector and gold cover; τend 

cap(E) and τAu(E) Al or Be and Au absorption factor re- 
spectively; hend·cap and hAu are the end cap and golden co- 
ver thickness of the detector respectively. 

The k(E) factor has been calculated as a deviation of 
experimentally received ε(E) values from calculated εc(E) 
values for the point standard 152Eu source. Registration 
efficiency of the point source was calculated by equation:  
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(2π 1 cosθΩ = − ) —solid angle of the detector. 
Calculated and experimental curves of detector effi- 

ciency are given in Figure 4 for a large sample (R = 1.1 
cm, l = 9 cm, h0 = 3.5 cm). Experimental data were ob- 
tained by using water solution of europium salt (152Eu).  

3. Experimental Part 

The analyses of the crude oil samples are performed us- 
ing two methods. The large samples are analyses with 
calculated NAA technique and aliquots of the large crude 
oil sample are studied with routine INAA (sample mass 
about 50 - 100 mg). 

The calculated NAA technique. We used MDKT1, 
MDKT2, MDKT3 reference materials (Russia) in our 
work to verification of the calculation NAA technique. 
Mass of sample and comparison standard are about 100g. 
Al(99.9%)-Co(0.1%) and Al(99.9%)-Au(0.1%) alloys 
were used as thermal and epithermal flux monitors. Ni 
foil (0.1 mm) is used as fast neutron flux monitor. Sam- 
ples and comparison standards are packed up into quartz 
glass containers, Figure 5. Containers have a capillary. 
The capillary provides reduction of a pressure at an irra- 
diation. Flux monitors are distributed over height and pe- 
rimeter of the container uniform. Large samples, com- 
parison standard and flux monitors are irradiated into the 
dry channel (V14) which locates outside the beryllium 
reflector. Thermal neutron flux is n × 1012 cm−2c−1. The f 
thermal to epithermal flux ratio is 45. The α epithermal 
flux deviation from the ideal (1/E) distribution is deter- 
mined with the “Cd ratio” method (Au, Co monitors) [6]. 
The result of measurement was 0.023 with uncertainty of 
10%. Irradiation time was two-hour.  

Samples and reference materials were repacked into 
clean weighing bottles after irradiation. 

The relative NAA technique. Aliquots of the large 
crude oil sample and IAEA 433 reference material were  
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fepi = 2 × 1012 cm−2s−1. α parameter was 0.028 with uncer- 
tainty of 10%.  

Sample and comparison standard activity was meas- 
ured with the 15% coaxial HPGe detector (Canberra, 
FWHM 1.7 keV at Eγ = 1332.5 keV) for the registration 
of high-energy gamma-rays and with the thin planar 
HPGe-detector (DSGmbH PSP 1000-13, FWHM 0.9 
keV at Eγ = 122 keV) for the registration of low-energy 
gamma-rays. The gamma-ray spectra were measured after 
1, 7 and 15 days of cooling time. 

Figure 4. Calculated and experimental curves of planar de- 
tector efficiency for the large sample (R = 1.1 cm, l = 9 cm, 
h0 = 3.5 cm). 

4. Results and Discussion 
 Relative and calculation NAA techniques were used for 

determination of Na, K, Cr, Fe, Co, Zn, As, Br, Mo, Ba, 
La, W, Au, and Hg in sample of Salimskaya oilfield. 
Analysis results of the oil sample are given in Table 1. 

 

Monte-Carlo computer code was used to determine 
neutron flux density distribution into the sample. Activity 
of the analytical nuclide was defined by 
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into sample in this case. Acalc·i, is activity of the nuclide 
into i-th elementary cell, n is quantity of elementary cells 
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calculated by equation 

Figure 5. Quartz glass containers are used to irradiate of 
large crude oil samples. 
 
packed in high-purity quartz glass ampoules. Sample 
mass and comparison standard mass were about 50 - 100 
mg. The irradiations were carried out in a water channel 
of WWR-M reactor, for 2 h, at fth = 4 × 1013 cm−2s−1 and  
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Table 1. Concentrations of elements in the Salimskaya oilfield sample are determined by relative and calculation NAA tech- 

niques. C  is average value of the element concentration; σ is standard deviation; ΔC is confidence interval. Significance 
level of measuring results was α = 0.05. 

