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Abstract
Prompt gamma ray analysis of soil samples contaminated with petroleum hydrocarbons(PHC) like benzene was carried out

using 14 MeV neutron beams. Intensities of silicon, carbon, oxygen, and hydrogen gamma rays were measured for soil

samples containing 2.20–10.4 wt% benzene. With increasing benzene concentration, the intensity of the C gamma rays

increased while those of Si, H, and O gamma rays decreased. The reduction in Si, H, and O gamma ray intensities may be

due to increasing neutron moderation effect in benzene-contaminated soil samples. The experimental intensities of gamma

rays are in good agreement with the calculated intensities.The neutron moderation effects in benzene contaminated soil

samples are about 26% weaker than those reported for soil samples containing moisture. From the slopes of silicon gamma

ray intensity as a function of benzene concentration as well as moisture concentration, a simple scheme has been suggested

to correct for the loss in carbon counts caused by neutron moderation from PHC and moisture in the soil samples.
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Introduction

Prompt gamma neutron activation analysis (PGNAA) has

been successfully developed for soil samples analysis to

determine toxic elements and carbon [1–5]. Beside pesti-

cide and common toxic organic matter, hydrocarbons from

petroleum and pertroleum products are a specific and

potential source of soil contaimination. Generally, crude oil

is a major contributor towards environmental hydrocarbon

contamination because of its widespread use and its asso-

ciated disposal operations and accidental oil spills [6].

Total petroleum hydrocarbons (TPH) are important envi-

ronmental contaminants which are toxic to humans and

environmental receptors. The light PHC can contaminate

groundwater supplies, while heavy PHC persist in the

environment and tend to degrade soil quality. Benzene is a

form of processed light PHC containing 6 carbon

molecules. This requires monitoring of PHC contaminants

in soil and water [7]. Standard PHC detection methods,

involving laboratory analysis of soil samples, are com-

monly used for the measurement of PHC contaminants in

soil. The commonly used analytical method for assessing

total petroleum hydrocarbons (TPH) in soil, EPA method

418.1, is usually based on extraction with 1,1,2-

trichlorotrifluoroethane (Freon 113) and FTIR spec-

troscopy of the extracted solvent [8]. This method is widely

used for initial site investigation, due to the relative low

price per sample. Further analytical methods used to

quantify TPH levels in contaminated soils, are infrared

spectrometry (IR) and gas chromatography (GC) [9].

Nonetheless, sample collection and analysis is a tedious

task [10]. Moreover, the samples are not always repre-

sentative of the contamination conditions, and they tend to

suffer significant degradation during transportation and

handling [11].

Nuclear techniques, particularly 14 MeV Neutron

Activation Analysis, are well suited for the rapid non-de-

structive analysis of bulk samples containing hydrocarbons

[4]. In some cases, Neutron Activation Analysis might even

be indispensable as compared to the other analytical

techniques used in the areas of biomedical, environmental,

and health-related studies [1–3, 12]. In addition, 14 MeV
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neutrons have been used to detect H, C, Si, and O con-

centrations in different organic bulk samples using the

PGNAA technique [13, 14].

Previously soil sample containing 5.0–14.0 wt% mois-

ture were analyzed using 14 MeV neutron inelastic scat-

tering [14]. A reduction in Si (1.78 MeV) and oxygen

(6.13 MeV) gamma rays intensities from soil sample was

observed for an increase in sample moisture, while the

intensity of H (2.22 MeV) gamma rays increased with

moisture. The reduction in the Si and the O gamma rays

intensity might be due to a loss of the fast neutron flux

caused by the 14 MeV neutron moderation effects from

moisture in soil samples. In order to compare neutron

moderation effect from moisture in soil samples with

neutron moderation effect from PHC (benzene) in con-

taminated soil samples, a PGNAA study has been carried

out on PHC (benzene)-contaminated soil samples using the

KFUPM PGNAA setup [14]. A comparison of both

PGNAA studies i.e. moisture effects in soil samples and

benzene-contaminated soil samples might be useful for

PHC analysis of soil samples. This study will be described

in the following sections.

Calculations from benzene-containing soil
samples

Si, C, O, and H gamma rays intensities were calculated for

benzene-contaiminated soil samples using the code

MCNP4B2 [15] and the associated modelling of KFUPM

PGNAA setup [14]. The calculation procedure is also

described in [14]. The elemental composition of soil

sample (in wt%) consists of: SiO2: 88.01; Al2O3: 1.99;

Fe2O3: 0.28; MgO:0.57; CaO: 3.18; Na2O:0.44; K2O:0.85;

TiO2: 0.27 [14]. Figure 1 shows the calculated intensities

of the Si, O, C, and H prompt gamma rays for various

benzene concentrations in the soil samples. With increasing

benzene concentrations in the sample, intensities of the Si

and the O gamma rays decrease due to increasing moder-

ation of fast neutrons in the sample.

Figure 1 depicts the negative slopes for the intensity of

the Si and the O gamma rays and a positive slope for the C

gamma ray yield for various benzene concentrations.

