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The advantages and drawbacks of using instrumental neutron activation analysis (INAA) and inductively cou-
pled plasma mass spectrometry (ICP-MS) for accumulation in biological materials pollution studies are dis-
cussed. A Brazilian river, the Cachoeira, was chosen as the test-site, where the water is polluted by heavy
metals originated by agricultural pollution. Four organs: muscle, gills, digestive glands and carapace of dif-
ferent crustaceandAacrobrachium carcinusndUcides cordatugwere studied. The experimental procedures

used for each method and for each type of sample matrix are described. They were tested on several certified
reference materials. The results obtained on these materials showed good agreement for many elements for
which the two techniques are suited, and they were complementary for the other elements which are also of
environmental interest. An element-by-element assessment is presented to indicate the precautions to be taken
and the most convenient technique for each of them.

As vantagens e os problemas dasricas de alise: ativa@o neutbnica (INAA) e espectrometria de massa as-
sociada a uma fonte de plasma induzido (ICP-MS), no estudo da ac@mulagnetais em materiaidbbgicos

sdo discutidas. O rio Cachoeira localizado no estado da Bahia foi escolhido por téxgsiaspolidas por
metais pesados oriundos dos defensivogcatas utilizados na lavoura cacaueira e atividades artesanais clan-
destinas. Misculos, biinquias, dindulas digestivas e carapacas dos anegisMacrobrachium carcinugand
Ucides cordatusoram analisados. Os procedimentos experimentais @ésarpara cada @todo e a preparag

da amostra foram descritos. Estes procedimentos foram testados utilizando materiais certificad@nde&refer
Os resultados obtidos mostraram que dstados de adises (INAA e ICP-MS) &o adequados e comple-
mentares no estudo da polaadevido a alguns elementos de interesse ambient@ciica mais adequada e

as precaulies a serem tomadas para al&® dos diversos elementos foram t@&mbmostradas.

1 Introduction fied reference materials.

Environment studies have become increasingly important, Both methods have been used to analyze samples of
in both industrialized and developing countries. These stud-soils, sediments, plants and water. They were compared tc
ies need to be able to analyze many elements over a venjdentify the best method for analyzing a particular matrix
wide range of concentrations. Many methods can be usedand set of elements. For example, they were used to ana-
but two appear to be particularly interesting for mineral pol- lyze the impact of rare earth elements on rice crops [1]. The
lutants: neutron activation analysis (NAA) and inductively use of small quantities of rare earth compounds as fertilizers
coupled plasma mass spectrometry (ICP-MS). These meth{100-300 g/ha) increases the yield (plus 10-15%), quality of
ods can determine multiple elements and isotopes and arseeds and the resistance of rice to saline conditions. River
very sensitive. NAA has long been the only one sensitive pollution has been studied by analyzing sediments and wa-
and accurate enough for trace and ultra-trace analysis. ter. The origin and extent of pollution were specified and

More modern and easier to use methods have never comguantified. Studies were carried out in Meknes city (Mo-
pletely replaced NAA. ICP-MS, which combines excita- rocco), where the water is polluted by waste originated by
tion at the very high temperature obtained in a plasma of rejects [2], from local craftsmen in Brazil on mining efflu-
argon along with detection by mass spectrometry, has re-ents in the State of Minas Gerais [3], and agricultural pol-
cently been adopted by a large number of laboratories. Thislution caused by cacao growing in the State of Bahia [4].
method seems to have several advantages over NAA (greaf\nalysis of mosses provided a precise chart of the heavy
sensitivity for determining a wide range of elements, easy metal deposits in France [5], complementing the data avail-
access and high sample throughout). The analytical proce-able for the whole of Europe. Lichens are also used as bio-
dures are well developed and were regularly tested on certi-indicators in volcanic areas [6].
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Table 1. Neutron irradiation facilities - Pierre Sue Laboratory (nmérs 1)

ENERGY OSIRIS (70 MW) ORPHEE (14 MW)
Nuclear Reactor Hi Ho P1 and P2 P3 P4
Channel
Thermal neutrons 0.025 eV 0.77.10% 1.2.10% 1.23 103 165.10% 2.5-10°
Epithermal neutrons | >0.1 eV .9-10" 14 10" 6.1510 8.25.10 4510°
Fast neutrons >0.5 MeV 9.6 107 2.3.103 3.5.10 8.2.10 1.2.10°°

