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ABSTRACT

A method of thermoluminescence (TL) analysis was developed for the detection of
irradiated foods. The TL method is based on the determination of
thermoluminescence of adhering or contaminating minerals separated from foods by
wet sieving and treatment with high density liquid. Carbon tetrachloride provided a
suitable alternative for foods that form gels with water. Thermoluminescence
response of minerals in a first TL measurement is normalised with a second TL
measurement of the same mineral sample after calibration irradiation to a dose of 5
kGy. The decision about irradiation is made on the basis of a comparison of the two
TL spectra: if the two TL glow curves match in shape and intensity the sample has
been irradiated, and if they are clearly different it has not been irradiated. An
attractive feature of TL analysis is that the mineral material itself is used for
calibration; no reference material is required.

Foods of interest in the investigation were herbs, spices, berries and seafood. The
presence of minerals in samples is a criterion for application of the method, and
appropriate minerals were found in all herbs, spices and berries. The most common
minerals in terrestrial food were tectosilicates—quartz and feldspars—which with
their intense and stable thermoluminescence were well suited for the analysis. Mica
proved to be useless for detection purposes, whereas carbonate in the form of calcite
separated from intestines of seafood was acceptable.

Fading of the TL signal is considerable in the low temperature part of the glow curve
during a storage of several months after irradiation. However, spices and herbs could
easily be identified as irradiated even after two years storage. Conditions for seafood,
which is stored in a freezer, are different, and only slight fading was observed after
one year.

The effect of mineral composition and structure on TL was studied for feldspars.
Feldspars originating from subtropical and tropical regions exhibit lower TL intensity
than feldspars from cold regions, evidently because a more altered mineral structure is
typical in warm water regions. A new autoradiographic method to determine
luminescence of irradiated rock surfaces was developed for the study.

The method of thermoluminescence analysis has been used for the official control
analysis of irradiated food in Finland since 1990. In the course of the study, about 500
analyses were carried out for the Finnish Customs Laboratory. Eighty lots of
irradiated herbs or spices and 10 lots of irradiated seafood were found. During the last
two years, irradiated green tea in spice mixtures and irradiated frog legs have been
detected. No irradiated berry or mushroom products have been found. Screening with
a photostimulated luminescence (PSL) instrument, followed by TL analysis to
confirm the positive and ambiguous samples, provides a reliable tool for the
identification of irradiated food containing adhering or contaminating minerals. The
reliability of the TL method was proved in European trials. Standardisation of the
method has been undertaken by the European Committee for Standardization (CEN).
A TL method based on the determination of TL silicate minerals in dry herbs and
spices has recently been accepted as an official CEN standard.
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1. INTRODUCTION

1.1. General

World-wide development of radiation processing of food began in the 1950s when

industry-scale irradiation facilities, radioactive 60Co and 137Cs sources and X-ray

instruments became available. Assurance of desired results and the absence of

unacceptable, toxicological, nutritional or microbiological effects had to be guaranteed.

For the co-ordination of wholesomeness studies at the international level, the

International Project in the Field of Food Irradiation (IFIP) was created in 1970. The data

generated by this project and other sources were reviewed at several international

meetings periodically organised by the World Health Organization (WHO), the Food

and Agriculture Organization (FAO) and the International Atomic Energy Agency

(IAEA). The Joint FAO/IAEA/WHO Expert Committee on the Wholesomeness of

Irradiated Food (JEFCI) concluded in 1980 that irradiation of any commodity up to an

overall average dose of 10 kGy presents no toxicological hazard, and, hence, no further

toxicological testing of foods so treated is required. No special microbiological or

nutritional problems are created by radiation processing of food.

In accordance with these conclusions, in 1983 the Joint FAO/WHO Codex Alimentarius

Commission, in consultation with its member countries, adopted the Codex General

Standard for Irradiated Food and the Recommended International Code of Practice for

the Operation of Radiation Facilities for the Treatment of Food (Anon., 1984). At the

time, food irradiation was defined as a food additive and accepted as a processing

method for food. Subsequent to this, countries have gradually announced their national

regulations concerning food treatment with ionising radiation. In Finland, a degree

(844/87) prohibiting food irradiation came into effect in 1988, covering all food except

dry herbs and spices with a maximum dose 10 kGy and sterile hospital diets without

dose limitations. Irradiation needs to be labelled, moreover, if the proportion of

irradiated material exceeds five weight per cent.

Throughout the study of food irradiation, detection methods for the identification of

irradiation were being developed. The lack of specific radiolytic products hindered the

1



development of reliable control methods for foods, but promising results were

obtained by electron spin resonance (ESR), gas chromatography/mass spectrometry

and luminescence techniques.

Ionising radiation is known to induce both chemi- and thermoluminescence in solids.

Thermoluminescence (TL), which is a light emission occurring after a thermal release

of irradiation-induced energy trapped in solids, is widely exploited in archaeological

age determinations of geological materials. The enhanced luminescence in irradiated

herbs and spices was widely studied (Bogl and Heide, 1983, 1985), but the origin of

the phenomenon was unknown until at the end of the eighties the TL signal was

observed to originate from adhering and contaminating minerals and inorganic dust

(Sanderson et al., 1989, Goksu-Ogelman and Regulla, 1989). Identification of

irradiation based on mineral contamination was first reported for dry herbs and spices

by Sanderson et al. (1989), for strawberries by Heide and Bogl (1990) and for

potatoes by Autio and Pinnioja (1990). A notable finding was that the TL signal was

not influenced by the food harbouring the mineral.

1.2. Scope of the study

The present study began with the need of the Finnish authorities to control food

irradiation, because no reliable method existed at the time. The primary objective was

to develop a detection method for irradiated foods. Determination of TL in adherent

and contaminating minerals in foods was the chosen approach in light of the

promising results obtained for potatoes (Paper I). The final objective of the work was

application of the new method to the official control of irradiated foods by the Finnish

Customs Laboratory.

The following aspects were found to require study before the reliability of the analysis

could be assured: 1) probability of spurious TL signals, 2) suitability of TL properties

of separated minerals for the detection of irradiation, 3) rate of TL fading in minerals.

In addition to a qualitative detection of irradiation, the possibility of a dose

evaluation, as assumed in the degree, was studied. Seafood was of particular interest

because it was known to be a likely target for irradiation.



2. THERMOLUMINESCENCE IN MINERALS

Thermoluminescence is the thermally stimulated emission of light from a solid following

a previous absorption of energy from radiation. Thermoluminescent material can be an

insulator or a semiconductor; metals do not exhibit luminescent properties. The

wavelength of the emitted light is characteristic of the luminescent substance and is of

longer wavelength than the absorbed energy (Stake's Law).

In general, luminescence emission is explained by the transfer of energy from radiation

to the electrons of a solid, so that the electrons are raised from ground state to an excited

state. A luminescence photon is emitted when an excited electron returns to its ground

state. The rate equation assumes that electron flow occurs via a conduction band. The

mean time (t) that electrons spend in the energy trap at temperature T is given by the

Arrhenius equation

= s-'exp(E/kT) (1)

where s is an escape frequency factor, E is the energy difference of the trap depth and k

is Boltzmann's constant. Thus the phosphorescence luminescence is exponentially

dependent on temperature.

CONDUCTION BAND

(hv)a

GROUND LEVEL

Fig. 1. Common electronic transitions in crystalline minerals: a) ionisation; b) and e)
trapping of electrons and holes, respectively, c) thermal release, f) radiative
recombination of and the emission of light. Electrons solid circles, holes open circles.



The return to equilibrium can be speeded up by raising the temperature of the specimen.

This will increase the probability of detrapping and the electrons will be released from

the trap into the conduction band. Thermoluminescence now results when the free

electrons recombine with the trapped holes. The intensity of the thermoluminescence I at

any time (t) during the heating is proportional to the rate of recombination of holes and

electrons. If nh is the concentration of trapped holes then

I(t) = -dnh /dt (2)

In practice, as the temperature increases the electrons are released and recombination

takes place, the concentration of trapped holes decreases and the thermoluminescence

intensity increases. As the electron traps are progressively emptied, the rate of

recombination then decreases and the thermoluminescence intensity decreases

accordingly. This gives rise to the characteristic thermoluminescence peak.

In minerals, the energy traps coincide with impurities and lattice defects. Luminescence

observations for quartz, for example, the most common mineral on Earth's crust, appear

to be associated with defects in the quartz lattice - oxygen vacancies or broken silicon

and oxygen bonds. Dangling oxygen bonds are potential hole traps, and Si atoms at

oxygen vacancies are available to trap electrons. (McKeever, 1985, Weil, 1984, Toyoda

and Ikeya, 1994, Hashimoto et al, 1997)

TL intensity is also influenced by impurities in the mineral lattice, such as aluminium,

iron, germanium and copper atoms (McKeever, 1984, 1985, Schmidt et al., 1974,

Poolton et al., 1996). A model proposed by Hashimoto et al. (1997), which analyses the

role of Al impurity in the lattice, is presented schematically in Fig. 2. The explanation for

the luminescence is based on observations made in electron spin resonance (ESR),

nuclear magnetic resonance (NMR) and neutron activation analyses (NAA). In the case

of small Al impurity concentrations, about 30 ppm, a relatively large number of Al-hole

centres will be created. These centres act as luminescence centres for TL emission at the

blue band of the spectrum (Hashimoto, 1996). Low Al impurity concentrations in

minerals are formed during slow cooling of magma - such as in plutonic rock formation.

Higher impurity concentrations, above several tens of ppm, are accompanied by high



concentrations of hydroxyl bond, possibly caused by crystals formed during fast cooling

of magma as in the case of extrusive (volcanic) rock formation. During irradiation, the

hydroxyl sites will induce the formation of H° atoms, which because of their small size

are labile and mobile within the quartz lattice. As a result, the H° atoms readily combine

with the Al-hole centres, and the radiation-induced signals disappear (Me Keever, 1985,

Hashimoto, et al., 1996, 1997). These holes, or "killer" centres emit radiation outside the

detected wavelength band. Natural minerals in bedrock are exposed to irradiation by

radionuclides of natural decay series, particularly uranium and thorium, and by the

radioisotope of natural potassium 40K (Eisenbud, 1987, Aitken, 1985).

In this work the identification of irradiation is based on the artificial TL in minerals

induced by large irradiation doses.

A l l
+ S i / -OH irradiation

H2O
(structural)

, + Hu

(ESR sensitive)

(ESR sensitive)
[Al3+] tf'-OSi
(ESR insensitive)

Irradiation

(ESR sensitive)

Fig. 2. A model of radiation induced phenomena associated with impurities in quartz

(Hashimoto et al., 1997).



3. THE THERMOLUMINESCENCE METHOD

3.1. Principle

During thermal release of induced energy under controlled conditions, minerals produce

characteristic TL glow curves (glow 1). However, because of the natural variation in

mineral composition, curves of the same mineral from different samples may differ

widely. Control samples cannot therefore be used in thermoluminescence studies and

instead the TL response is normalised by performing a second, calibration irradiation of

the sample, and measuring a second glow curve (glow 2). The TL glow ratio, glow 1 to

glow 2, can be used as an indication of the irradiation treatment of food, since irradiation

increases the glow intensity and changes the shape of the glow curve relative to the curve

of nonirradiated minerals.

3.2. Isolation of minerals

Food samples for the study were selected in co-operation with the Finnish Customs

Laboratory, which also provided most of the samples. Food items in which minerals

were found included 20 types of herbs and spices; seven types of berries, of which

strawberry was most frequently studied; mushroom; seven species of seafood, of which

prawns, shrimp and squid made up 85%; green, black and blended teas; frog legs; and

nuts.

Neither the type of food or method of mineral extraction significantly affects the

thermoluminescence of a mineral. The only stipulation for the analysis is that

thermoluminescent minerals can indeed be isolated. The following isolation procedure

was developed during the study, as described in more detail in paper II:

Preconcentration step: Minerals are preconcentrated by wet sieving or, for food that

forms gel with water, by treatment with nonpolar carbon tetrachloride CC14 in a

separation funnel. Alternatively, in the case of frozen seafood, the samples are first

thawed and then minerals are picked out by hand from intestinal tracts.



Density separation: After preconcentration, minerals are freed from organic material

with high density liquid, sodium polytungstate of a density 2.0 gem"3.

Fixing of minerals for TL measurement: Since TL measurements can be made only on

dry minerals, acetone treatment is applied. The amount of minerals transferred onto Pt

measuring plates is 0.1-2 mg.

3.3. Thermoluminescence measurements

A. First TL measurement (paper I)

Thermoluminescence measurements are carried out with a single photon counter Ris0

TL-DA-10 instrument (Better-Jensen, 1988) equipped with a blue Corning 7-59 filter.

Oxygen and other volatile disturbing agents are removed by evacuation to 10 Pa pressure

before measurements and by nitrogen flush during measurements. Fixed settings are

used for the routine measurements: heating rate 10 °C s"1 from room temperature to 500

°C. Glow 1 is recorded at the first TL measurement.

B. Second TL measurement (paper II)

After normalisation irradiation is applied, a second TL measurement is made of the

sample. Because of the enormous variability in the shapes of the TL glow curve of

minerals, a simple comparison of the low and high temperature parts of the curve, as

recommended in paper I, did not always result in a correct decision about irradiation.

The second TL measurement (glow 2) was done under identical conditions with the first.

C. Quality parameters of TL measurements

The detection limit of TL measurements is defined as the mean of process blank

measurements plus three standard deviations. A confidence level often is used to

determine the minimum detectable level of the TL intensity (at a temperature range 200-

250 °C about 1400 counts).

Precision is defined as one standard deviation often TL measurements.

1. Instrument precision determined with a I4C radioactive light source is 0.5%.

2. TL standard precision for TLD 100 peak V is 3%

3. Natural K feldspar mineral



- One sample is repeatably measured after re-irradiation to 5 kGy dose,

precision is 7%

- Parallel samples measured once, precision is 30%.

3.4. Normalisation irradiation

After the first TL measurement the minerals are irradiated for normalisation to a dose of

5 kGy with a 60Co source. Dose rate is 0.2-0.4 kGy h'1. Before the TL measurement the

samples are stored either two hours or overnight in dark for TL stabilisation.

Irradiation of the test material is done at room temperature for all food items except

seafood, which is irradiated frozen. Irradiation doses are 10 kGy for herbs and spices and

5 kGy for all other food.

Where carbonate minerals are to be used for the TL analysis, their usefulness is first

confirmed in the following way: An aliquot of the original seafood material is

irradiated to a dose of 5 kGy. The TL analysis is performed. If the laboratory ir-

radiation induces an intensive TL signal, the carbonate mineral can be considered

suitable for making a decision about the irradiation of the sample .

3.5. Decision about irradiation.

A decision about irradiation is made by comparing the shape and intensity of the two TL

spectra. If glow 1 differs from glow 2, especially in the temperature region 200-250 °C,

so that the ratio glow 1 to glow 2 is lower than 0.1, the sample has not previously been

irradiated. If the ratio glow 1 to glow 2 is higher than 0.5 the sample has already been

irradiated (Fig. 3). Where the TL ratio is between 0.1 and 0.5 the decision is made on

the basis of the shape of the spectra.
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Fig. 3. TL glow curves for parallel analyses of minerals separated from nonirradiated

(left) and irradiated (right) food. Spectra 1 and 2, glow I; spectra lx and 2x, glow 2 after

normalisation radiation.