Although the hydrogen concentration in the sample

increases with increasing benzene concentration, the ther-

mal neutron flux in the sample due to thermalization of

14 MeV neutrons is constant. This results in a constant

yield of the H gamma rays as a function of benzene con-

centration, as shown in Fig. 1. Figure 2 shows the effect of

moisture on the intensity of the Si, O, and H gamma rays

from soil samples containing 5.1–14.0 wt% moisture, as

reported in [14].

The trends of the Si and the O gamma rays intensities

with increasing benzene concentration observed in this

study agree with the results of the moisture study. How-

ever, the intensity of the H gamma rays stays almost

constant up to a moisture concentration of 8.0 wt%. Since

benzene has 13% less hydrogen concentration than water,

the intensity of the H gamma rays remains constant up to a

benzene concentration of about 10.4 wt%, which is also in

agreement with the results of the moisture study.

Gamma ray measurements from standards
and benzene-contaminated soil samples

For the calibration of energies of the peaks recorded by the

detection system, pulse height spectra were recorded from

silica fume, benzene and water standards. The silica fume

standard consists of silica fume powder filled in cylindrical

plastic bottles of 9.00 cm inner radius and 14.00 cm height.

Silica fume contains 43.2 wt% silicon [14]. Similarly, pure

benzene standard and water standards were also filled in

the cylindrical plastic bottles. Benzene standard contained

92.3 wt% carbon.

Benzene-contaiminated soil samples were prepared by

mixing 0–10.4 wt% benzene with soil samples. 1863.8 g of

dry soil [14] was mixed thoroughly with 2.2, 4.4, 6.5, 8.5

and 10.4 wt% benzene to prepare the benzene-contami-

nated soil samples.

The gamma ray spectra from the standards and the

benzene contaminated soil samples were acquired using the

14 MeV neutron-based PGNAA setup described in the

previous study [14] with 65 lA beam current of 110 keV

deuteron beam. The gamma-ray spectra were acquired

using a cylindrical 3 inches 9 3 inches (height 9 diame-

ter) LaBr3:Ce detector with 3.3% energy resolution for

661 keV 137Cs gamma rays. LaBr3:Ce detector is fast and

its dead time due to intrinsic activity is negligibly small.

Morever, the overall dead time of the experiments as

measured by the data acquisition system was less than

0.5%. Typical counting times varied from 40 to 45 min for

standards. The gamma ray spectra from dry soil and soil

mixed with benzene were irradiated with fast neutron flux.

Data from each sample was recorded for 20–30 min.

Figure 3 shows the gamma ray spectra from pure ben-

zene (C6H6) and pure water (H2O) samples superimposed

upon each other. The C, Pb, and H gamma ray peaks are

quite prominent, along with the O peak.

Figure 4 shows the superimposed gamma spectra of the

silica fume and the water samples exhibiting the locations

of the Si, H, and O peaks, respectively, for identification.

Also shown in Fig. 4 is a lead peak from the shielding

material.
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Neutron moderation effect in benzene-
contaminated soil samples

In order to show effect of benzene concentration on Si, O,

C, and H gamma ray intensities, soil samples spectra

containing 2.2, 4.4, 6.5, 8.5 and 10.4 wt% benzene have

been plotted on an enlarged scale for these elements in

Fig. 5a–d.

The intensity of the Si gamma rays in Fig. 5a decreases

with increasing benzene concentration. This may be due to

increasing neutron moderation effects in benzene- con-

taminated soil samples. The maximum intensity of the Si

peak has been observed for the dry soil sample. The
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Fig. 1 Calculated intensities of Si, C, H, and O gamma rays for soil sample with various benzene concentrations

Fig. 2 Calculated intensities of the Si, H, and O gamma rays from soil

sample as a function of moisture concentration [14]

Fig. 3 Gamma ray spectra of pure benzene and pure water samples

superimosed upon each other over

Fig. 4 Gamma ray spectra from the silica fume and the water samples

superimosed upon each other
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intensity of 4.44 MeV carbon peak, as shown in Fig. 5b,

increases with increasing benzene concentration in the soil

samples. The maximum count of carbon peak have been

observed for the soil sample with 10.4 wt% benzene con-

centration. The decreasing intensity trend of gamma rays

from soil samples with benzene concentration, which was

observed for Si peak, has also been observed for 6.11 MeV

oxygen gamma rays from the soil samples as shown in

Fig. 5c.

This decrease may also be attributed due to increasing

neutron moderation effects in benzene contaminated soil

samples. The minimum counts of the O gamma rays has

been observed for the soil sample with 10.4 wt% benzene

concentration. The effect of increasing benzene concen-

tration on the H gamma ray intensity, as shown in Fig. 5d

is not pronounced.