Relative NAA Calculation NAA 
 

C , % σ, % ΔC, % C , % σ, % ΔC, % 

Na 3.33 × 10−2 1.78 × 10−3 1.56 × 10−3 3.25 × 10−2 2.62 × 10−3 2.30 × 10−3 

K 6.23 × 10−4 2.86 × 10−5 2.51 × 10−5 6.30 × 10−4 5.49 × 10−5 4.81 × 10−5 

Cr 4.98 × 10−5 3.58 × 10−6 3.14 × 10−6 5.11 × 10−5 4.05 × 10−6 3.55 × 10−6 

F e 3.55 × 10−3 2.59 × 10−4 2.27 × 10−4 3.41 × 10−3 2.81 × 10−4 2.46 × 10−4 

Co 1.16 × 10−5 5.84 × 10−7 5.12 × 10−7 1.38 × 10−5 2.26 × 10−6 1.98 × 10-6 

Zn 8.30 × 10−4 4.24 × 10−5 3.72 × 10−5 9.07 × 10−4 3.12 × 10−5 2.74 × 10−5 

As 4.03 × 10−5 3.59 × 10−6 3.14 × 10−6 4.19 × 10−5 2.56 × 10−6 2.24 × 10−6 

Br 6.56 × 10−4 2.19 × 10−5 1.92 × 10−5 5.98 × 10−4 1.20 × 10−5 1.05 × 10−5 

Mo 4.16 × 10−7 1.10 × 10−8 9.68 × 10−9 4.61 × 10−7 3.84 × 10−8 3.37 × 10−8 

Ba 1.83 × 10−3 6.11 × 10−5 5.35 × 10−5 1.53 × 10−3 2.10 × 10−4 1.84 × 10−4 

La 5.61 × 10−5 3.85 × 10−6 3.37 × 10−6 5.78 × 10−5 1.87 × 10−6 1.64 × 10−6 

W 4.11 × 10−3 7.09 × 10−5 6.21 × 10−5 4.35 × 10−3 1.20 × 10−4 1.05 × 10−4 

Au 1.33 × 10−7 5.11 × 10−9 4.48 × 10−9 1.47 × 10−7 1.55 × 10−8 1.35 × 10−8 

Hg 2.31 × 10−6 9.56 × 10−8 8.38 × 10−8 2.35 × 10−6 1.18 × 10−7 1.04 × 10−7 
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Table 2. The description of oil samples. 

Sample Oilfield Oil well Drilling depth, m

41 Tsentralno-Talakaistskoe 17935 1044 - 1087 

43 Moktakonskoe 1 3325.5 - 3320 

45 Djelidukonskoe 103 2587 - 2638 

46 Yaraktinskoye 10 2535 - 2603 

47 Nejdelinskoye 4 1624 - 1634 

48 Nejdelinskoye 1 2 2415 - 2419 

52 Changilskoye 188 52 

53 Buyaginskoye 661 1972 - 2143 

54 Viluysko-Djerbinskoye 647 1370 - 1383 

56 Srednebotuobinskoye 92 1943 - 1934 

58 Srednebotuobinskoye 25 1452 - 1425 

where A is the experimental activity of analytical isotope 
of the defined element in the sample, n is quantity of 
elementary cells into sample, p is the isotope abundance, 
M is the atomic weight of the element, mi is mass of an 
elementary cell, Na is Avogadro number,  

 is irradiation and cool- 
ing time factor, tir and td are irradiation and cooling time 
respectively, λ = ln(2)/T1/2, Т1/2 is half-life of the analyti- 
cal isotope. fth·i and fepi·i are thermal and epithermal neu- 
tron flux into i-th elementary cell that were calculated by 
Monte-Carlo computer code. σth is thermal cross-section. 
I(α) is determined by 

( )( ) (1 exp expir dD tλ= − − − )tλ
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where I0 is resonance integral of the isotope and rE  is
 

Table 3. The description of oil samples. 

Sample number 
Element 

47 58 52 48 46 54 56 41 43 45 53 778 

Na 
(2.9 ± 0.3) 

× 104 
(2.8 ± 0.3) 

× 104 
(4.4 ± 0.5) 

× 104 
(2.2 ± 

0.3) × 104 
(4.0 ± 0.5)

× 104 
(2.8 ± 0.3)

× 104 
(0.160 ± 

0.019) × 104
(0.22 ± 

0.03) × 104
(0.23 ± 

0.03) × 104 
9,40E + 

02 
4,60E + 02 4.2 ± 0.5

K 
(2.7 ± 0.5) 

× 104 
(11.2 ± 

1.7) × 104 
(10.5 ± 

1.6) × 104 
(2.6 ± 

0.5) × 104 
(11 ± 0.6) 

× 104 
(10.1 ± 

1.5) × 104
(0.47 ± 0.08)

× 104 
     

Ca    
(2.2 ± 

0.6) × 104 
    

(3.9 ± 0.7)
× 104 

(2.3 ± 0.5) 
× 104 

 20.0 ± 1.67

Sc 9.2 ± 0.6 19.6 ± 1.2 16.4 ± 1.0 11.0 ± 0.7 11.8 ± 0.7 15.7 ± 0.9 43.5 ± 2.5 8.2 ± 0.5 4.6 ± 0.3 4.2 ± 0.3 13.5 ± 0.9
(2.1 ± 1.67) 