3.6. Accuracy of thermoluminescence analysis

Accuracy means here a correct decision about irradiation. Accuracy was evaluated

through analysis of blind samples sent as official controls by the Finnish Customs

Laboratory and through participation in European trials.

All the control samples of the Finnish Customs Laboratory were correctly analysed. The

samples were herbs and spices. The European intercomparison studies are described in

Table 1. One disadvantage of the TL method is that suitable minerals are not always

present in samples. Some trial samples: freeze-dried apple pieces, fresh mushrooms,

mango and papaya were too clean for the TL analysis. Moreover, in the case of a trial for

fresh fruit and vegetables the amount of sample was limited to one piece, which is not

realistic for a true control analysis. All samples in which minerals could be found were

correctly identified as irradiated or not.

500

On the basis of the trials and the blinds, the TL method can be judged reliable for the

detection of irradiation. Neither false positive nor false negative decisions were made.

The single drawback is that not all foods contain therrnoluminescent minerals suitable

for analysis.



Table 1. Intercomparison studies performed for validation of the TL method.

Sample

Dry herbs and

Shrimps

Seafood

Fresh fruit and

spices

veget

Number of

samples

20

6

10

10

Lots

40

6

20

75*

Correct

decision

40

6

20

64

Reference

Sanderson et al.

Schreiber et al.,

Sanderson et al.

Sanderson et al.

1991

1995

1997

1997

* A special feature of the trial was that only one piece of each sample was delivered;

suitable minerals for the analysis could not be found in 2/3 mango, 2/6 papaya and 6/15

mushroom lots. All analyses that could be performed were correct.

3.7. Extracted minerals

Isolated minerals were studied by optical microscopy and by X-ray diffraction

analysis at the Geological Survey of Finland (paper V). Compositions of separated

minerals were determined by scanning electron microscopy (SEM) combined with

energy dispersive element analysis (EDS) at the Geological Survey of Finland and at

the Department of Electron Microscopy, University of Helsinki (papers IV and V).

Minerals were also categorised according to the origin of the food: that is, terrestrial

environment for herbs, spices, berries, mushroom, fruit and vegetables and aquatic

environment for seafood and frogs.

Four types of minerals were separated from foods: 1) tectosilicates, predominantly

quartz and feldspars, 2) clay fraction, which here include phyllosilicate minerals

kaolinite, montmorillonite and illite, and small grains of quartz or feldspars, 3)

carbonates in the form of calcite and aragonite in seafood and limestone in terrestrial

samples, 4) sulphates, mainly gypsum (Table 1, paper V, Pinnioja and Pajo, 1995).

Mineral content was dependent on the origin of the food. Quartz or feldspar grains

were almost always found in terrestrial foods and in seafood originating from northern
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regions. Clays were common in terrestrial foods such as herbs and roots which were

close to or in contact with topsoil. Carbonates were not commonly found in terrestrial

foods, although Calderon et al. (1995) report that carbonates are the most common

minerals in herbs. Probably the origin of their and our samples was different.

Characteristic of seafood is a large amount of carbonates originating as precipitates of

carbon dioxide from sea water and from shell fragments of shellfish.

Mineral fractions separated from seafood intestinal tracts typically consisted of a

mixture of minerals (paper V). Commonly, peeled prawn tails contained only non-

thermoluminescent clay minerals such as illite and montmorillonite.

Mineral types observed in 200 lots of seafood are given in Table 2. Mineral types are

listed as tectosilicates, including quartz and feldspars; clays, including true clay

minerals mixed with small quartz and feldspar grains, together with carbonate

fraction; and lots where no suitable minerals could be found. Minerals are described

in more detail in paper V.

Table 2. Mineral types separated from 200 lots of seafood.

Sample Number of lots Separated mineral type No minerals

Tectosilicates Clays and found

carbonate

Prawn

Squid

Shrimp

Mixture:

shrimp

mussel

squid

Lobster

Crab

Octopus

111

22

38

1

5

1

4

3

3

51

15

25

1

5

1

4

3

3

105

20

15

1

5

1

2

2

2
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4. RESULTS OF THERMOLUMINESCENCE MEASUREMENTS

4.1. Natural background TL in minerals

There are two main causes of the variation in natural background TL: the different TL

characteristics of the minerals and the environmental conditions. High background TL

intensities were measured in granitic rocks, which contain radioactive elements of the

natural decay series, particularly uranium and thorium. The highest background TL

intensity was measured for feldspars from deep northern topsoils. Fading was significant

for minerals isolated from berries or herbs growing outside in sun-bathed fields. The

highest and lowest background TL intensities recorded for terrestrial tectosilicate

minerals ranged over three orders of magnitude (paper II, Fig. 2). Figure 4 shows the

variations in background TL intensities (i.e., nonirradiated samples) and artificial TL

intensities (i.e., irradiated samples) for different mineral groups. TL is expressed as TL

intensity at peak maximum normalised by weight.

The background TL for minerals from aquatic environment was dependent on the origin

of the sample. The highest TL intensities of tectosilicates were for northern cold water

regions, and the lowest values for minerals from tropical or subtropical warm water

regions.

In the case of carbonate minerals separated from seafood, natural TL was too low for

detection (paper V); in contrast, dolomite of terrestrial origin exhibited intensive

background TL (paper I). The highest and lowest background TL intensities of minerals

ranged over three orders of magnitude.

12
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Fig. 4. TL intensities of minerals separated from nonirradiated and irradiated foods. TL

is expressed as variation in the range of counts/mg at peak maximum. Mineral fractions:

q= quartz, f= feldspars, p= clay fraction, ca= calcite, gy= gypsum, i marks the

corresponding irradiated mineral.

4.2. Thermoluminescence of irradiated minerals

Artificial thermoluminescence in minerals varied widely, from non-thermoluminescent

clays and gypsum to highly thermoluminescent feldspars. Figure 4 shows the variation

in TL intensity of different mineral types separated from foods. Typical TL spectra of

thermoluminescent minerals are reproduced in Fig. 5, with photographs of the minerals

shown on the left.

13



Thermoluminescence of tectosilicates is intensive (Me Keever, 1985, Kirsch and

Townsend, 1988, Dalai et al., 1988, Bailiff and Poolton, 1991) and suitable for

identification of irradiation. Good matching between glows 1 and 2 is typical for

irradiated samples (Fig. 5).

Thermoluminescence of minerals extracted from seafood depends greatly on mineral

type. Tectosilicates are the brightest, whereas clay samples show measurable TL

intensity only if they contain quartz or feldspar grains. True clay minerals,

montmorillonite and illite, are of no use for identification because of the molecular water

they contain in the mineral lattice (paper V).

Carbonate in the form of aragonite, which is often found in fresh biogenic shellfish

(Johnson, 1960, Ninagawa et al., 1994, Wintle 1978) cannot be used for identification of

irradiation owing to the irregularity of the TL (Agnel, et al, 1992, Sanderson et al., 1996,

paper III). However, inorganic mineralised carbonate separated from intestinal tract of

seafood is in the form of calcite, which exhibits intensive TL after irradiation (Paper III

and V). Even though the blue filter system reduces the signal to about five per cent of the

emitted one (Franklin et al., 1990, Carmichael et al., 1994, Calderon et al. 1996), the

irradiation is still clearly detectable.

The peak temperature of calcite is around 150-180 °C. The second glow of calcite from

irradiated shell fragments showed two distinct shapes; either there was a good match

with the first glow (Fig. 5) or else the intensity and shape were totally different from the

first glow due to the change in stracture induced by the first TL measurement. However,

even in the latter case, TL spectra recorded in the temperature region 200-250 °C can be

attributed to irradiated samples because the TL intensity of a nonirradiated sample is too

low to be detected (paper V). Where carbonates are used for the identification of

irradiation, confirmation by laboratory irradiation of the original material is required.

14
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from squid. Right: TL spectra of irradiated minerals recorded before (spectra 1 and 2) and after (spectra lx
and 2x) normalisation irradiation to 5 kGy. In A, spectra 1 and Ix are for pure quartz, spectra 2 and 2x are
for feldspar.
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4.3. Effect of mineral composition

In addition to the wide variation in the TL intensity of different minerals, variation was

also sometimes wide for the same mineral. Feldspars, for example, exhibited variable TL

according to the origin of the food item; samples from subtropical and tropical regions

exhibited lower TL than those from cold regions. Clarification of this phenomenon was

sought by studying the effect of mineral alteration on TL of feldspars, since alteration is

known to be strong in volcanic regions. (Paper IV)

To avoid laborious sample preparation a new autoradiographic luminescence method

was developed, suitable for polished rock and mineral surfaces. The method, which is

described in detail in paper IV, is based on an exposure of autoradiographic film on

laboratory irradiated rock surface, and its quantitative analysis by the digital image

processing technique developed by Hellmuth et al. (1993) for rock surfaces. Mineral

compositions at the respective points on the rock surface are determined by SEM/EDS

analysis.

Luminescence of mafic minerals is low (Me Keever, 1985, Kristianpoller et al., 1988), as

seen as low luminescence intensity in the autoradiograph of a rapakivi granite rock

surface in Fig. 6. Luminescence intensity is greatest for K feldspar, visible as the darkest

areas in the autoradiograph (points I and J), while lower intensities (points E and F)

indicate altered mineral zones. Luminescence intensity of K feldspar was found to be

influenced both by element composition and by alteration state (sericitization) of the

mineral, which is indicated by an increase in the FeO content in the mineral structure

(Fig. 7). Plagioclase exhibits lower luminescence intensity than K feldspar (points A to

D in the autoradiograph). (Siitari-Kauppi et al., in press)
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Fig. 6. Rapakivi granite rock surface (upper), autoradiograph (down) of the surface after

irradiation to a dose of 10 kGy. Greater darkness in the autoradiograph indicates greater

luminescence intensity of the respective mineral.
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Fig. 7. TL as optical density (OD) of the autoradiographs shown in Fig. 6 and in paper

IV, Fig. 3, shown as a function of FeO content of K feldspar in irradiated rock surfaces.

Similar variable element composition to that in feldspars is not characteristic of quartz,

which is chemically stable and in that way not sensitive to alteration. TL of irradiated

quartz separated from foods varied within two orders of magnitude (Fig. 4), which may

be caused by differencies in cation impurities in the mineral lattice (McKeever, 1985,

Rendell et al, 1994, Rink et al , 1994)

4.4. Stability of the thermoluminescence signal

The TL signal needs to be stable during the maximum shelflife of the food item: two

years for dry herbs and spices and one year for frozen seafood. Dating of archaeological

samples suggests that the high temperature part of the TL spectrum is stable for as long

as millions of years (Aitken, 1985, McKeever, 1985). The low temperature region,

which means temperatures lower than 250 °C, has not been systematically studied for

18



minerals. According to the preliminary results reported by Sanderson et al. (1989),

significant fading occurs in TL glow curves around 200 °C.

In this work,.stability of the TL signal was determined for herbs and spices two years

after irradiation. The samples were stored at room temperature. Fading of the TL signal

was marked in the low temperature part of the glow curves. However, in the temperature

range 200-250 °C, samples containing tectosilicate minerals could clearly be detected as

irradiated (paper III).

Seafood can only be stored frozen, and because of the low temperature only slight fading

was observed (papers II and V). Carmichael et al. (1994) have determined the values for

trapped energy of the peaks: about 0.5—1.0 eV for fresh carbonate shells. At room

temperature, fading of carbonates is faster than that of silicate minerals. The temperature

range 200-250 °C was still suitable for detection of irradiation after one month storage at

room temperature, but the lower temperature parts of the glow curve faded too much for

irradiation to be detected any more (paper V).

TL fading of tectosilicate minerals separated from irradiated spices can be expressed as

temperature difference between same points in irradiated and secondary irradiated glow

curves; AT in Fig. 8 is defined as the temperature change of the peak from the half

height intensity. Figure 8 present AT as a function of time after irradiation of

tectosilicates. Non-linear fading was observed in tectosilicates during three-years

storage, indicating the existence of several fading mechanisms, and a retrapping of

electrons occurring after the first trap emptying.
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Fig. 8. Fading of TL in tectosilicate minerals separated from irradiated spices.

Temperature change AT as a function of time after irradiation.

4.5. Dose evaluation for irradiated minerals

From archaeological studies we know that feldspars and quartz give a linear response to

low irradiation doses under fixed conditions (Aitken, 1985, McKeever, 1985). Dose

response to large doses on contaminating minerals in foods has not been widely studied.

For pure minerals, Goksu et al., (1990) have reported an increasing dose response up to

10 kGy, whereas McKeever (1985) reports a saturation dose about 1 kGy.

In this work, the irradiation dose of foods was evaluated in laboratory irradiation studies,

in interlaboratory comparison studies and in analyses performed for the Customs

Laboratory.
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Minerals separated from potatoes showed a linear dose response up to 1 kGy, and then

the slope decreased, indicating saturation of TL traps. Variation of the TL intensity was

within two orders of magnitude; feldspar exhibited the most intensive TL (Fig. 9,

spectra • ) and mica the lowest (Fig. 10, spectrum •) . Because of the wide variation in

the TL of minerals and different dose responses, dose evaluation cannot be done solely

on the basis of the TL ratio glow 1 to glow 2, but calibration is required.
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Fig. 9. Dose response of TL intensity of minerals separated from potatoes. Spectra • are

for feldspar, spectrum • for quartz, spectra • for mixed minerals and spectrum • for
mica.

The procedure for dose evaluation of potatoes irradiated with low doses was the

following: For calibration purposes, the same mineral sample was irradiated to different

doses and the TL ratio glow I/glow 2 was calculated for the temperature range 200-250

°C. Results for four parallel samples that were irradiated three months before the analysis

are presented in Fig. 10. The samples were blind analyses performed for the BGA trial.

The TL ratio 1 shows the irradiation dose of the sample; the dose determined was thus

50 Gy, a value which was later confirmed by the BGA laboratory.

Results of control analyses performed for the Finnish Customs Laboratory indicate that

large doses from terrestrial minerals also can be evaluated. Irradiated spices, mostly

peppers and dry onion powder irradiated to 8-10 kGy doses, showed first glow curves of
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higher TL intensity than second glow curves after normalisation irradiation to 5 kGy.

The TL ratio glow I/glow 2 of white and black peppers varied between 1.5 and 2.5,

indicating an irradiation dose higher than 5 kGy (Paper III). More accurate dose

evaluation would have required a calibration curve.

For seafood, large kGy-level doses were studied in a trial for shrimps. TL ratios were not

directly suitable for dose evaluation: the TL ratios glow 1 to glow 2 (normalisation

irradiation to 1 kGy) were 0.9 and 0.54 for 1 kGy doses, and 1.5,1.0 and 0.82 for 2 kGy

doses. Calibration of different doses would have been required to determine whether the

minerals separated from the seafood were suitable for dose evaluation.