The background was then subtracted from the Si, C, O,

and H peaks of each sample spectrum by subtracting the

dry soil sample spectra from each sample normalized to

same counting time. The spectra were subtracted using

excel data file, which were converted from output spectra

of Multichannel Buffer Spectra generated by Scintivision

Software of EG&EG-ORTEC. The counts under each peak

were then integrated and normalized to the same neutron

flux using the NE213 neutron monitor spectra [14]. The

corrected net counts for the Si, C, O, and H peaks were

finally plotted as a function of benzene concentration in the

samples and are shown in Fig. 6.

bFig. 5 Gamma ray spectra from soil samples containing 2.2, 4.4, 6.5,

8.5 and 10.4 wt% benzene along with the spectrum from a dry soil

sample showing gamma ray peaks on an enlarged scale in a silicon;

b carbon c oxygen and d hydrogen

Fig. 6 Integrated counts of the Si, C, O, and H peaks from soil

samples containing 0.0–10.4 wt% benzene concentration plotted as a

function of benzene concentration. The lines fitted to the experimental

data are the results of the simulations
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The lines fitted to the experimental data show calcula-

tion results discussed in Sect. ‘‘Calculations from benzene-

containing soil samples’’. The integrated counts of the C

gamma rays increased while those of the Si, H and O

gamma rays decreased with increasing benzene concen-

tration. The measured slopes, i.e. change in counts per

benzene concentration (wt%), of the Si, O, and H gamma

rays intensity were - 142, - 91.0 and - 82.0 respectively.

The O and H gamma ray slopes was 35 and 42% smaller

than that of Si, respectively. Similarly, the measured slope

of C gamma rays (in counts per benzene concentration

(wt%) was ? 84. The decrease in Si, O and H gamma ray

intensity may be due to loss of 14 MeV neutron flux form

scattering and moderation in benzene. Within the experi-

mental uncertainties, the experimental results are in good

agreement with the calculation results.

Finally, a comparison was carried out between neutron

moderation effects in moisture-containing and benzene-

containing soil samples to study difference in neutron

moderation due to hydrogen contents in moisture and

benzene. Figure 7 shows silicon gamma ray counts plotted

as a function of moisture concentration (wt%) and benzene

concentration (wt%) in soil samples. Both data sets have

negative slope with moisture containing soil sample data

having about 26% larger slope than that of benzene con-

taining soil data. For the same concentration (wt%) of

moisture and benzene in soil, hydrogen concentration is

higher in moisture-containing soil than benzene-containing

soil samples.

For example, a soil sample containing 10 wt% benzene

and another soil sample containing 10 wt% moisture have

0.77 and 1.11 wt% hydrogen, respectively. Then silicon

gamma ray counts dependence was calculated from mois-

ture-containing as well as benzene containing soil samples

as a function of hydrogen contents of the samples, as

shown in Fig. 8. As expected, both curves have negative

slope with moisture-containing soil sample data having

26% larger slope than that of benzene-containing soil data.

This larger slope may be due to higher hydrogen con-

centration in moisture than benzene. This difference in

slope can be taken as a guide to correct for moderation

effect in soil due to benzene and moisture in prompt

gamma analysis of soil samples.

The measured carbon peak counts may be corrected for

loss of fast flux from benzene and moisture in the soil using

the slopes of silicon peak counts in benzene- and moisture-

containing soil samples in the simplified scheme given

below. Benzene concentration is infered through a mea-

surement of the carbon concentration in the soil containing

moisture and benzene. We call this yield YC. Knowing the

variation of the Silicon counts as a function of benzene

concentration on one hand, and as a function of moisture

concentration on the other, the corrected yield from the

carbon peak may then be approximated by the following

equation

Ycor
C ¼ YC 1 � DYSi

DConBenz

� DYSi

DConMoist

� �
;

where DYSi

DConBenz
is the slope of the silicon counts as a function

of benzene concentration, and DYSi

DConMoist
is the slope of the

silicon counts as a function of moiture concentration.

This study has provided useful results on prompt gamma

analysis of benzene-contaminated soil samples. The data

obtained herein can be used in the study of soil samples

contaminated with petroleum hydrocarbons (PHC).

Fig. 7 Si gamma ray integrated counts plotted as a function of

concentration (wt%) of moisture and benzene in soil samples

Fig. 8 Si gamma ray integrated counts plotted as a function of

hydrogen contents (wt%) in moisture- and benzene-containing soil

samples
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Conclusions

Neutron moderation effects have been studied in the

intensity measurements of the Si, C, O, and H gamma rays

from benzene-containing soil samples with 2.2, 4.4, 6.5,

8.5 and 10.4 wt% benzene. Increasing benzene contents to

the soil samples resulted in a an inrease in moderation of

14 MeV neutron flux. This caused a reduction in the

intensities of the Si, H, and O gamma rays. Maximum

reduction was observed for silicon gamma rays. A com-

parison of results of prompt gamma analysis of moisture

containing and benzene-containg soil samples, showed

26% more neutron moderation effects for benzene-con-

taminated soil samples. From the slopes of silicon gamma

ray intensity as a function of benzene concentration as well

as moisture concentration, a simple scheme has been sug-

gested to correct for the loss in carbon counts caused by

neutron moderation from PHC and moisture in the soil

sample.

The experimental results agree with the results of Monte

Carlo calculations. This study has provided useful results

on neutron moderation effects in benzene-contaminated

soil samples.
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