× 10−2 

Cr 4.0 ± 0.6 9.9 ± 1.4 9.6 ± 0.89 7.8 ± 1.5 8.1 ± 0.68 10.6 ± 1.1 12.4 ± 1.9 2.1 ± 0.83 9.5 ± 1.1 8.4 ± 1.6 7.3 ± 2.1 
(2.3 ± 0.6) ×

10−2 

Fe 
(2.13 ± 

0.18) × 104 
(6.4 ± 0.5) 

× 104 
(2.32 ± 

0.2) × 104 
(8.3 ± 

0.6) × 104 
(2.51 ± 

0.2) × 104
(3.09 ± 

0.24) × 104  
(2.57 ± 

0.18) × 104
(0.54 ± 

0.04) × 104 
 

(0.45 ± 0.04)
× 104 

 

Co  21.8 ± 2 9.3 ± 1.9 
31.1 ± 
0.28 

13.5 ± 1.8 1.6 ± 0.2 8.2 ± 0.8 10.7 ± 0.94 3.5 ± 0.4
1.05 ± 
0.07 

3.6 ± 0.5 
(5.4 ± 0.6) ×

10−2 

Ni 
(3.94 ± 0.2) 

× 10−2 
           

Cu 
(0.8 ± 0.09) 

× 10−2 
           

Zn 1.01 ± 0.09   19.3 ± 1.9   12.3 ± 2.4 16.3 ± 1.9     

Ga  1.23 ± 0.5         3.12 ± 0.9  

As 4.2 ± 0.5 22.4 ± 2.1 8.5 ± 11 7.3 ± 0.8 22.6 ± 2.1 13.5 ± 1.4 1.33 ± 1.6 2.27 ± 2.2 1.93 ± 2.0 5.4 ± 0.5  
(3.21 ± 

0.23) × 10−2

Br 4.8 ± 0.4 2.8 ± 0.3  5.2 ± 0.5 2.9 ± 0.4 3.0 ± 0.5 1.42 ± 1.7 2.20 ± 1.2 5.11 ± 2.2 11.2 ± 0.3 3.24 ± 1.6
(1.11 ± 

0.04) × 10−2

Sr           51 ± 2.6  

Zr         
5,30 ± 
0.64 

  1.5 ± 0.4

Mo        4.7 ± 0.8 5.1 ± 0.9 3.6 ± 0.8  
(2.9 ± 0.4) ×

10−2 

Ag  3.4 ± 2.3           

Sb 1.24 ± 0.12 1.26 ± 0.12
1.27 ± 
0.18 

4.11 ± 
0.24 

1.09 ± 0.111.08 ± 0.14 4.8 ± 0.4 6.0 ± 0.3
4.84 ± 
0.23 

5.6 ± 0.3 34.4 ± 1.2
0.0297 ± 
0.0011 
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Continued 

Cs  7.6 ± 1.1 6.6 ± 0.7   8.1 ± 0.8 3.4 ± 2.3      

Ba  41 ± 1.6 20 ± 2.1 10 ± 0.7 13 ± 1.14 17 ± 0.79 48 ± 2.1 10 ± 1.3 12 ± 0.71  35 ± 1.4 0.52 ± 0.06

Ce 4.7 ± 0.2 7.7 ± 0.4 8.7 ± 0.3 2.9 ± 0.14 4.8 ± 0.23 9.5 ± 0.16 2.7 ± 0.72 4.6 ± 1.2 13.3 ± 2.4  7.6 ± 2.4 
0.027 ± 
0.004 

Nd   4.9 ± 0.32 2.6 ± 0.1 3.3 ± 0.18 2.4 ± 0.12       

Sm 3.3 ± 0.9 9 8.3 ± 2.2 3.2 ± 0.8 5.3 ± 1.4 6.1 ± 1.6 3.5 ± 1.0 0.9 ± 0.3 1.7 ± 0.5
0.34 ± 
0.09 

1.708 ± 
0.016 

(1.3 ± 0.016)
× 10−3 

Eu  2.1 ± 0.3 1.7 ± 0.5 
0.64 ± 
0.19 

1.19 ± 0.23 1.4 ± 0.3 0.75 ± 0.09  
0.61 ± 
0.10 

 0.67 ± 0.14
(1.24 ± 

0.11) × 10−3

Tb      0.36 ± 0.20 0.7 ± 0.6      

Dy         3.2 ± 1.5    

Ho 2.9 ± 1.5  1.7 ± 0.9 1.6 ± 0.8 1.6 ± 0.8 2.4 ± 1.2 2.6 ± 1.3 0.7 ± 0.4 1.8 ± 0.9
0.43 ± 
0.22 