Based on these preliminary results for dose evaluation, it seems clear that low doses can

be determined, and large doses can be determined for terrestrial samples, provided

suitable minerals can be found. More study on the mineral TL capacity is required before

evaluation of large does can be considered reliable for seafood.
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Fig. 10. TL ratio glow I/glow 2 for four parallel mineral samples isolated from potatoes.

Normalisation irradiation was to 50 Gy.
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5. CONTROL OF IRRADIATED FOOD BY TL METHOD

5.1. Official control of irradiated food in Finland

As the office responsible for import control of foods, the Finnish Customs Laboratory

commenced control of irradiated foods in early 1990, as soon as the TL method was

ready for use. In the beginning, dry herbs, spices and their mixtures, berries and

mushroom were analysed, and in the same year the control was extended to seafood.

The procedure for food control in the Customs Laboratory was the following (paper

II): Microbiological analysis was performed on the food sample. If the aerobic

microbe content was decreased and no fumigant residues were found, treatment with

ionising radiation was considered a possibility, and the product was sent for TL

analysis to confirm irradiation. Fumigation is not a realistic alternative for seafood, so

for seafood this step was omitted.

The TL analysis was performed by the procedure developed in the present work. The

results are given as a decision, whether the sample has been irradiated or not. The TL

spectra, glow 1 and glow 2, are reproduced in the statement. Typical TL spectra of

nonirradiated and irradiated seafood samples are shown in Fig. 11 (nonirradiated shrimp)

and Fig. 12 (irradiated prawn). During the control studies, it became clear that foods also

may be mixtures of radiated and nonirradiated portions (Fig 13). A decision about

irradiation cannot then be made on the basis of the TL ratio glow 1 to glow 2, and

instead the shape of the TL spectra must be evaluated.
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Fig. 11. TL spectra of nonirradiated shrimp, recorded in an analysis performed for
official control of irradiated food. Spectra 1 and 2, glow 1 of two parallel analyses,
spectra lx and 2x glow 2 for the same analyses after normalisation irradiation to 5 kGy.
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Fig. 12. TL spectra of irradiated prawn run for official control of irradiated food. For

explanation of spectra, see Fig. 11.
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Fig. 13. TL spectra of control analysis for curry powder. The sample contained both

nonirradiated and inadiated fractions, as can be seen from the glow shape. For

explanation of spectra, see Fig. 11.

As a member of the European Union since 1995, Finland is responsible for the domestic

control of foods and for products for which she is the first border country in the EU.

Domestic market control for irradiated food is organised by the National Food

Administration.
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In 1995, the Customs Laboratory acquired a new photostimulated luminescence (PSL)

instrument for screening control of irradiated foods (Sanderson, 1991). Since no

pretreatment of samples is required, the analysis is fast and large amounts of spices and

herbs can be screened. All samples showing a positive or moderate signal which

suggests irradiation are sent for TL analysis to the Laboratory of Radiochemistry.

Confirmation analysis by thermoluminescence is required because the PSL instrument

detects high residual TL as irradiated. Another problem arises with mixed samples,

which may produce too low a luminescence signal for detection, and lead to a false

negative decision about irradiation.

About 500 lots of food were analysed for irradiation between 1990 and 1996. Major

products were dry herbs, spices and seafood (Table 4). Out of 200 lots of herbs and spi-

ces, 80 had been irradiated. Of 200 lots of seafood that were analysed, ten lots had been

iiTadiated. No samples of irradiated berries or mushroom were observed. During the past

two years, irradiated green tea has been identified in some spice mixtures. Also

irradiated frog legs have been detected. For the spices and herbs, irradiation certificates

were requested by the Finnish Customs Laboratory. Finnish legislation (degree 844/87)

requires that import permission be denied for all other irradiated foods. Most positive

results have been confirmed by the producers.

The amount of illegal irradiated seafood arriving in Finland has decreased; only one lot

of irradiated seafood has been found during the past two years. Lack of minerals

prevented TL analysis in five per cent of seafood, particularly peeled prawns, and some

squid contained only non-thermoluminescent clay minerals and the analysis failed.
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Table 4. Analyses performed for the Customs Laboratory during the years 1990 to 1997,

number of analyses and number of positive results.

Year

1990

1991

1992

1993

1994

1995

1996-97

Total number

of analyses

22

74

93

65

67

57

95

Spices

13/3

25/9

50/10

21/9

23/4

30/12

40/12

Seafood

0

36/3a

31/6b

38/0

39/0

10/0

31/lc

Berry

7/0

10/0

11/0

4/0

1/0

11/0

0

Mushroom Other

2/0

0

1/0

0

0

0

0

0

0

0

2/1*

4/0**

7/0***

24/10****

Minerals were not found in a) 2, b) 6, c) 2 lots

* frog legs, ** nuts, *** tea 1/1, wine ingredients 6/0, **** green tea 13/6, frog legs

9/4, minerals not found in 2 lots

5.2. Standardisation of the TL method for a CEN standard

No European directive for irradiation treatment of food is yet available. Opinions have

hardened for and against irradiation, and only a draft now exists. The latest draft suggests

prohibition of food irradiation with the exception of dry herbs and spices up to a

maximum dose of 10 kGy. Unconditional labelling would be required.

Five standards have recently been adopted for the control of irradiated food: a method of

electron spin resonance (ESR) for foods containing bones and cellulose, a method of gas

chromatography based on volatile hydrocarbons for fat-containing food, a method of gas

chromatography/mass spectrometry based on alkylcyclobutanone for fat-containing food

and a method of thermoluminescence for food containing silicate minerals (EN 1788).

The preparative work for the standardisation of the TL method in CEN TC/275 WG 8
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was based on the Finnish TL method along with methods of the United Kingdom

(MAFF, 1992, Sanderson et al.,1996) and Germany (Delincee, 1992, 1993, Schreiber et

al., 1993, Schreiber et al., 1994, Khan and Delincee, 1995) The TL analysis is currently

valid for dry herbs and spices. After successful completion of the intercomparison

studies for seafood and fresh and dry fruit and vegetables, the TL method will be

extended to these items, too (Sanderson et al., 1997a, Sanderson et al., 1997b)

The principle of the CEN standard is identical with the Finnish method: Mineral

separation with density extraction, a first TL measurement, normalisation irradiation of

the same mineral sample to a fixed dose, and a second TL measurement. The decision

about irradiation is made on the basis of a comparison of the two TL spectra: if the TL

ratio glow 1 to glow 2 is higher than 0.5 the sample is irradiated, if the ratio is lower than

0.1 the sample is nonirradiated. Between 0.1 and 0.5 the shape of the TL spectrum

determines the decision.

Differences in the Finnish procedure concern details: 1) treatment with carbon

tetrachloride is allowed for separation of minerals from gel-forming food items, 2)

storage of mineral samples overnight is at room temperature rather than 50 °C, 3)

heating rate is 10 °C/s instead of the 6 °C/s used in the CEN standard and 4)

normalisation irradiation is to 5 kGy instead of 1 kGy.

Carbon tetrachloride is highly carcinogenic and its use prohibited in some EU countries.

In view of the easy separation of minerals it allows from gel forming samples, we use it

for separation of the organic material. Only minor effects result from stabilisation of the

minerals overnight at room temperature rather than 50 °C. Heating rate has an effect of

less than 10 °C on the peak temperature. Normalisation irradiation to 5 kGy instead of 1

kGy is used with the purpose of optimising the TL ratio glow 1/ glow 2 to one. This is

ideal, because the majority of irradiated spices are exposed to an average dose of 8 kGy.
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6. CONCLUSIONS

The method of thermoluminescence analysis developed in this work was found to be

suitable for all food from which appropriate minerals could be isolated. The method was

applied to herbs, spices and seafood, berries, mushrooms, tea, frog legs, nuts and various

special products; the three first were the most important categories. One advantage of the

TL method is that no reference material is needed, but rather the mineral itself is used for

calibration. Decisions are more difficult to make for mixtures of nonirradiated and

irradiated portions, which are typical of blended spices. Nevertheless, decisions have

successfully been made on the basis of the shape and position of the peak in the glow

curve.

During seven years of control of food irradiation, 80 lots of about 500 samples analysed

for irradiation were found to have been irradiated: 29% of herbs and spices and 5.3% of

seafood

The PSL instrument developed for the screening of irradiated food easily handles the

large amounts of dry herbs and spices requiring investigation. Final identification must

be by the TL method. The combination of PSL screening and confirmation by TL

analysis provides a reliable control tool for all irradiated foods containing adherent or

contaminating minerals. At present, the analysis is qualitative only. For complete

satisfaction of the legislation, the dose should also be evaluated. On the basis of the

preliminary results of this work, it would seem that low as well as large doses can be

evaluated in terrestrial food providing they contain minerals with sufficient TL capacity.

The TL capacity of minerals in seafood is in need of further study before the method can

be accepted as reliable.
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Die Identifizierung strahlenbehandelter Lebensmittel
anhand der Thermolumineszenz
mineralischer Verunreinigungen

Zusammenfassung. Gegenstand dieser Untersuchung ist
die strahJeninduzierte Thermolumineszenz (TL) der in
Lebensmitteln enthaltenen Mineralien als Mittel zur
Identifizierung strahlenbehandelter Lebensmittel. Unter-
sucht wird nicht der Eigengehalt der Lebensmittel an Mi-
neralien, sondern die Mineralienkontamination. Die po-
sitive Identifizierung von Lebensmitteln, die mit einer
Dosis von 1-10 kGy bestrahlt worden waren, ist abhän-
gig vom Gehalt und der Zusammensetzung der Minera-
lienkontamination sowie von der Zeitspanne zwischen
Bestrahlung und TL-Analyse. Noch nach Ablauf von
maximal einem halben Jahr konnten sämtliche Gewürz-
und Kräuterproben (insgesamt 20 Stück) ohne irgend-
welche Vergleiche mit unbestrahltem Material identifi-
ziert werden. Von insgesamt 60 bisher überprüften Losen
waren drei so sauber, daß ihr Mineraliengehalt für eine
TL-Analyse nicht ausreichte. Wenn der Boden eines Kar-
toffelfelds Feldspate enthält, kann auch die Keimhem-
mungsbehandlung der Kartoffeln mit Dosen von 100 bis
200 Gy noch bis nach Ablauf von einem Jahr erkannt
werden; für die Bewertung wird dabei der Niedrigtempe-
raturanteil des TL-Spektrums im Bereich von 90 bis
250 "C herangezogen.

Summary. This investigation assessed the radiation-in-
duced thermoluminescence (TL) of food minerals for
identifying irradiated foods. Mineral contamination,
rather than the inherent mineral content, of foods was
studied. Positive identification of foods given 1-10-kGy
doses depends on the contents and composition of the
mineral contamination and the time span between irradi-
ation and TL analysis. All 20 irradiated spice and herb
samples could be identified without comparing them with
unirradiated material. Three out of 60 lots of spices and
herbs examined so far were so pure that the mineral con-
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tents were too low to allow TL analysis. If the soil where
potatoes are grown contains feldspars, sprout inhibition
treatment with 100-200-Gy doses can also be detected for
up to one year, using the 90-250° C low-temperature part
of the TL spectrum for evaluation.

1 Introduction

One obstacle hindering acceptance of food irradiation is
the difficulty of determining whether or not food has
been irradiated. There is no generally valid method, nor
is one expected in the near future. Several partial solu-
tions are known on the basis of direct analysis of chemi-
cal changes caused by irradiation or evaluation of
changes in the physiology or morphology of plant mate-
rials. Other methods can be used, e.g. measurement of
the chemiluminescence, the concentration of free radicals
(by electron spin resonance spectrometry) or the thermo-
luminescence (TL) induced by ionizing radiation.

During recent years, the thermoluminescence method
has attracted ever increasing interest. The method was de-
scribed by Heide and Bögl [1-3] while trying to identify
irradiated spices and herbs. In their original method the
analysis is very straightforward. A small sample, up to
20 mg of dry pulverized material, is heated at a constant
rate and the intensity of luminescence is recorded. The
differentiation between irradiated and nonirradiated ma-
terial is based on statistical evaluation of the thermolumi-
nescence levels. A value, usually 2-3 times above the
maximum background signal, is set as the threshold for
possible irradiation. The method is well developed and
an extensive European intercomparison was made by
Heide et al. [4]. The same authors have also developed a
new modified TL procedure for identification of irradi-
ated strawberries [5].

The thermoluminescence of irradiated foodstuffs
seems to originate more from mineral contamination
rather than from the food material itself. Separation of
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the contaminating minerals in the food first, followed by
the measurement, makes it possible to avoid several
drawbacks involved in direct analysis. The amount of lu-
minescent material is known and even coarser mineral
grains can be identified. The TL signal of separated
minerals can be several orders of magnitude higher than
that from the food itself because larger quantities of food
can be used for mineral collection. Further, the TL signal
ratio between irradiated and blank samples increases, as
shown by Sanderson et al. [6, 7]; Goksu-Ogelman and
Regulla [8] have also come to the same conclusion.

The thermoluminescence of natural minerals is well
known and a widely used method of dating in archeology
and sediment mineralogy. Good treatises on the subject
have been published, e. g. that of Aitken [9]. The TL sig-
nal of minerals is rather insensitive to moisture, but is af-
fected by elevated temperature, light and time. The fad-
ing characteristics of feldspars have been studied exten-
sively by Sanderson [10].

2 Experimental methods

A large number of spices and herbs, totalling 60 lots of 18 different
species, were provided by the Finnish Customs Laboratory for ex-
amination. The material was irradiated, using a cobalt-60 source, to
a 10-kGy dose and stored thereafter in darkness at room tempera-
ture. Different methods were used to separate the contaminant
minerals. The easiest way, namely picking up mineral grains directly
from the material under examination, was tried first. If nothing was
found the next step was washing with water or organic liquids, or
centrifugation in a high-density sodium poJytungstate solution (den-
sity SJ 1.6 g/cm3). Potatoes were collected from three different loca-
tions in southern, central and northern Finland. The material was
irradiated to doses of 100 and 200 Gy and minerals were simply
washed out and stored in darkness at room temperature. No special
precautions were used to protect the samples from light because the
history of the material under examination was not known; only di-
rect sunlight and strong artificial illumination was avoided. The
pure minerals for comparison purposes were taken from local and
Central European rocks.

Thermoluminescent spectra were measured using Danish (Risa)
instruments. In the beginning the older manual model was used (re-
sults shown in Fig. 4). All later measurements were performed using
a Rise TL-DA-10 reader. Details of the instrumentation have been
published by Better-Jensen [11]. Compared to the older model,
where the photo current was measured, the new instrument is a sin-
gle photon counter equipped with a 24-sample carousel. The TL
spectrum evaluation program was always the same: the measuring
chamber was first evacuated to a 10 Pa pressure and thereafter
flushed with nitrogen during measurements. The heat range was from
room temperature to +500°C, the heating rate 10°C/s and the
count sampling interval 2° C. The sample mass was usually 1-5 mg
but with feldspars well under 1 mg. The sample plates were made of
platinum. The influence of thermal glow was reduced with a blue
filter. To avoid the saturation of the electronics by excessively high
counting rates, a 1/100 attenuation filter was often necessary with
bright irradiated samples.