The objective of this paper is to determine the concen- shown in Table 1. As environment research requires analysis
tration of Cu, Cr, As, Cd, Pb and other elements in muscle, of many samples, we used INAA. The irradiation and mea-
gills, digestive glands and carapace of different crustaceanssuring conditions were chosen as a function of the samples
(Macrobrachium carcinus and Ucides cordatus) originatedanalyzed and the elements determined.
by agricultural pollution. Brief irradiations (30 seconds to 1 minute) (Al, Mg, Ti)

determinations) in the in positions Pl and P2 in the ORPHEE

reactor were used for solid samples. Longer irradiations (3
2 Experimenta| to 72 hours) in positions P3 or P4 were used for Ce, Co,

Cr, Fe, etc. Positions HI and H2 in the OSIRIS reactor was
Crustacean samples were collected from Cachoeira river waused for epithermal reactio&Ti(n,p)*"Sc, **Ni(n,p)**Co,
tershed located at Bahia State in Brazil. 54Fe(n,p¥*Mn, etc. Irradiations were then often performed

The environmental study was divided into five steps; an- Under a cadmium coating to select epithermal and rapid neu-
alytical planning, representative sampling, sample prepara-trons. o _
tion, analysis and data evaluation. Each step involved er-  The gamma-radioactivity was measured with a 100 cm
rors. The difficulty and susceptibility to error of each in- C€oaxial ultra-pure germanium crystal coupled to a 4096
vestigation depended on the sample matrix and content ofPulse-height analyzer. Several measurements were made
elements to be analyzed. The difficulty of sample prepara-On €ach sample after increasing cooling times. The con-
tion depended on the form required by the analytical methodCentrations were calculated using the in-house program
used (solid for INAA and solution for ICP-MS). Heteroge- KoLABSUE, written in Turbo Pascal. This is a quasi inde-
neous solid samples, like soils, plants, biological materials Pendent data format package forguantification [9] based
or sediments, can be stored without any particular difficulty. ©n the method developed by [10]. Gold monitors were used
The analytical step most susceptible to error was sampling.for short irradiations and iron and zirconium monitors for
Some practical basic rules can be helpful: avoid contami- I0ng irradiations
nation by the container, take a primary sample as large as

possible, use a random division of the area to be sampled. ivel | |
International norms are available from AFNORsEocia- 4 Inductive y coup ed plasma mass

tion Francaise de Normalisation Pajis The quality assur- Spectrometry (|Cp_|\/|S)
ance of plant sampling and storage has been fully described
by [7,8]. Sample washing, drying, homogenization aliquot- |cp-MmS as a method for inorganic trace analysis shows an
ing, and decomposition, were also potential sources of error.aycellent sensitivity for a large number of elements of in-
Certified reference materials (CRM) were used to check for terest and the speed of measurement makes it suitable for
sample loss or contamination. routine, multielement determinations at trace and ultra trace
levels. However environmental studies require determina-
. . . tion of the total content of the sample, not just the more sol-
3 Neutron activation analysis (NAA) uble part. Solid samples must be dissolved prior to ICP-MS
analysis, which may be the most difficult part of the analy-
The muscle, gills, digestive glands and carapace samplesis. Losses and contamination have to be avoided. However,
were dried, crushed in an agate mortar and homogenizedthe sample solution should have a total dissolved solid con-
Aliquots of powder (10-50 mg) were compressed to give tent of not more than 0.1% to avoid signal depression and
pellets 10 mm in diameter. They were wrapped in high pu- drift. Matrix effects on ICP-MS trace determinations have
rity aluminum foil and placed in the shuttle used for irradia- been extensively discussed in the literature [11,12,13]. Iso-
tion, with the flux monitors and CRM prepared in the same baric interferences on the analyte masses due to isotopes of
manner. other elements can be easily taken into account. Corrections
All irradiations were performed in the ORPHEE and of interferences due to the formation of ions of oxides, hy-
OSIRIS reactors at the Nuclear Center, Saclay. The Pierredroxides and other diatomic species depend on the matrix
Sue Laboratory is directly connected by pneumatic or hy- and instrumental conditions.
draulic conveyors to six irradiation positions in these reac- Different methods for the total dissolution of biological
tors. The characteristics of the neutron fluxes available arematerials [4] have been tested in closed and open systems
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The muscle, gills, digestive glands and carapace samplesection and well differentiated gamma rays. The elements
(about 50 g in size) were digested to the Teflon closed di- Al, Mg and Ti were measured by INAA using a short-life
gestion bombs in the microwave (ETHOS PLUS) using the radionuclide requiring a short irradiation. The abundance of
super analytical reagent grade of following sequence: 4 mlAl and Na giving®®A1 (T, » = 2.24 min) and**Na (T; /2=
HNO; + 1 mIHCL1. 4.96 h) occasionally concealed less abundant elements (Mc
The ICP-MS instrument used was the PQ Excell from and Ti ). ICP-MS seemed to be preferable, provided that
VG Elemental , Service Central d’Analyse — CNRS, Lyon, the Ti and Al oxides were completely dissolved and a suit-
France. The instrument settings and operating conditionsable dilution was used. Isobaric interference‘8Ar and
are shown in Table 2. Signal drift due to matrix effects “CAr'60 prevented the use of the most abundant isotopes of
was monitored by adding internal standards (Inug.0-!) the major elements, Ca and Fe in ICP-MS, although the sen-
to sample and standard solutions. sitivity of INAA for Fe and Ca was poor. They were deter-
mined by both methods if they were in high concentration.
Table 2. ICP-MS operating conditions — Service Central d’Analyse The Fe concentration was confirmed by #&e(n,p¥*Mn

Laboratory. reaction induced by epithermal neutrons.