1.4 ± 0.7 
(2.3 ± 0.01) 

× 10−3 

Tm   5.5 ± 24 3.0 ± 13  4.2 ± 20       

Yb 6.5 ± 0.5 7.2 ± 0.9 7.2 ± 1.1 5.4 ± 0.7 6.1 ± 0.9 4.8 ± 0.7 6.6 ± 0.4 1.74 ± 0.18
3.61 ± 
0.21 

 3.4 ± 0.4 
(2.3 ± 0.02) 

× 10−3 

Lu 0.85 ± 0.13 0.82 ± 0.15
0.87 ± 
0.21 

0.36 ± 
0.08 

0.46 ± 0.110.57 ± 0.11 1.22 ± 0.17 0.26 ± 0.05
0.48 ± 
0.08 

 0.35 ± 0.07  

Hf 4.2 ± 0.6 4.7 ± 0.6 4.4 ± 1.0  5.1 ± 0.6 4.7 ± 0.6 12.0 ± 0.8 3.2 ± 0.3 11.7 ± 0.7
1.81 ± 
0.20 

4.4 ± 0.4  

Ta        0.5 ± 0.2
0.63 ± 
0.15 

 7 ± 0.31  

W 10     10 ± 0.14  1.9 ± 0.3  5.0 ± 0.4 12.2 ± 0.9  

Pt   
(2.2 ± 0.4) 

× 10−2 
     

(5.3 ± 0.5)
× 10−2 

   

Au      
(3.1 ± 0.5)

× 10−2 
 

(1.8 ± 0.5) 
× 10−2 

 
0.37 ± 
0.04 

 
(4.9 ± 0.12) 

× 10−5 

Hg  1.53 ± 0.78           

Th 2.7 ± 0.9 10.6 ± 1.6 8.7 ± 1.3 4.7 ± 0.8 6.9 ± 1.1 8.7 ± 1.2 7.9 ± 1.1  1.7 ± 0.3 0.44 ± 0.10   

U 1.7 ± 0.3 2.3 ± 0.3 3.0 ± 0.7 1.3 ± 0.4 2.2 ± 0.4 2.7 ± 0.4 1.66 ± 0.21 0.53 ± 0.16 0.67 ± 0.10    

 
effective resonance energy [6,7]. From the activation 
equation  

( )( )a th th i epi i

mp
A N f I f

Mp
σ α⋅ ⋅= + D , 

the activity produced per gram of element can be calcu- 
lated. The minimum activity required to enable measure- 
ment with a desired statistical precision can be estimated 
for example, following the equations given by Gerhard 
Erdtmann [6]  

( )( )
q

q

a th th i epi i

A M
m

N p f I f Dσ α⋅ ⋅

=
+

, 

and one obtains for the limit for quantitative determina- 
tion  

100q

s

m
DL

m
=  

where Aq is the activity, which can be measured with a 

requisite precision. According to Erdtmann it is  

2 2
0

2

4
1 1

2
q

q
q

k
A

k

σ 
 = + +
 
 

 

where kq is the reciprocal value of the requisite relative 
standard deviation and σ0 is the standard deviation of the 
background measurement. 

5. Conclusion 

Relative and calculation NAA techniques were devel- 
oped. Large and routine crude oil samples of East Sibe- 
rian oilfields were analyzed in our work. We have ob- 
tained the concentrations of thirteen eight elements in the 
samples. Comparison of the relative and absolute results 
shows that a confidence interval is better at a relative 
method. However, the calculation technique has better 
limit determination and is not limited with presence of 
reference materials, and we can define more elements 
using this technique. Analysis result of several samples is  
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Table 4. Determination limits of NAA for large oil samples, 
ppm. 

Element DL Element DL Element DL Element DL 

Na 0.1 Se 0.003 Ba 0.02 Yb 0.0001

K 2 Br 0.0003 La 0.002 Lu 0.0003

Ca 10 Rb 0.01 Ce 0.004 Hf 0.005

Sc 0.0001 Sr 0.1 Nd 0.02 Ta 0.002

Cr 0.006 Zr 0.02 Sm 0.0002 W 0.0007

Fe 0.6 Mo 0.0003 Eu 0.006 Ir 0.0008

Co 0.0005 Ag 0.001 Gd 0.002 Pt 0.007

Cu 0.2 Cd 0.001 Tb 0.0002 Au 0.00008

Zn 0.2 Sn 0.007 Dy 0.004 Hg 0.0002

Ga 0.0003 Sb 0.0001 Ho 0.007 Th 0.002

Ge 0.2 Te 0.0005 Tm 0.002 U 0.001

As 0.0001 Cs 0.0002     

 
given in Table 3. Sample description is given in Table 2. 
Determination limits of elements are given in Table 4 for 
large crude oil samples. 
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