3 Results and discussion

When the thermoluminescence of mineral contamination
of foodstuffs is used to evaluate the possible irradiation,
the most important task is to differentiate the TL spectra

of irradiated minerals, or more usually, of unspecified
mineral mixtures from the widely varying natural back-
ground. Therefore the food material itself has only a sec-
ondary role. It is not necessary to comb through all pos-
sible foods and food ingredients, because the main prob-
lem is to find a small quantity (ranging from tens of
micrograms to a few milligrams) of thermoluminescent
mineral material contained within the food during irradi-
ation, and then to evaluate to TL spectrum correctly. The
numerical values of the TL measurements are by no
means absolute. The matrix absorption of light in the
sample, light scattering from the sample plate, light ab-
sorption and reflection in the vacuum window and filters,
the geometric efficiency of the measuring system, the
photon conversion efficiency and spectral responce of the
photomultiplier, the electronics gain and the pulse dis-
crimination level are all parameters that must be taken
into consideration. Therefore only the shape of the spec-
tra and the ratios of integrated intensity values over the
same temperature range are more universally valid. Fur-
ther, the true sample temperature may differ tens of de-
grees from the heating plate temperature, where the sen-
sor is situated, thus altering the spectra relative to the
temperature scale.

The most common thermoluminscent minerals in the
agricultural topsoil and wind-transported dust are feld-
spars, quartz and limestones. The TL signal of feldspars
and limestones is usually so strong that they mask the
thermoluminescence of other minerals even when present
in minor constituents. The main origin of the back-
ground thermoluminescence of minerals is natural
radioactivity and cosmic radiation. Therefore the time
scale for the equivalent doses used in food irradiation is
105-106 years. The energy traps leading to thermolumi-
nescence are not stable. In solid rock they are in balance,
owing to the temperature and the natural background
radiation intensity. In the topsoil, fading of the TL signal
is accelerated by sunlight, sometimes by man-made heat-
ing or artificial illumination. Wind-transported dust is
most efficiently eliminated from the background TL sig-
nal. When the TL spectra of minerals irradiated to kGy
doses are compared to natural background spectra, the
most significant difference can be seen in the low-temper-
ature part of the spectrum. The shallow energy traps
deactivated at low temperatures are too unstable to be
detected in nature. They are nuisance in calibration irra-
diations performed for archeological age determinations
but they can be used effectively to identify food irradi-
ation because the storage time of foods is usually from
weeks to a couple of years. In Figs. 1-3, a set of represen-
tative TL spectra of irradiated and nonirradiated feld-
spars, quartz and limestone are shown. As can be seen
only a small part of the natural background spectrum is
below 250° C, in some feldspars about 15% of total
counts. Fading of the low-temperature TL signal is fast
during the first months after irradiation. A most unfavor-
able comparison is made in the figures because all back-
ground spectra are taken from solid rock samples. Back-
ground TL intensities from wind-transported topsoil
dust are usually so weak that they cannot be seen in the
scale used in these figures.
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Fig. 1. Typical TL spectra of potassium feldspar. Curves from
highest to lowest intensities are the 10 kGy dose 1 day, 45 days and
90 days after irradiation. The solid line is a blank
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Fig. 2. TL spectra of clear quartz. For curve identification see
Fig.l
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Fig. 3. Typical spectra of limestone. For curve identification see
Fig.l

3.1 Low doses used to inhibit sprouting

The dose ranges used for food irradiation can be devided
into two groups: 100-200-Gy doses for sprout inhibition,
and the 1-10-kGy doses used for other purposes. In pota-
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Fig. 4. Identification of irradiated potatoes. Mean TL values inte-
grated over the 90-250° C temperature range. The TL signal was
measured from unsegregated mineral samples washed out of pota-
toes. The potatoes were grown in three different locations: in south-
ern (/), in central (2), and in northern Finland (S)
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Fig. 5. Pooled individual TL results a year after irradiation, mea-
sured from the same material as in Fig. 4

toes, onions and garlic the mineral contamination is so
heavy that it is not difficult to separate identifiable
mineral grains for analysis. The natural background TL
signal variation often masks the influence of irradiation
in quartz and limestone, but feldspars behave differently.
Fig. 4 presents the mean TL values of minerals washed
from potatoes. The TL signal from feldspars is so strong
that the results from unsegregated soil and pure feldspars
gave nearly identical results. The results in Fig. 4 are inte-
grated values of the 90-250° C temperature range. The
TL signal from irradiated soil is at least two orders of
magnitude higher than the background in the beginning;
it fades during storage but seven months later it is still
about 10 times higher than the background. In Fig. 5 the
pooled individual results are presented from samples kept
in darkness for one year before measurement. The mean
TL values between blank and irradiated samples still dif-
fer by an order of magnitude.
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Table 1. Mineral sampling from spices and herbs for TL analysis

Parameter

Number of different species
Number of lots
Minerals found for TL

analysis
- by picking
- by water rinsing
- by high-density liquid

centrifugation

Herbs

4
10

10

Peppers

5
24

16

8

Other spices

9
26

12

11"

" Three attempts were unsuccessful. Two lots of freeze-dried onions
and one lot of paprika were so clean that no minerals were found

100 200 300 400 500

Temperature {°C)

Fig. 6. TL spectra of minerals separated from spices and herbs (all
dashed lines). Measurement after half a year from irradiation. The
highest blank value (/) and a typical bright topsoil feldspar spec-
trum (2) are also shown

Several other approaches to the identification process
can be used. One of the most straightforward is the me-
thod of Sanderson et al. [7], where the separated mineral
sample is irradiated to a 2.5-kGy dose after the first TL
measurement and the ratios of the results are then com-
pared. Table 1 is a compilation of our mineral separation
results for dried spices. As can be seen the easiest method,
picking, was successful in 28 out of 60 lots. Two onion
and one paprika lot gave no result. Freezedried onion
chips were processed to be so far from their natural
origin, and were thus so clean that no minerals were
found.

Twenty lots of spices were irradiated with a dose of 10
kGy. In Fig. 6 a set of extreme-value TL spectra half a
year after irradiation is shown. The highest background
spectrum (blank) detected from the same lots and a ty-
pical bright feldspar topsoil sample (upper solid line) are
also included. Several approaches were used for irradia-
tion identification. The lowest result from the 90-250° C
range of integrated values is 100 times higher than the
highest blank. The shape of the spectra and the ratios of
integrated TL values above and below the 250° C border
were also used. Numerical threshold values, of course,
depend on the TL reader and its settings. All 20 irradiated
lots of spices were identifiable after half a year. The re-
irradiation method of Sanderson et al [7] was used to con-
firm the results. Re-irradiation was also of great value for
eliminating spurious TL results arising from organic resi-
dues and nonluminescent minerals in original samples.

Acknowledgements. The authors would like to thank Ms. Heini Er-
vanne of the Radiocarbon Dating Laboratory, University of Helsin-
ki, for performing the first TL measurements (Fig. 4). The study was
supported by the Ministry of Trade and Industry of Finland.

3.2 Large radiation doses

When large 1-10-kGy doses are used for food irradiation,
the energy traps leading to thermoluminescence in all
common minerals are saturated. Comparison of the TL
spectra of irradiated and unirradiated samples in Figs. 1-
3 shows that the difference is visually quite clear. The best
numerical quantification seems to be the comparison of
the ratio of integrated values above and below 250° C. In
background spectra this ratio is over 10 and in irradiated
feldspars less than 5, even a year after the treatment. Also
the peak intensity temperature from several hundred
background samples was never under 250° C measured
with our TL-DA-10 reader. Low-temperature 90-250° C
maxima of TL spectra can thus be considered character-
istic of irradiation for example in the paper of Heide et al.
[8] this is clearly seen in the TL spectrum of a strawberry
scale. The berries were kept refrigated and were mea-
sured two days after irradiation.
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Einfuhrkontrolle bestrahlter Lebensmittel
mit Hilfe der Thermoluminescenz-Methode

Zusammenfassung. Eine Thermoluminescenz-Methode
(TL) wurde für die Einfuhrkontrolle bestrahlter Lebens-
mittel verwendet. Diese Methode basiert auf der Mes-
sung der Thermoluminescenz von in den Lebensmitteln
vorhandenen mineralischen Verunreinigungen. Diese
Methode, eine Bestrahlung festzustellen, wurde im Früh-
jahr 1990 in das offizielle finnische Kontrollverfahren
aufgenommen. Lebensmittel mit reduziertem Mikroben-
gehalt, ohne feststellbare Begasungsrückstände werden
mit der TL-Methode auf eventuelle Bestrahlung über-
prüft. Die mineralischen Stoffe werden mit verschiedenen
Verfahren aus den Lebensmitteln abgetrennt. Dabei wer-
den bei Gewürzen die mineralischen Partikel manuell
entnommen, bei Kräutern, Gewürzen, Beeren und Pilzen
werden diese mit Wasser abgespült, bei Meeresfrüchten
wird mit hochkonzentrierter Lösung behandelt und das
organische Material wird von der anorganischen Frakti-
on bei Lebensmitteln, die mit Wasser gelieren, mit Koh-
lenstofftetrachlorid abgetrennt. Bis jetzt sind zu Kon-
trollzwecken etwa 140 Lebensmittelproben analysiert
worden: 50 Kräuter- und Gewürzproben, 25 Beeren- und
Champignonproben und 65 Proben von Meeresfrüchten.
Dabei konnte bei 14 Kräuter- und Gewürzproben sowie
bei 5 Proben von Meeresfrüchten eine Bestrahlung nach-
gewiesen werden. Zwischen den bestrahlten und den un-
bestrahlten Proben zeigten sich in der TL-Intensität Un-
terschiede von mindestens einer, meist jedoch von drei bis
zu vier Größenordnungen.

Summary. A thermoluminescence (TL) method was ap-
plied for the import control of irradiated foods. The
method is based on the determination of the TL of
mineral contaminants in foods. Detection of irradiation
was incorporated in official Finnish control procedures
in spring 1990. For foodstuffs with a reduced microbe
content and in which no fumigant residues are found,
possible irradiation is investigated by the TL method.

Correspondence to: S. Pinnioja

The minerals are separated from the foods in different
ways: picking is used for spices; water rinsing for herbs,
spices, berries and mushrooms; high-density liquid to
separate the organic material from the mineral fraction in
seafood; and carbon tetrachloride for foods forming gels
with water. To date about 140 food samples have been
analysed for control purposes: 50 samples of herbs and
spices, 25 samples of berries and mushrooms and 65
samples of seafood. Of these, 14 samples of herbs and
spices and 5 samples of seafood were shown to have been
irradiated. Differences in TL intensity between irradiated
and unirradiated samples were at least 1 and usually 3-4
orders of magnitude.

Introduction

In 1983, the Codex Alimentarius Commission adopted a
Codex General Standard for irradiated foods [1].
Member countries did not, however, incorporate the Co-
dex recommendation in its entirety into their national
legislation, mostly because of pressure from certain con-
sumer groups that oppose food irradiation. About 40
countries have approved food irradiation totally or par-
tially and acceptance of the process slowly increased in
the 1980s. Activities in the field of detection of irradiated
foods have intensified in the 1990s. The Joint FAO/IAEA
Division of Nuclear Techniques in Food and Agriculture
has initiated a co-ordinated research programme on ana-
lytical methods for the detection of irradiation treatment
of foods. In the EC the Community Bureau of References
(BCR) develops and evaluates potential new methods for
detection of irradiated foods. European collaborative
studies have been and will be arranged for the purpose.
The immense number of studies carried out during 1970-
1980 ensured the wholesomeness of irradiated foods and
showed that the mild changes induced by radiation treat-
ment are mostly similar to those produced by conven-
tional methods. The lack of specific radiolytic products
has prevented the development of one single control
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method suitable for all foods. Promising identification
methods for routine controls are currently under investi-
gation: electron spin resonance for bones and shells, gas
chromatography of volatile hydrocarbons for meat, and
thermoluminescence (TL) for spices. The TL method has
been accepted as an official control method for dry food
ingredients in Germany. To ensure consumer confidence
and freedom to choose between irradiated and unirradi-
ated foods, government officials need reliable methods
for controlling food irradiation and the correct labelling
of irradiated foods. Legislation adopted in Finland in
1988 prohibits food irradiation except for some sterile
hospital diets and dry spices and herbs, for which irradi-
ation is allowed up to an average dose of 10 kGy. Devel-
opment of detection methods for irradiated foods began
in 1988. Work in our laboratory was focused on lumines-
cence methods, in particular a method based on the ther-
moluminescence of mineral contaminants in foods, first
in potatoes and in spices [2], By 1990 development of the
method had proceeded to the stage where it was ready to
be applied in practice. The Finnish Customs Laboratory,
the authority responsible for the control of imported
foods in Finland, began an official irradiation control of
spices in that year. The annual import of spices amounts
to 1500 tonnes of which peppers, allspice, cardamom,
cinnamon, nutmeg, anise, curry powder, cumin and pa-
prika powder are the most important. Method develop-
ment was continued to include seafood, and in spring
1991 the control of seafood commenced. This report de-
scribes how the detection of irradiated foods is incorpo-
rated in official controls for food importation in Fin-
land.

Methods

Procedure for the sample selection
at the Customs Laboratory

The annual importation of spices (1500 tonnes) consists of about
1000 consigments. The Customs Laboratory takes samples from
about 300 consigments every year for control purposes. The normal
process includes determining the microbiological quality and resi-
dues of fumigants. To date irradiation control covers herbs, spices,
berries, mushrooms and seafood.

The analysis of herbs and spices proceeds in three steps:
1. First the microbiological quality is determined by APC,

moulds, yeasts, coliforms, faecals and streptococcus [4]. If the mi-
crobe content appears to be normal or higher than normal for the
spice in question, irradiation is unlikely and only microbiological
analyses are performed.

2. If the microbe content appears to be reduced, the fumigation
residues are analysed according to Stivje [5]. The usual fumigant is
ethylene oxide, and if this is found fumigation is considered as the
reason for the reduced microbe content.

3. If no fumigation residues are detected, the sample is sent for
TL analysis, for identification of possible irradiation.

The same procedure is used to detect the irradiation of imported
seafood products except that, since fumigants are never used for sea-
foods, step 2 is omitted.

Experimental methods for the TL analysis

The radiation treatment of foods is detected by determining the
thermoluminescence of the contaminating minerals. The analysis

consists of three stages: (1) separation of contaminating minerals,
(2) measurement of TL of separated minerals, and (3) control irra-
diations, and evaluation of the TL spectra.

Separation of minerals. Separation of contaminating minerals from
herbs, spices, berries and mushrooms is done according to the fol-
lowing procedure:

1. The sample is visually inspected and the mineral grains
picked directly from the food. For spices this is the only procedure
required for about half the samples.

2. For the rest, minerals are preconcentrated by sifting. The
minerals are rinsed through a sieve with deionized water containing
detergent.

3. A high-density liquid, sodium polytungstate (density 1.9 g/
cm3), is used for separation of the mineral fraction from organic ma-
terial. This is best done in a separation funnel.