The elements Cr, Co and Ni may all be contaminated
Instrument PO Excell from Elemental during the dissolution needed for ICP-MS, afiér'2C and
Plasma gas Argon “PAr'?C'H interfered in Cr determinations. Cr and Co were
Fonvard/Reflected power 1350 W accurately determined by INAA (high cross section and well
Nebulizer gas flow 081 mit identified gamma-rays). INAA was not very sensitive to Ni
Cooland gas flow 13.5 T mim determination using the [5] rea}ction: low cpncentrations re-
Spray chamber Peltier-cooled 3 °C quired the use of the react|éﬁN|(n,p)58Cq with epithermal
Interface Interface pressure 17 mbar neutrons. Arsenic was readily determined by both meth-
Auxiliary gas flow 0.7 Umin od;, but there were risks of losses during the dissolution of
Analyser pressure 8-10 mbar solid samples prior to ICP-MS. INAA was more accurate

than ICP-MS but less sensitive. Sr and Ba were easily as-
. . sayed by ICP-MS, while for INAA, the gamma-rays of the
5 Results and discussion radio-nuclides used were badly differentiated at low concen-
trations.
The analytical methods were tested on several international  The uranium fission has to be considered in INAA de-
CRM, mainly those distributed by the International Agency terminations of elements having and atomic weight between
of Atomic Energy in Vienna (IAEA). We used: Soil-7 for 95 and 140, mainly Zr [14]
soils and SLRS-3 (River water reference material for trace  The rare earth elements (La ,Ce) we readily assayed by
metals, distributed by the National Research Council of the two methods. La and Ce assays suffered from inter-
Canada) for water. ference with uranium fission, but only in uraniferous rocks.
Table 3 and 4 show the results obtained by INAA and We used INAA to assay these elements. The detection limit
ICP-MS for Soil-7 and SLRS-3, table 5 and 6 show the re- of some elements could be reduced in INAA using an anti-
sults of four type organs the different crustaceans. Most of Compton system [15].
the values obtained by INAA and ICP-MS agreed with the
certified values. These analyses of reference samples were .
used to specify the best method for each of the elements6 Conclusions
of interest in our study. The choice was based on the reli-
ability of the result and practical features. For example, a Both INAA and ICP-MS methods are suitable for studying
method could give good results but requires sample prepathe main mineral elements in pollution studies. They have
ration inadequate for the number of samples to be treated practically the same sensitivity, with a far greater dispersion
The choice of method also depended on the form of the ma-from an element to the other in the case of INAA. ICP-MS
terial analyzed. For soil, sediment and plant, INAA had the has many advantages over INAA: it is much faster, requires
great advantage of not requiring dissolved samples. ICP-MSno radioactivity and can determine simultaneously more el-
requires dissolved samples, with non-negligible risk of pol- ements. The greater drawbacks of INAA for environmental
lution and loss. Some metal oxides were sometimes incom-studies are the low sample throughput, the production of ra-
pletely dissolved because all chemicals could not be useddioactive waste and the impossibility to measure lead, one
(e.g. memory effects due to the use of alkaline fusion). Ta- of the most widely measured elements. But ICP-MS ap-
ble 7 summarizes the reasons for analyzing each element. pears to be generally less accurate than INAA. There are
The elements Cu, Pb, Nb and Y were accurately deter-more sources of error than in INAA (sample preparation,
mined by ICP-MS, while their determination by INAA was isobaric interferences, signal drift). The ideal method would
impossible or difficult. They gave no usable radionuclide or be to combine both approaches, with ICP-MS being used for
sensitivity was poor, demanding time-consuming chemical routine analyses, and INAA reserved for developing analyt-
separation before measuring radioactivity. The elements Cr,ical procedures, control analyses and for difficult to dissolve
Co, were accurately determined by the two methods. Butsubstrates or elements having strong mass interference. Bu
their peaks were disturbed by more abundant neighboringthe use of NAA depends on access to an experimental nu-
elements in ICP-MS measurements. The INAA results were clear reactor, and unfortunately the number of these facili-
generally used because of their high neutron activation crosgies in the world is decreasing.
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Table 3. Results obtained by INAA and ICP-MS - SLRS-3ml™")