4. Minerals are rinsed with water and dried with acetone.
5. Spices with a high fat content (e.g. nutmeg) are treated with

hexane before mineral preconcentration to avoid adhesion of
minerals.

6. Carbon tetrachloride (density 1.6 g/cm3) is used for separa-
tion of salt crystals from spice mixtures, and for foods forming gels
with water (e.g. onion, garlic, tomato and paprika powders).

For seafood the procedure is as follows:
1. Frozen samples are thawed.
2. In the case of shellfish, minerals on surfaces or shells are

rinsed into water, from where they are transferred into a high-den-
sity liquid.

3. The content of the intestines is transferred into a high-density
liquid.

4. High-density liquid containing the mineral fractions is trans-
ferred into a separating funnel.

5. Minerals are separated after settling.
6. The mineral fraction is rinsed with water and dried with ace-

Thermoluminescence measurement. Thermoluminescence is mea-
sured by a procedure described earlier [2]. Irradiation is detected ac-
cording to a modified procedure, the original TL spectrum of the
minerals being compared with the spectrum recorded from the same
sample after re-irradiation. If the food was irradiated originally, the
TL spectra from both measurements are alike [3].

Control irradiation. Mineral samples are always re-irradiated to a
dose of 5 kGy. Irradiation is performed by a 60Co source (dose rate
0.2-0.4 kGy/h) at room temperature. In the case of seafood, control
irradiation of the original material was often found necessary. A
small portion of the original food is irradiated while still frozen to
a dose of 5 kGy. The purpose of the laboratory control irradiation
is to confirm a correct decision about irradiation (see Fig. 6).

Results and discussion

Characteristics of the thermoluminescence of different
minerals must be known in order to interpret the TL
spectra. The separation procedure gives a mixture of un-
consolidated minerals, the suitability of which depends
on the mineral composition. Crystalline minerals are
most suitable for the analysis owing to the high intensity
and stability of the thermoluminescence induced by irra-
diation. Silicates, quartz and feldspars are the most com-
mon crystalline minerals found in herbs and spices; car-
bonates and salt crystals can also be used. Figure 1 shows
an example; a quartz particle (the mineral analysis was
performed by X-ray diffraction at the Geological Survey
of Finland) separated from irradiated white pepper, dose
8 kGy. Intensity of the thermoluminescence did not
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Fig. 1. Thermoluminescence of quartz separated from imported irra-
diated white pepper. The spectra show the thermoluminescence
measured at 1 year (3 a), 2 years (2a) and 3 years (3a) after irradi-
ation, dose 8 kGy. Spectrum Id is a re-irradiation (dose 5 kGy) of
sample 3a measured 1 day after irradiation

Table 1. The number of TL analyses performed in Finland for the im-
port control of irradiated foods from 1990 to spring 1992

Food No. of
analyses

No. of
irradiated samples

Allspice
Black pepper
Nutmeg
Onion powder
Poppy seed
White pepper
Other spices
Berries
Mushrooms
Prawns
Squid
Other seafood

3
8
3
4
2
9

21
22

3
46
4

15

1
6
2
2
1
2
0
0
0
3
2
0

Temperature [°C]
Fig. 2. Thermoluminescence of unsegregated minerals from unirra-
diated samples. Spectrum 1 is a glow curve of strawberry and spec-
trum 2 is that of cumin; spectra 1 x and 2 x are their spectra after
irradiation

Temperature [°C]
Fig. 3. Thermoluminescence of unsegregated minerals separated
from irradiated black pepper (dose 8 kGy). Spectra 1 and 2 are the
glow curves of original samples; 1 x and 2 x are their respective
spectra after irradiation

markedly decrease over a period of 3 years, and the shift
in the peak temperature was only 40° C. Clay particles
are common in spices, especially in herbs, but the thermo-
luminescence is so weak and fades so fast that a decision
on the basis of clays as to whether or not a food has been
irradiated is not always reliable and not recommended.

To date about 140 food samples have been analysed
by the TL method: 65 samples of seafood, 50 samples of
herbs and spices and 25 samples of berries and mush-
rooms (Table 1). The method could be applied to 96% of
the samples and failed for 5 samples. Three samples of
peeled gutted prawns, one of paprika powder and one of
mustard powder were so clean that analysis was not pos-
sible.

Intensity of the background thermoluminescence of
unirradiated samples varied over a range of 3 orders of
magnitude (Fig. 2). The lowest values were determined
for minerals from strawberries (Fig. 2, spectrum 1) which
were grown outside in sun-bathed fields. High back-
ground values were found in samples from deep nothern
topsoils (Fig. 2, spectrum 2). The TL spectra shown in
Fig. 2 are typical glow curves of unirradiated samples; the
peak temperature between 300° C and 400° C is charac-

teristic. The irradiated TL spectra (spectra 1 x and 2 x)
differ totally from the original ones, in both shape and
intensity.

A decision about whether or not a sample had been ir-
radiated was made with no difficulty despite the variation
in the background thermoluminescence. TL intensity of
the minerals increased by several orders of magnitude
upon irradiation and the peak temperature was typically
under 250° C depending, however, on the mineral com-
position of the sample. A decision that irradiation has
taken place is based on the finding that the re-irradiated
spectrum is the same as the original TL spectrum (Fig. 3).
Fading in the low-temperature part of the spectrum indi-
cates a time lag between irradiation and the thermolumi-
nescence measurement. Figure 4 shows an example of
white pepper irradiated 4 months before the analysis. The
black pepper in Fig. 3 was irradiated 2 weeks before the
TL analysis. (The information was obtained afterwards
from the irradiation certificates.) Fading was not a prob-
lem in control analysis because the time lag was so short,
varying only from 2 weeks to 6 months.

Irradiation of herbs and spices was known and ex-
pected, but seafood was also found to have been irradi-
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Fig. 6. Thermoluminescence of minerals separated from irradiated
squid. Spectrum 1 is a glow curve of aragonite particles, spectrum
2 a glow curve of silicates; spectra 1 x and 2 x are their respective
spectra after irradiation

ated. Five samples of irradiated seafood have been found
so far. Figure 5 shows the TL spectrum of irradiated king
prawn. The separated minerals were crystalline silicates,
which are common in seafood. However, the mineral
composition of seafood has wide variations; some
prawns contain only clays. Control irradiation of original

Fig. 8. Results of control TL analyses of herbs, spices, berries and
mushrooms. The TL ratio (integrated over the 200°-250° C temper-
ature range) original glow/re-irradiated glow is shown. The results
of two parallel analyses are given for each sample

samples was found necessary, because the TL analysis
would have given a wrong decision about irradiation in
a few cases: a portion of a squid sample was laboratory-
irradiated to a dose of 5 kGy (Fig. 6). Spectrum 1 is the
glow curve of separated aragonite grain (the mineral
analysis was performed by X-ray diffraction at the Geo-
logical Survey of Finland) from the irradiated squid and
1 x their re-irradiation. Spectrum 2 is the glow curve of
separated silicates from the same irradiated squid and
2 x their re-irradiation.

In frozen seafood fading of thermoluminescence is not
a problem owing to the storage conditions: — 20° C in
darkness. Practically no fading was observed in the ther-
moluminescence of minerals separated from seafood
measured 1 year after irradiation (Fig. 7).

Altogether 19 samples were shown to have been irra-
diated: 14 samples of herbs and spices and 5 samples of
seafood (Table 1). The TL values of the control analyses
are given as TL ratios of normalized original glow/reirra-
diated glow integrated over the 200°-250° C temperature
range. Figure 8 shows the TL results for herbs, spices,
berries and mushrooms, and Fig. 9 those for frozen sea-
food. Two parallel values are given for each sample, with
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Fig. 9. Results of control TL analyses of seafood. The TL ratio (in-
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irradiated glow. The results of two parallel analyses are given for
each sample, except for three unirradiated samples. For these only
one value is given because of the few minerals found

tra. A decision as to whether the sample has been irradi-
ated is confirmed by control laboratory irradiation. On
the positive side, adulteration of the seafood samples is
not possible, because the minerals are in the intestines.

The amount of irradiated food imported into Finland
is not high. Less than 3% of herbs and spices wef« found
to have been irradiated, and irradiated berries or mush-
rooms have not been found so far. Irradiated seafood was
found, in spite of the producers being informed that irra-
diation will be controlled in Finland.

Since irradiation is totally prohibited for all foods ex-
cept spices and dried herbs, a quantitative method is
needed only for spices, for which the maximum dose is
10 kGy. Dose determination is under investigation, and
a rough evaluation of dose is already possible.

the exception of 3 samples of prawns for which only one
result is given. As seen, the decision about whether or not
the sample had been irradiated was unambiguous, since
the TL values of the irradiated samples differed from
those of the unirradiated ones by at least, and in most
cases 3-4 orders of magnitude.

Conclusions

The importation of irradiated foods has been controlled
in Finland for 2 years now. The thermoluminescence
method has proved to be a good detection method, at
least for herbs, spices, berries, mushrooms and seafood.
In practice it has been found to work reliably. The only
drawback has been that suitable minerals for analysis
could not be found in about 4% of the samples and anal-
ysis could not then be performed. In the case of seafood,
care and experience are needed in analysing the TL spec-
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SUITABILITY OF THE THERMOLUMINESCENCE METHOD FOR
DETECTION OF IRRADIATED FOODS

S. PINNIOJA

Department of Radiochemistry, University of Helsinki,
Unionink. 35, SF-00170 Helsinki, Finland

ABSTRACT

Irradiated foods can be detected by thermoluminescence (TL) of
contaminating minerals. Altogether about 300 lots of herbs, spices,
berries, mushrooms and seafood were studied by the TL method.
Irradiated herbs and spices were easily differentiated from
unirradiated ones two years after irradiation of a 10 kGy dose. The
mineral composition of seafood was variable; and while calcite was
suitable for the TL analysis, aragonite and smectite gave unreliable
results. Control analyses during two years confirmed the reliability
of TL method.

KEYWORDS

Irradiation, detection, foods, spices, seafood, thermoluminescence,
mineral, contaminant

INTRODUCTION

Detection of irradiated foods by thermoluminescence (TL) has recently
focused on the determination of TL of the mineral contaminants in
foods. Herbs, spices, strawberries and potatoes were the first foods
for which the mineral separation was applied (Sanderson et al., 1989,
Heide et al., 1990, Autio et al., 1990). Determination of the TL of
minerals has several advantages: specificity for irradiation, high
sensitivity and no need for reference material. Irradiated material is
clearly differentiated from unirradiated one, as was indicated by the
results of a collaborative study arranged by the EC Community Bureau
of References (BCR) (Sanderson, 1991).

EXPERIMENTAL METHODS

Materials

Altogether 300 lots of foods were analysed during the study, 140 for
research purposes and 160 as controls. The samples for all studies
were selected in co-operation with the Finnish Customs Laboratory, the
authority responsible for the control of irradiated foods in Finland.

397
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Thirty species of herbs and spices, four berries (strawberry,
blueberry, raspberry and cherry) and seven different seafood (shrimp,
prawn, scallop, crab, lobster, squid and mussel) were investigated.

Stability of the thermoluminescence of twelve species of herbs and
spices (Table 1) was investigated two years after irradiation; frozen
seafood was investigated after one year.

Irradiation. The research material was irradiated using a Co-60 source
(dose rate 0.2 - 0.4 kGy/h), to 10 kGy for herbs and spices, and to
5 kGy for berries, mushrooms and seafood. All material was irradiated
and stored at room temperature except seafood, which was irradiated as
frozen and stored at -18 °C.

Mineral separation was achieved by picking for half of the spices; by
water rinse for herbs, berries and mushrooms; and by treatment with
high density liquid, sodiumpolytungstate (density 1.9 g/cm3 for most
of spices and all seafood. Carbon tetrachloride was used for material
forming gels with water (Autio and Pinnioja, 1992)

Suitable minerals for the analysis were found in all herbs, spices,
berries and mushrooms with the exception of one lot of ground paprika,
which was so clean that analysis was not possible. Ninety-six per cent
of the seafood (100 lots) contained suitable minerals for analysis.

Thermoluminescence measurements

Samples were measured with a Riso TL-DA-10 instrument. The measuring
chamber was evacuated to 1 Pa pressure and the measurement made under
nitrogen flush. Sample weights varied from 0.1 to 1 mg; measuring
plates were made of platinum. The samples were always (re)irradiated
to 5 kGy and measured again (Autio and Pinnioja, 1992).

Irradiation is detected by comparing the original Tl spectrum (glow 1)
with the reirradiated one (glow 2 ) . If the two spectra are similar and
the normalised ratio glow 1/glow 2 integrated over a temperature range
200-250 °C is 1, the material has been irradiated. If the original
and reirradiated TL spectra differ markedly under 250 °C, and the
ratio glow 1/glow 2 is less than 0.1 the material has not been ir-
radiated.

RESULTS

Stability of thermoluminescence

Irradiation could be detected in all 12 species of herbs and spices
examined (Table 1) two years after radiation treatment (Fig. 1). The
ratio glow 1/glow 2 was not less than 0.3 in any sample. Stability of
thermoluminescence in frozen seafood was determined by measurements
one year after irradiation. The storage at -18 °C meant that fading
was not marked; this was indicated by the equivalence of the original
and reirradiated spectra (spectra 1 and 2 vs 1x and 2x, Fig. 2)
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spice

Table 1. Herbs and spices analysed two years after
irradiation, (n) number of lots

number of
lots

spxce

marjoram
mustard powder
oregano
thyme
wild pepper
white pepper

number of
lots

(2)
(1)
(1)
(2)
(1)
(3)

anis
basil
black pepper
cardamom
clove
garlic powder

(1)
(2)
(3)
(4)
(1)
(1)

Im"

10'

• irradiated

o unlrradiated

10* 103 to" 105 106

Glow 1

Fig. 1. TL intensities of herbs and spices (Table 1)
integrated over the temperature range 200°C-250°C.
Glow 1 original and glow 2 reirradiated TL spectra.
For irradiated samples two values are shown, the
lowest ratio glow 1/glow 2 and the average value;
for unirradiated samples only the highest ratio
glow 1/glow 2 is shown.

Effect of mineral composition

Crystalline minerals silicates, feldspars and quartz exhibit intensive
thermoluminescence and are well suited for TL determinations. Common
minerals in topsoils, they were found in all the herbs, spices,
mushrooms and berries of the study.

The mineral composition of seafood was somewhat different. The
carbonate minerals calcite and aragonite, both CaCO3 but having a
different crystalline structure, make up most of the shell material on
the sea floor. Commonly a mineral separation from the guts of seafood
produced a mixture of carbonates, clays and a few grains of silicates
and feldspars. A typical thermoluminescence spectrum of unconsolidated
minerals from irradiated prawn is shown in Fig. 2. When the minerals
were measured separately, the TL spectra in Fig. 3 were obtained. The
thermoluminescence intensity of quartz (spectrum 3) is seen clearly to
dominate. However, detection is also possible from calcite, as
demonstrated by spectra 1 and 2. (The mineral analyses were performed
by X ray diffraction at the Geological Survey of Finland.) It was
characteristic for shell minerals that the reirradiated TL spectra (1x
and 2x) differed from the original ones especially in the high
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temperature part of the TL spectra. The difference in the glows is a
result of a change in the crystal structure when the sample is heated
to 500 °C during the TL measurement. Aragonite was found unreliable
for detection of irradiation.

Temperature (°C| T»mper«tur« [*C]

Fig. Fig. 3

Fig. 2. TL spectra of minerals from irradiated prawn,
spectra 1 and 2; spectra 1x and 2x are corresponding
spectra after reirradiation.

Fig. 3. TL spectra of minerals separated from irradiated
prawn: spectra 1 and 2 mainly calcite, spectrum 3
silicates, 1x, 2x and 3x corresponding spectra after
reirradiation.

Control analyses of the Finnish Customs Laboratory

The detection of irradiated foods was incorporated in official Finnish
controls for food importation in the year 1990. The TL method has
worked reliably in practice: all the results were confirmed by the
routine microbiological methods of the Laboratory. The only drawback
has been that suitable minerals were not found in 4% of the seafood
samples. So far 160 food samples have been analysed by the TL method,
60 samples of herbs and spices, 30 samples of berries and 70 samples
of frozen seafood: of these, 21 samples were shown to have been
irradiated.
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Abstract—Study was made of factors influencing the thermoluminescence (TL) intensity of feldspars
separated from irradiated foods. Autoradiography and optical densitometry with application of digital
image processing was found to be a suitable method for determining the mineral specific differences in
irradiated feldspars. Alteration of K. feldspar was observed to reduce the luminescence intensity. A
structural change from unaltered mineral to fully seritictzed form without marked change in element
composition was accompanied by a decrease in TL from very intensive to nonobservable. Likewise
increase in FeO concentration during alteration was accompanied by decrease in the TL intensity. Ther-
moluminescence of plagioclase? increased with the CaO/Na2O ratio. © 1998 Elsevier Science Ltd. All
rights reserved

INTRODUCTION

Thermoluminescence analysis, in addition to gas
chromatographic/mass spectrometric and electron
spin resonance methods, is now being considered as
an official European Standard by the EC (CEN TC
275) for detection of irradiated food. The thermolu-
minescence (TL) method was first developed for
herbs and spices (Sanderson et al., 1989; Goksu et
al., 1990), and quickly extended to vegetables, ber-
ries and seafood (Autio and Pinnioja, 1990;
Delincee, 1993; Pinnioja et al., 1993; Carmichael et
at., 1994; Schreiber et at., 1994). Now the TL analy-
sis has been successfully tested in interlaboratory
trials for herbs and spices, berries, mushroom, fresh
fruit and vegetables and shrimps (Sanderson et al.,
199l;fSchreiber et al., 1993).

Irradiated and nonirradiated foods are differen-
tiated by comparing the intensity and shape of
characteristic thermoluminescence glow curves of
the minerals isolated from foods. Intensity of ther-
moluminescence of irradiated minerals is several
orders of magnitude higher than that of nonirra-
diated ones. Even though fading in the low tem-
perature region of the TL glow curve is significant,
the signal is strong enough for identification of irra-
diated foods even two years after the radiation
treatment (Sanderson et a!., 1989; Pinnioja, 1993).

Wide variation is characteristic in thermolumines-
cence intensity of feldspars. Variation has been
found to be affected by feldspar composition, with
K feldspar exhibiting more intensive thermolumi-

*Corresponding author.

nescence than Ca rich plagioclasejf. There is a con-
tinuous and systematic shift in the peak of the
emission band for plagioclase series with albite
(NaAISi3O8) and anorthite (CaAbSijOg) being the
end members. However, the mechanism of TL in
feldspars is not completely known. According to
Poolton et al., a systematic relationship exists in
plagioclase feldspars between FeJ + ion concen-
tration and optically stimulated luminescence (OSL)
intensity. They did not, however, find similar effects
in K feldspars (McKeever, 1985; Kirsh and
Townsend, 1988; Dalai et al., 1988; Calderon et al.,
1995; White et al., 1986; Bailiff and Poolton, 1991;
Poolton et at., 1996).

Metallic impurities in mineral lattice are reported
to cause 'quenching' in TL of minerals. Schmidt et
al. (1974) shows a reducing effect of Fe, Co, Cu
and Cr in CaSO4:Dy. In these studies the TL of
separated feldspar grains, clearly of sedimentary
origin was consistently lower than that of unaltered
('pure') samples of feldspars collected from various
sources for comparison (Pinnioja et al., 1993).

Feldspar structures are assumed to be highly
altered in minerals near the soil surface and near
water-bearing fractures in deep rock formations.
Altered minerals are particularly common in top-
soils. Geographically, alteration is greater in tropi-
cal than in northern regions. The effect of alteration
on thermoluminescence has not been systematically
studied.

Seeking to find an explanation for the difference
between the TL of feldspars separated from foods
and the TL of pure reference minerals we have
investigated the relationship between thermolumi-

1
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nescence and the alteration degree of feldspars.
Autoradiography, as a new technique to measure
thermoluminescence, was tested in the determi-
nation of intensity of TL in mineral crystals separ-
ated from rock samples. Optical densitometry with
application of digital image processing technique
was used to quantify the intensities from autoradio-
graphs.

EXPERIMENTAL

Rock samples were selected for their large feld-
spar grains and for containing both K feldspar and
plagioclase. Degree of alteration varied from fresh
unaltered to highly altered feldspars. The rock
selected was porphyritic granodiorite (core K.I7)
from Konginkangas in central Finland, where
samples were taken from the depth of 32 m (KI7 I),
125 m (K.I7 II) and 188 m (K.I7 HI). In this way it
was ensured that they represented different altera-
tion stages. K. feldspar from a pegmatite quarry in
Kemid in western Finland, was investigated as a
pure mineral sample. Polished rock surfaces
(approx. 1.5 x 2.5 cm) were prepared for autoradio-
graphic studies and crushed rock samples (grain
size < 0.071 mm) for the TL reader measurements.

Irradiations. Rock samples were irradiated using
a 500 Ci 60Co irradiation source. The doses were
0.1, 0.5, 1, 5 and 10 kGy and the dose rate was 1.9
kGy/h. Irradiation was performed in air at ambient
temperature.

Measurement of thermoluminescence

Autoradiographic method. Thermoluminescence in
feldspars induced by ionizing radiation is intensive
enough to expose the autoradiographic film. Auto-
radiography and optical densitometry with appli-
cation of digital image processing technique was
used to determine the mineral specific differences in
the thermoluminescence effect. Quantification of the
autoradiographs has been described in detail earlier
by Hellmuth et al. (1993). The sawn rock samples
were irradiated with doses of 0.1, 0.5, 1, 5 and 10
kGy to verify the suitability of the autoradiographic
method for quantitative TL analysis. After 18 h
delay in dark the surfaces of the rock samples were
exposed on a (5 film (Amersham, Hyperfilm-pmax)
and an X-ray film (Kodak X Omat MA). The ex-
posure times were 5 h (Pmax) and 23 h (X-ray).
Autoradiographs were studied qualitatively and
quantitatively. Quantitative interpretation of the
results was based on digital image analysis of auto-
radiographs, which started from discretising the
autoradiograph into pixels (about 50 x 50 nm). All
the intensities of the subdomains were then con-

• verted into corresponding optical densities A
Correlation between intensity and optical density.

Assuming that the response of the image source
(table scanner Ricoh FS 2, optical resolution 600
dpi) and the amplifier of the digital image analyser

are linear, the digitized grey levels of the film can
be handled as intensities. Intensity here means the
light intensity coming through the autoradiographic
film.

Optical densities, which were dose proportional
(Fig. 1), were derived from intensities

OD = log l-i (i)

where OD is the optical density, 70 the intensity of
the background and 7 the intensity of the sample. It
could be seen that as intensity decreases (i.e. the
film darkens), optical density increases.

Figure 1 shows the optical densities in feldspar
and plagioclase grains of sample KI7 I, unaltered
porphyritic granodiorite, as a function of ir-
radiation dose. The measured areas were the same
as the areas for SEM/EDS analysis (see below,
Fig. 4b, points A and B). The digitized areas in the
autoradiographs were 1 mm2 and the scanner resol-
ution was 300 dpi. The error shown in Fig. 1 is cal-
culated from the intensity curve, with the lowest
and highest values taken as limits.

TL reader. Thermoluminescence of crushed min-
erals was measured with a Rise TL-DA-10 instru-
ment equipped with blue Corning 7-59 and Schott
NG 9 (attenuation 1/100) filters. The measuring
chamber was evacuated to 1 Pa pressure and the
TL measurement was performed under nitrogen
flush (2 1/min). Sample plates made of platinum
were glowed before measurement to avoid false sig-
nals. The samples were heated from room tempera-
ture to 500°C at 10°/s. Mineral amounts varied
between 0.2 and 0.5 mg. The TL intensity was stu-
died as a function of irradiation dose with doses of
0.1, 0.5, 1, 5 and 10 kGy. Samples were measured
18 h after the radiation treatment, the same delay
as in the autoradiogaphic measurements.

Figure 2 presents the thermoluminescence intensi-
ties of crushed K feldspar and plagioclase grains of
the sample KI7 I as a function of irradiation dose.
The TL intensities are integrated values over the
temperature range 200 to 250°C. The results are
expressed as mean values of six samples and the
error is calculated as one standard deviation.

Comparison of TL analyses performed by auto-
radiographic method and with the TL reader. Both
the autoradiographic method and the TL reader
were suitable for determining the differences in ther-
moluminescence of feldspars. As expected, the TL
reader was more sensitive.

Dose response of the TL intensity was similar for
the two methods: the response was almost linear up
to 1 kGy for both K feldspar and plagioclase and it
increased with irradiation dose up to the dose of 10
kGy, the maximum dose of this study. The advan-
tage of the autoradiographic method is that TL can
be measured from different feldspars in the same
sample without mineral separation.



Effect of feldspar composition on thermoluminescence

2000 4000 6000

dose (Gy)

8000 10000

Fig. 1. TL intensity of K feldspar (•) and plagioclase (•) as a function of irradiation dose, determined
by the quantitative autoradiographic method.

Electron microscopy measurements. Scanning elec-
tron microscopy and energy dispersive X-ray spec-
trometer analysis (SEM/EDS) were carried out to
determine the composition of feldspars in the rock
samples. The composition differed due to alteration.
The mineral analyses were done on the same min-
eral crystal as the autoradiographic measurements.
Sawn and polished rock surfaces were carbon-
coated before the analysis.

Electron microscopic analysis of polished rock
sections was done with a Zeiss DSM 962 and

Link ISIS, with a UTW Si(Li)[letector operated in
backscattered electron image (BSEJmode
(Department of Electron Microscopy, University
of Helsinki), and with a Cameca SX50 operated in
BSE mode (parametres used: voltage 15.0 kV, cur-
rent 15 nA and beam 10 um) (Geological Survey
of Finland). The analysis zone from K feldspar
was selected perpendicular to the fracture: points
1-3 lie between the fractures and points 4-5 as
close as possible to the fracture (see Figs 3-6 and
Table 1).

y

1E+6T

2E+5 • •

0E+0
2000 4000 6000

dose (Gy)

8000 10000

Fig. 2. TL intensity of K feldspar (•) and plagioclase (•) as a function of irradiation dose determined
with a TL reader.



S. Pinnioja et al.

(b)

Fig. 3. Photograph^ (a) and TL autoradiographjT(b) (p-^ pmax film, 5 h exposure, 10 kGy doŝ gp-fe7-̂ 1 ® )
[b and 4 b X ray film, 23 h cxpusme, 4 kOy Juw^of irradiated K. feldspar. Width of sample is 3.5 cm.

VYT"

RESULTS AND DISCUSSION

Wide variations in thermoluminescence intensity
of irradiated feldspars were observed with the TL
reader and by autoradiographic method. In the
unaltered rock sample KI7 I, both methods showed
potassium feldspar to exhibit more intensive TL
than plagioclase (Figs 1 and 2).

The photographs of the polished rock surfaces
are displayed in Fig. 3a for K feldspar mineral,
Fig. 4a for KI7 I, Fig. 5a for KI7 II and Fig. 6a
for KI7 III, while Fig. 3b)Fig. 4bfFig. 5^Fig. 6b pre-
sent the thermoluminescence autoradiographs of the
corresponding surfaces of irradiated mineral and

rock samples. SEM/EDS analyses were made of K
feldspar and plagioclase minerals at two points each
in rock samples KI7 II and KI7 III, and of K feld-
spar at three points and of plagioclase at one point
in rock sample KI7 I. Main element compounds,
given as oxides are listed in Table 1. The SEM/EDS
data are given in their entirety in order to show the
differences in element composition of the minerals.

The relationship between different minerals and
TL intensity is clearly seen in the autoradiographs
of rock samples KI7 I, II and III (Figs 4-6).
Feldspars exhibited strong TL intensities, whereas
the other minerals were not thermoluminescent
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_

Fig 4 Irradiated |K-fekispar_3JN%iorphyritic granodiorite JCI7 I rock sample. Photograph (a) and TL ,
autoradiograph/(b)(a'i in, Fig -^Width of sample is 2.5 cm. The results of SEM/EDS analyses made at [X-ray /.//**> f
points A, B, C and D are given in Table 1. The degree of alteration at these points is noted in Table 2.
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(b)

n -'i t'C F'S- 5- Irradiated[K felda
F ^ W i d h f l i

Ld̂ KI7 II rock sample. Photograph (a) and TL autoradiographs'(b) as in
.̂ Width of sample is 2.5 cm. The results of SEM/EDS analyses made at points A, B, C and D are

given in Table I. The degree of alteration at these points is noted in Table 2.
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(a)

f IP&I"; .Fig. 6. Irradiated {K feldspar antjllU HI rock sample. Photograph (a) and TL autoradiographjf (b) as err
in Fig. (3) Width of sample is 2.5 cm. The results of SEM/EDS analyses made at points A, B, C and D /~ ,

are given in Table 1. The degree of alteration at these points is noted in Table 2. ^ '
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Table 1. Element compositions determined of pure K feldspar mineral and of selected K feldspar and plagioclase
crystals in porphyritic granodiorite rock samples KI7 I, KI7 II and KI7 III, determined by SEM/EDS analysis.
The areas analysed are shown in F ig /^Element composition is given as oxide content of the molecule. Four ana-
lyses were made of each mineral. In the pure K feldspar, the analysis zone was located perpendicular to the frac-

ture: points 1-3 lie between the fractures and points 4-5 as close as possible the fracture

Sample

K feldspar/1
K feldspar/1
K re!dspar/2
K reldspar/2
K feldspar/3
K feldspar/3
K feldspar/4
K feldspar/4
K feldspar/5
K feldspar/5

KI7 HI feldspar, point A
KI7 III feldspar, point A
K17 HI feldspar, point A
KI7 III feldspar, point A

KI7 III K feldspar, point B
KI7 III K feldspar, point B
KI7 HI K feldspar, point B
KI7 III K feldspar, point B

KI7 HI plagioclase, point C
K17 III plagioclase, point C
KI7 HI plagioclase, point C
KI7 HI plagioclase, point C
KI7 HI plagioclase, point D
KI7 III plagioclase, point D
K17 HI plagioclase, point D
K17 HI plagioclase, point D
KI7 HI plagioclase, point D

KI7 II plagiodase, point A
KI7 II plagioclase, point A
K17 H plagioclase, point A
KI7 II plagioclase, point A

KI7 II K feldspar, point B
KI7 II K feldspar, point B
KI7 II K feldspar, point B
KI7 II K feldspar, point B

KI7 II plagioclase, point C
K17 II plagioclase, point C
KI7 II plagioclase, point C
KI7 II plagioclase, point C

KI7 H K feldspar, point D
KI7 II K feldspar, point D
KI7 II K feldspar, point D
KI7 II K feldspar, point D

KI7 I plagioclase, point A
KI7 I plagioclase, point A
KI7 I plagioclase, point A
KI7 I plagioclase, point A

KI7 I K feldspar, point B
KI7 I K feldspar, point B
KI7 I K. feldspar, point B
KI7 I K feldspar, point B

KI7 I K. feldspar, point C
KI7 I K feldspar, point C
KI7 I K feldspar, point C
KI7 I ft feldspar, point C

K17 I K feldspar, point D
KI7 I K feldspar, point D
K17 I K feldspar, point D
KI7 I K feldspar, point D

FeO

0.015
0.027
0.015
0.015
0.015
0.008
0.028
0.023
0.108
0.154

0.019
0.022
0.018
0.008

0.014
0.021
0.017
0.023

0.032
0.018
0.032
0.028
0.033
0.035
0.027
0.019
0.028

0.046
0.086
0.028
0.027

0.032
0.015
0.021
0.012

0.006
0.000
0.043
0.043

0.036
0.005
0.014
0.012

0.131
0.053
0.066
0.136

0.017
0.012
0.022
0.013

0.022
0.012
0.013
0.017

0.019
0.014
0.027
0.022

CaO

0.017
0.014
0.021
0.008
0.010
0.010
0.010
0.011
0.015
0.008

0.008
0.010
0.007
0.013

0.006
0.014
0.004
0.008

6.284
5.366
4.745
5.027
6.047
6.091
6.128
6.082
6.123

0.095
0.256
0.158
0.080

0.007
0.014
0.001
0.007

0.090
0.095
0.099
0.104

0.014
0.007
0.008
0.014

0.632
1.000
1.704
0.631

0.015
0.022
0.013
0.021

0.015
0.018
0.013
0.013

0.028
0.014
0.010
0.017

Na2O

0.92
0.87
0.92
0.82
0.86
0.67
0.29
0.29
0.25
0.27

0.38
0.42
0.39
0.90

0.37
0.63
0.64
0.48

7.76
8.26
8.62
8.38
7.84
7.84
7.78
7.81
7.78

11.3
11.3
11.3
11.3

0.32
0.28
0.29
0.28

11.3
11.3
11.2
11.2

0.22
0.25
0.23
0.30

10.2
10.5
10.8
9.81

0.39
0.93
0.30
0.35

0.40
0.38
0.36
0.57

0.28
0.29
0.31'
0.40

K2O

15.6
15.7
15.6
15.8
15.8
16.0
16.5
16.5
16.7
16.6

16.3
16.3
!6.3
15.6

16.4
16.1
16.1
16.3

0.13
0.009 <*",
0.13
0.15
0.19
0.19
0.17
0.12
0.14

0.04
0.05
0.04
0.05

16.4
16.4
16.4
16.4

0.03
0.04
0.04
0.05

16.5
16.5
16.6
16.5

0.86
0.26
0.06
0.71

16.4
15.5
16.4
16.4

16.4
16.4
16.4
16.2

16.6
16.6
16.6
16.4
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Table 2. Measured minerals and the corresponding optical density values (OD) in three
rock samples from drill core KI7 shown in Fig. 3

Rock sample

K17 I point

KI7II point

KI7 HI point

A
B
C
D

A
6
C
D

A
B
C
D

Mineral

plagioclase
K feldspar
K feldspar
K feldspar

plagioclase
K feldspar
plagioclase
K feldspar

K feldspar
K feldspar
plagioclase
plagioclase

Type

fresh
Tresh
fresh
fresh

highly altered
highly altered
highly altered
highly altered

moderately ffitTrrcfit
moderately £Tiefe3r>
moderately$iS£te3&
moderately B555g>

OD value

0.8
1.3
0.9
0.6

0
0.1
0
0.2

1.2
1.7
0.05
0.05 i

£re.sh

enough to expose the autoradiograph film during
the exposure time employed. The optical density
values of the points shown in Figs 4-6 and points
A, B, C and D) and the degree of alteration of the
minerals are given in Table 2. The TL intensities
were higher for fresh feldspars (samples KI7 I and
KI7 III) than altered ones (KI7 II). In general, TL
intensity was lower for plagioclases than K feld-
spars, although in the fresh rock K.I7 I also plagio-
clase showed fairly intensive thermoluminescence.

The irradiated K feldspar sample exhibited vari-
able TL intensity (Fig. 3b). Optical densities varied
from 0 to 2, from nonintensive to the most intensive
of all minerals of the study. A clear relationship
between TL intensity and mineral structure is obser-
vable in Fig. 3a and b. The variation of TL is
mainly due to alteration in the mineral lattice struc-
ture. Alteration from the fresh K feldspar to almost

fully sericitized mineral was observed without a
marked change in the element composition.
Sericitization appears as light areas in the autora-
diographs (Fig. 3b). Fresh K feldspar exhibits the
most intensive TL seen as the darkest areas in the
autoradiograph. SEM/EDS analysis revealed an
increase in FeO concentration near the fractures
(Table 1). The zone of the SEM/EDS analysis is
indicated with white line in Fig. 3a and a white
streak in Fig. 3b.

Relationships between feldspar composition and
thermoluminescence were studied in the following
way: rock samples were irradiated to the dose of 4
kGy. Autoradiographs of the rock surfaces were
exposed on X-ray film (18 h delay between ir-
radiation and exposure of the autoradiograph, ex-
posure time 23 h) and optical densities were
determined according to {the -Lambert Beer Law|

2.5 T

0.05 0.1

FeO content (%)

0.15

Fig. 7. Thermoluminescence expressed as optical density (OD) of autoradiographs shown as a function
of FeO content of K feldspar in irradiated porphyritic granodiorite samples K.I7 I, KI7 II and KI7 III.
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0.2 03

CaO/Na2O

0.4 0.5

Fig. 8. Thermoluminescence expressed as optical density (OD) of autoradiographs shown as a function
of CaO/Na2O ratio of plagioclase in irradiated porphyritic granodiorite rock samples K.I7 I, KI7 II and

KI7 III.

&] ^equation (l)y. After that, the same areas of the
rock surfaces were analysed by SEM/EDS, with the
autoradiograph used as a map.

Relationships were found between thermolumi-
nescence intensity and FeO content in K feldspars
and the CaO/Na2O ratio in plagioclases (Figs 7 and
8). The intensity of thermoluminescence decreased
with increasing FeO content (Fig. 7) and higher
FeO content in the mineral indicates a higher
degree of alteration. This alteration effect is oppo-
site to the effect of Fe 3 + as impurity ion in the min-
eral structure, which increases the TL intensity.

For plagioclases it was observed that the TL
intensity increased with the CaO/NajO ratio
(Fig. 8). The trend found in this study is similar to
that described earlier (McKeever, 1985; Poolton el
al., 1996), except that we observed a saturation
value for a CaO/Na2O ratio of about 0.4.

There are two main reasons for the wide vari-
ations in TL intensity in Figs 7 and 8. First it was
difficult to align the autoradiographs exactly with
the corresponding points on the rock surfaces, es-

y pecially for rock sample KI7J1 point D. As seen in
Table 1 the element composition varies widely even
within the same mineral grain. Second, we could
not measure relationships of interest one at a time:
the TL intensity was always a sum of all thermolu-
minescent effects, which had a disturbing effect on
the results. More accurate and specific data on the
factors influencing TL are now being collected.

of irradiated minerals on planar rock surfaces.
Quantitative autoradiography combined with SEM/
EDS analysis makes it possible to determine the
composition and degree of alteration of feldspars
from a single surface of the sample, without mineral
separation.

In this study we observed the following relation-
ships between thermoluminescence and feldspar
composition: (1) TL intensity decreased with
increasing degree of sericitization rate of K feldspar
without marked change in element composition, (2)
TL intensity of K feldspar decreased as a conse-
quence of the alteration associated with FeO intru-
sion in the mineral and (3) TL intensity increased
with the CaO/Na2O ratio in plagioclase.

Altered feldspars exhibited lower TL intensity
than fresh ones. This means that lower TL intensi-
ties could be expected for feldspars separated from
foods originating in subtropical and tropical
regions, where minerals tend to be highly altered.
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CONCLUDING REMARKS

The autoradiographic analysis was found to be
suitable for determination of thermoluminescence
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Effect of mineral composition on thermoluminescence detection of irradiated seafood
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ABSTRACT

Data from import control of irradiated seafood were collected from 300 batches of seafood.

Thermoluminescence (TL) analysis of the seafood, based on measurement of thermoluminescent

minerals separated from intestinal tract, was carried out with a Ris0 TL-DA-10 instrument. As

identified by X-ray diffraction and SEM/EDS analysis, four main categories of minerals were

extracted: tectosilicates, phyllosilicates, carbonates and sulphates. Detection of irradiation was

reliable when based on the TL of tectosilicate minerals, i.e. quartz and feldspar. Suitable

minerals were found in most seafood: only about five percent of all samples could not be

successfully analysed because no minerals or only non-thermoluminescent clays or carbonates

were found. False positive results were never obtained. A false negative decision results, if

analyses are based on hydrous clays or carbonates in the form of aragonite.

1. INTRODUCTION

Seafood is highly sensitive to spoilage by pathogenic micro-organisms, particularly Salmonella,

E.coli, Shigella and Vibrio. Fumigation with ethylene oxide is effective in reducing the

microbial content of seafood and increasing the shelf-life of fresh products, but because of the

toxic residues fumigation was prohibited in Europe in 1987. An alternative to fumigation is

treatment with ionizing radiation, which decreases the microbial content of fresh seafood

without affecting the structure. The proposed new European directive on food irradiation

prohibits the irradiation of seafood and only the irradiation of dry herbs and spices will be

allowed. To date, irradiation of seafood is permitted only in a few countries, mainly in tropical

regions with a warm and humid climate favourable for growth of pathogenic microbes. For

legislative control of irradiated food a thermoluminescent (TL) method has been shown to be

effective when adhering or contaminating minerals can be isolated from the food (Sanderson et

al , 1989, 1996, Go'ksu et al., 1990, Heide and Bogl, 1990, Autio and Pinnioja, 1990, Delincee,
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1992). The method has been used successfully in Finland for import control of irradiated food

items including seafood since 1990 (Autio and Pinnioja, 1992, Pinnioja et al., 1993). A

European standard on TL analysis for detection of irradiated dry herbs and spices has recently

been published (EN 1788), and it will soon be extended to seafood, after trials have been

succesfully completed (Schreiber et al., 1995, Sanderson et al., 1997a, 1997b, 1997c). Silicate

minerals are accepted for the analysis because of the intense thermoluminescence they exhibit

upon irradiation. In the case of seafood, sufficient amounts of silicate minerals have not always

been found. Carbonates and clays are common, but their usefulness for detection of irradiation is

not entirely clear.

Thermoluminescence of carbonate minerals has been studied for purposes of geological dating

(Johnson, 1960, Ninagawa et al., 1988, 1992, 1994). Calcites give intense TL readings especially

in the orange wavelength region of the spectrum (Wintle, 1978, Down et al., 1985). Manganese

(Mn2+) as low concentrations has been shown to act as luminescence centres in calcites, whereas

high concentrations have a quenching effect on luminescence (Townsend et al., 1994, Calderon

et al., 1996). Characteristic of calcite TL is high sensitivity to external treatment, such as

grinding of crystals and heating during measurement (Wintle 1975, Khanlary and Townsend,

1991, Goksu et al. 1988). Detection of irradiation by direct measurement of TL from shells of

shellfish has been shown to depend on the structure of the shell. Polymeric chitine and

conchiolin, the structural material of organic shells, possess no thermoluminescence (Agnel et

al., 1992), whereas bioinorganic carbonate shells exhibit variable thermoluminescence

depending on the crystal structure of CaCO3, calcite has thermoluminescence potential whereas

argonite is non-thermoluminescent (Johnson, 1960). Recent studies on luminescence detection

of food irradiation (Agnel et al., 1992, Carmichael et al., 1994, Sanderson et al., 1996) indicate

that calcite mineral in the shells of shellfish may be suitable for TL analysis.

Our study focused on four types of minerals isolated from the intestinal tracts of seafood.

Samples were collected during the years 1989-1996 from approximately 300 batches of seafood.

The relation between mineral composition and TL characteristics was studied to clarify the

suitability of the minerals for TL detection of food irradiation. Mineral determinations were

carried out by X-ray diffraction and scanning electron microscopy accompanied with energy

dispersive element analysis.



2. EXPERIMENTAL

Materials

Seafood samples for the study were selected with the co-operation of the Finnish Customs

Laboratory, the authority responsible for the control of irradiated seafood in Finland. The

seafoods studied were prawn, shrimp, lobster, crab, squid, mussel, octopus, scallop and fish.

Half of the samples were prawns and shrimps, and 10 % were squid. All samples were received

and stored frozen. The samples were in different forms: raw, cooked, breaded, peeled and

shelled.

Principle of the TL analysis

Thermoluminescence analysis is based on the determination of TL of adhering or contaminating

minerals in foods. TL of the separated minerals is measured, and a TL glow curve (glow 1) is

recorded. The same minerals are irradiated with 5 kGy for normalisation, and a second TL

measurement is then made, and glow 2 is recorded. A decision is made by comparing the two

glow curves. If the TL intensity and the curve shape of the two spectra match, the sample has

been irradiated. If they differ in both shape and intensity the sample has not been irradiated.

Isolation of the minerals

Search was made for minerals in the intestinal tracts of thawed samples. Minerals were freed

from organic material with high density liquid, sodium polytungstate of density 2.0 g cm"3, and

isolated minerals were rinsed with water and dried with acetone. The mineral separation step is

described in more detail in Pinnioja et al. (1993).

The effect of mineral composition on TL was studied for some selected minerals. Mineral

separation was done with high density liquid sodium polytungstate at the Geological Survey of

Finland. Because separated mineral fractions often contained polymineral grains, single "pure"

mineral grains were picked under a microscope. Minerals for more accurate analyses were
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selected after the TL measurements. X-ray diffraction and SEM/EDS analyses were used to

confirm the purity of the minerals.

Element compositions of the isolated minerals were determined by scanning electron

microscopy and energy dispersive X-ray spectrometer analysis. Mineral samples were carbon-

coated before the analysis. Electron microscopic analysis was done with a Zeiss DSM 962 with

Link ISIS program and a UTW Si(Li) detector operated in scattered (SE) or backscattered (BSE)

electron image mode, and also with a Cameca SX50 operated in BSE mode. The parameters for

the Zeiss instrument were voltage 20 kV, current 10 nA, beam 1 urn, and the quantitative

method was ZAF (Department of Electron Microscopy, University of Helsinki); parameters for

the Cameca were voltage 15.0 kV, current 15 nA and beam 10 um (Geological Survey of

Finland). The Cameca instrument is more sensitive to determine elemental compositions of the

minerals (Table 1), whereas the advantage of the Zeiss instrument is sharp SEM images (Figs 2

and 3).

X-ray diffraction analysis, performed at the Geological Survey of Finland, was used to

determine the mineral structure of the separated minerals. X-ray powder diffraction studies were

carried out with a Philips wide-angle goniometer using Ni-filtered Cu-radiation (40kV/40mA).

The 2 9 range from 2° to 70° was scanned at a speed of 17min.

Thermoluminescence measurements

Thermoluminescence measurements were carried out with a Ris0 TL-DA-10 instrument (B0tter-

Jensen, 1988) equipped with a blue Corning 7-59 filter. Evacuation to 10 Pa pressure, nitrogen

flush during measurements and recently heated platinum discs were used. The heating rate was

10 °C s"1 from room temperature to 500 °C. Second TL measurements were done under identical

conditions.

Sample irradiation. The test material was irradiated in the frozen state with a 60Co source with a

dose of 5 kGy (dose rate 0.2-0.4 kGy/h). 5 kGy irradiation was also used for normalisation of

mineral samples by recording the second glow curves.



3. RESULTS AND DISCUSSION

3.1. Mineral composition

Four main categories of minerals were found among the separated minerals analysed by X-ray

diffraction and SEM/EDS analyses: Structures and typical compositions are given in Table 1: A)

tectosilicates, B) phyllosilicates, C) carbonates and D) sulphates. Typically a separated fraction

consisted of a mixture of minerals with the proportion of different minerals varying widely with

the sample. By way of example, Figure 1 shows minerals (magnification 40) separated from

intestines of squid.

A summary description of the four categories of minerals follows.

A. Tectosilicates consisted of a crystalline fraction of a mixture of quartz and various feldspars.

Quartz was the dominant crystalline compound in seafood originating from northern regions.

Mixed with the quartz were small grains of K feldspar and plagioclase typically in unaltered

form. Tectosilicates in seafood from tropical and subtropical regions typically contained quartz

mixed with feldspars that were moderately or highly altered. Although quartz was still the

dominant mineral, the amount was less than in seafood from cold water, and the amount of

plagioclase was greater.

B. The phyllosilicate fraction contained a variety of clay minerals. Kaolinite was a typical

mineral in the clay fractions, which also contained various amounts of mica, mostly muscovite

and biotite, and montmorillonite. The exact composition of the clay lumps was not usually

determined. SEM/EDS analysis revealed tiny quartz and feldspar grains mixed with some clays

(Fig. 2).

C. Carbonates were typically present in large amounts, both pieces of shells of shellfish and

precipitated carbonates from sea water. Representative samples of shell pieces from intestinal

tract are illustrated as SEM images in Fig. 3a (prawn) and Fig. 3b (squid). X-ray diffraction

analysis showed the shell to be a crystal form of calcite. Tiny quartz grains were revealed on the

shell fractions separated from prawn intestines (Fig. 3a). A SEM image of natural calcite



mineral, a hexagonal crystal structure of CaCO3, is shown for comparison in Fig. 3c, and an

orthorhombic form, aragonite, is shown in Fig. 3d.

D. Sulphates were common in intestines of prawns from warm water. Sulphates were almost

entirely in the form of gypsum, which contains molecular water in the lattice structure.

Anhydrite was found in trace amounts.

3.2. Thermoluminescence

TL glow curves of the isolated minerals were recorded and TL intensities and peak maxima were

examined. On the basis of shape and intensity, three main categories of curves were

distinguished: curves for tectosilicates, curves for carbonates, and a variable group of curves

typical of phyllosilicates. The TL intensity of irradiated gypsum was too low to be detected.

Variation in TL of each mineral type is given in Fig. 4. The results are expressed as TL intensity

at peak maximum. TL intensities varied by several orders of magnitude even within each

mineral group owing to differences in composition and grain size of the minerals.

Typical TL glow curves of mineral fractions are reproduced in Fig. 5 for tectosilicates, in Fig. 6

for phyllosilicates and in Fig. 7 for carbonates. All samples had been stored one year in a

freezer after irradiation. In the case of tectosilicates and carbonates, TL was measured one day

(spectrum 1 d) and about three weeks (spectrum 23 d) after thawing of the irradiated samples.

Spectrum 1 x is the second glow (glow 2) after normalisation irradiation. Spectrum BKG is the

natural background TL for the respective non-irradiated minerals.

Glow curves of the tectosilicate fraction exhibited two different patterns: one with peaks at 150-

180 °C and 320-330°C or around 380°C (Fig. 5a), a typical TL glow curve for feldspars, and the

other with a main peak at 240-260°C and another peak at 360-410°C (Fig. 5b), a glow pattern

reported for pegmatitic quartz (McKeever, 1984, Rink et al., 1994). Characteristic of the

tectosilicate fraction was the good match between the first and second glow curves. The TL

intensity of feldspars from seafood was lower than that from food of terrestrial origin. Alteration

in feldspar structure is assumed to explain the lower TL intensity (Pinnioja et al., in press).



The phyllosilicate fraction (Fig. 6) showed weaker TL intensity than the tectosilicate fraction.

Typically, TL of phyllosilicate fractions where no quartz or feldspar grains were observed was

weak in both the first and second glow measurements. Clays from tropical or subtropical

regions exhibited non-intensive TL after irradiation. About six percent of all prawns and

shrimps, and 18 percent of squid could not be analysed because only non-intensive clay minerals

were found. Non-intensive TL is due to the tendency of clays to absorb and retain water in the

mineral lattice (Table 1), and water effectively quenches TL centres. Where TL was exhibited,

the typical pattern was either a flat peak starting from 110 °C and a second peak at about 350 °C,

or a sharp peak at about 150 °C (Fig. 6). Clay minerals containing molecular water sometimes

showed intensive second glow due to the escape of molecular water during the first glow

measurement. Clay fractions containing tiny quartz grains (see Fig. 2) exhibited glow curves of

variable TL intensity depending on how much clay covered the quartz in the particular sample.

The irradiated carbonate fraction showed variable TL glow intensity, from non-intensive to 2 10"

counts/mg at peak maximum. Typically calcite separated from intestines of seafood showed a

peak maximum between 140 °C and 180 °C (Fig. 7). Tiny quartz grains on some shell fractions

(Fig. 3a) obviously affect the TL spectra shape (Fig. 7, Id). An increase in the second glow

intensity was observed particularly in the high temperature part of the glow for calcite, which

may be due to an increased CaO content caused by heating of the samples during the TL

measurements. The temperature region 200-250 °C of the glow is best suited for evaluation of

irradiation. However, if the decision about irradiation is based only on calcite, confirmation by

laboratory irradiation of the original sample fraction is necessary.The TL intensity of separated

sulphates was non-intensive, as has been reported for marine gypsum crystals (Nambi, 1982).

3.3 Stability

Fading of TL was studied after one years storage in a freezer at -18 °C, a maximum period

recommended for frozen seafood. Only slight quenching of the TL signal occurred as a result of

the low temperature (Figs 5, 6 and 7). TL spectra measured one day (spectra Id) after thawing

of the irradiated samples matched well with the normalisation irradiated TL glow curves (spectra

lx), as also reported earlier (Autio and Pinnioja, 1992, Pinnioja and Pajo, 1995).



Short term stability of the irradiated minerals was monitored three weeks after thawing, an

absolute maximum that thawed seafood can be stored. Fof tectosilicates, fading in the low

temperature part of the glow curve was found, whereas for feldspar, an upward both shift in the

peak maximum, by 50 °C, and a decrease in the TL intensity by a factor less than 10 were

common (Fig. 5a, spectrum 23d). In the case of quartz no marked fading occurred in the

temperature range 200 - 250 °C and only a slight shift of the peak temperature was observed

(Fig. 5 b, spectrum 23 d). This indicates that only one electron trap is contributing significantly to

the emission. Fast fading was seen in the carbonate fraction during three weeks, in both shift in

the peak temperature and in TL intensity (Fig. 7, spectrum 23 d).

The difference in TL fading for tectosilicates and shell fraction was studied more closely for

five shrimp samples of different origin. The samples were irradiated to a dose of 5 kGy and

stored one year in a freezer. The results are presented in Table 2, where thermoluminescence is

expressed as integrated TL intensity over the temperature ranges 150-200°C and 200-250°C. The

ratio glow I/glow 2 shows the extent to which the first TL glow curve (glow 1) differs from the

re-irradiated second glow curve (glow 2). Because of wide variation in the TL intensities,

calculation of a mean would not be meaningful, and hence ranges of variation are presented in

Table 2. The TL ratio of glow 1 to glow 2 was separately calculated for each sample. A low

standard deviation of the mean indicates dependency of glow 2 on glow 1.

Effect of cooking of seafood after irradiation was studied by cooking shrimps three minutes in

boiling water. As can be seen in Table 2, the TL signal was quenched in the low temperature

region, as expected: cooking weakened the low temperature signal glow I/glow 2 at 150-200°C

from 0.97±0.2 to 0.54± 0.1. But there was no weakening in the temperature region 200-250cC,

where the ratio glow I/glow 2 was 0.85±0.1 before and 0.91±0.2 after cooking. Thus, cooking is

of no consequence for the detection of radiation.

Stability of TL was also studied by measurements on separated mineral fractions stored at room

temperature for one month. In the temperature region 150-200 °C, the TL signal of the

tectosilicate fraction weakened during one month from the ratio glow 1/ glow 2 of 0.97±0.2 to

0.27±0.1, whereas in the temperature range 200-250°C the decrease was from 0.85±0.1 to

0.65±0.2. The TL of the shell fraction faded very easily: as indicated in Table 2 the TL ratio



glow I/glow 2 decreased to O.O55±O.O3 during one month. In the temperature region 200-250°C

the corresponding decrease was to 0.31±0.1.

4. CONCLUSIONS

The TL method based on determination of TL from separated minerals is well suited for

detection of iiTadiated seafood. Silicate minerals are best for the analysis because of the strong

and stable thermoluminescence they exhibit upon irradiation. However, carbonates and clay

minerals are often the only minerals separated from seafood intestines. Clay fractions are

suitable indicators only if they also contain quartz or feldspar grains. The carbonate fraction is

suitable for detection when the mineral is in the form of calcite.

The low storage temperature required for seafood (-18 °C) caused only slight fading of the TL

signal and did not seriously affect the detection of irradiation. False positive results were never

obtained but false negative results would result, if aragonite or water-containing clays or gypsum

were used for the analysis. Five percent of all seafood samples could not be successfully

analysed. These were peeled prawn and shrimp tails and cleaned squids.
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Table 1. Minerals extracted from intestines of seafood.

Category Formula Crystal system

A. Tectosilicates
quartz
feldspars

K feldspar
plagioclase

B. Phyllosilicates
kaolinite
illite *
montmorillonite**

biotite
muscovite

C. Carbonates
calcite
aragonite

D. Sulphates
gypsum
anhydrite

SiO2

KAlSi3O8

NaAlSijOg - CaAl2Si208

Al2Si205(0H)4

KM sAl4(Si7.6 s Al,., 5 O20)(OH)4

R0.33Al2Si2O10(OH)2xnH2O
where R is one or more of the
cations Na+, K\ Mg2+, Ca2+

K (Mg, Fe),(Al, Fe)Si,O10( OH, F)2

KAl3Si3O10(OH)2

CaCO3

CaCO3

CaSO4 x 2 H2O
CaSO4

hexagonal

triclinic (monoclinic)
triclinic

triclinic
monoclinic
monoclinic

monoclinic
monoclinic

hexagonal
orthorhombic

monoclinic
orthorhombic

*) a general name for a group of three-layer, mica-like clay minerals; they have the ability to
absorb and retain water
**) used as a group name for expanding-lattice clay minerals: swelling on wetting (and
shrinlcing on drying) due to the introduction of considerable interlayer water in the c-axis
direction. In montmorillonite (mineral) R = Na+



Table 2. Fading of TL of minerals isolated from shrimp intestines. TL intensity given as a mean of 5 analyses D 1 standard deviation.

Mineral Integrated TL intensity (counts/mg)
150-200°C 150~200°C
glow 1 glow 2

glow 1 /glow 2 200-250°C
glow 1

200-250°C glow I/glow 2
glow 2

nonirradiated
not separated

irradiated
tectosilicates

tectosilicates,
cooked 3 min

tectosilicates,
stored for 1 month

shell fraction

shell fraction
stored for 1 month

(2.4-7.9) E2

(3.6-26) E6

(2.0-19) E5

(2.3-8.7) E5

(1.9-20) E5

(7.1-83) E3

(3.3-8.9) E6

(8.5-11) E6

(2.5-34) E5

(9.5-47) E5

(2.2-16) E5

(3.1-14) E5

(5.1±2.9)E-5 (2.1-7.4) E2

0.97±0.18 (8.9-91) E5

0.54±0.1 (1.8-11)E5

0.27±0.1 (1.3-3.9) E6

0.97 ±0.2 (3.3-14) E5

0.055±0.03 (1.3-51) E4

(3.1-4.3) E5

(2.3-32) E6

(1.1-13) E5

(3.5-5.0) E6

(3.7-12) E6

(1.2-14) E5

2.8±1.4

0.85 ±0.1

0.91+0.2

0.65±0.2

l.l±0.2

0.31±0.1
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Figure 1. Photograph (magnification 40) of minerals separated from intestines of squid.

Figure 2. Scattering electron image of clay fraction separated from intestine fraction of seafood.

Figure 3. Scattering electron images of carbonate fraction, a. calcite separated from intestine of
prawn, b. calcite separated from squid, c. calcite mineral, d. aragonite mineral.

Figure 4. TL intensities of minerals separated from irradiated and nonirradiated seafood. TL is
expressed as variation in the range of counts/mg at peak maximum. Mineral fractions: q= quartz,
qi=irradiated quartz, f=feldspar, fi=irradiated feldspar, p=phyllosilicate, pi= irradiated
phyllosilicate, ca=calcite, cai=irradiated calcite, gy=gypsum, gyi=irradiated gypsum.

Figure 5. TL spectra of tectosilicate fraction, a=feldspar, b=quartz. TL was measured three
weeks after thawing of the irradiated samples, which were stored one year at -18°C. Spectra Id
are first glow curves measured one day after thawing the samples, spectra 23 d respective spectra
after 23 days, and lx are the respective second glow curves after calibration irradiation.

Figure 6. TL spectra of phyllosilicate fraction. Spectra 1 and 2 are first glow curves and spectra
lx and 2x are second glow curves.captions as in Fig.4.

Figure 7. TL spectra of carbonate fraction. a= calcite measured to 500 °C maximum temperature
and b= calcite measured to 380 °C maximum temperature. Spectra 1 and lx are the first and
second glow curves, respectively.
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