Element Concentrations measured= standard Certified concentrations
deviation (conf limits range)
INAA ICP-MS
Mg 14304 100
Al 29+3 31* 28-34
Ca 57004 600 59004+ 600 6000 5600-6400
Ti 1.0+£0.1
Cr 0.38+ 0.04 0.38+ 0.04 0.30* 0.26-0.34
Fe 110+ 10 103+ 20 100 98-102
Co 0.0424 0.004 0.04+0.1 0.027 0.024-0.030
Ni 0.9+01 0.83 0.79-0.91
Cu 1.54+0.2 1.35 1.28-1.42
As 0.67+ 0.07 0.70+ 0.1 0.72 0.67-0.77
Rb 1.75+0.18 1.7+ 0.1 1.72 1.52-1.92
Sr 32+3 29+ 2 28.1*%
Y 0.13+0.02
Cd <0.02 0.013 0.011-0.015
Sb 0.174+0.02 0.14+ 0.04 0.12 0.11-0.14
Ba 1442 13.0+0.6 13.4* 12.8-14.0
Pb 0.08+ 0.05 0.068* 0.061-0.075
Th 0.0174 0.002 <0.02
La 0.26+ 0.03 0.26 + 0.02
Ce 0.33+0.03 0.30 + 0.03

* Information values only

Table 4. Results obtained by INAA and ICP-MS - Soil 7 -IAEA fig.g )

Element Concentrations measurett stan- Certified concentrations (con
dard deviation limits range)
INAA ICP-MS
Mg 11900+500 11300* (11000-11800)
Al 665502000 47000* (44000-5 1000)
Ca 16400016400 14500015000 | 163000* (157000-174000)
Ti 2100+200 3000* (2600-3700)
Cr 63+6 63+2 60 (49-74)
Fe 2570Q+£2000 2500Q£1000 25700* (25200-26300)
Co 8.6+0.8 10.5t1.0 8.9(8.4-10.1)
Ni 38+8 26* (21-37)
Cu 13t2 11(9-13)
As 13.3t1.3 14.8+1.2 13.4(12.5-14.2)
Rb 4945 53+1 51 (47-56)
Sr 108t1 108(103-114)
Y 16+2 21(15-27)
Cd 1.6£0.2 1.3*(1.1-2.7)
Sb 1.8+0.2 1.6+0.1 1.7(1.4-1.8)
Cs 5.5+0.5 5.740.1 5.4(4.9-6.4)
Ba 141+20 138+2 159* (131-196)
Pb 59+2 60(55-71)
Th 8.1+0.8 8.0+0.2 8.2(6.5-8.7)
Ce 58+6 55+1 61 (50-63)
* Information values only
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Table 5. Results for the crustaceans (Macrobrachium carcinus) by ICP-MS and |NAg) (

Element Digestive Glands Carapace Muscle Gills

ICP-MS | INAA ICP-MS INAA ICP-MS INAA ICP-MS INAA
Mg(2) 1596+160 127+13 935+95 1668+162
Al(2) 26+5.0 111420 10+2.0 376+65
Ca(2) 168531+ | 155323t 49115H | 457234 96288t 91543+ 33419t 32835t

17000 15000 49000 45000 9600 9100 3000 32000
Ti(2) 23+0.21 185+14 2.2+0.2 30+3.0
Cr(1) 326+33 | 283+30 53+5.0 49+5.0 40+4.0 38+3.8 77+8.0 69+7.0
Fe(1) 6811+500| 621+65 1806+180 | 1765+10 284+28 275+28 1100+100 | 1020+100
Co(1) 0.23+0.03| 0.214+0.02 | 1.6+0.16 | 0.13+0.1 0.23+0.3 | 0.22+0.2 1.0+0.1 0.9+0.09
Ni(2) 4.1+0.8 <5 14 10+5 5.7+1.1 <7 124+2.4 9+2.0
Cu(2) 351+50 101+15 80412 252+30
As(1) 5.3+0.6 | 4.8+0.5 4.5+0.5 4.0+0.4 0.58+0.6 | 0.52+0.5 3.0+0.3 2.7+0.27
Rb(2) 5.4+0.6 | 5.0+£0.5 0.64+-0.6 | 0.61+0.6 0.95+0.1 | 0.92+0.1 1.5+0.15 | 1.2+0.12
Sr(2) 414+42 862+87 60+6.0 226+23
Y(2) 0.1+0.03 0.50+0.15
Ag(2) 0.3740.04 | 0.33£0.034| 0.14+0.012 0.12+-0.02 | 0.6+0.06. | 0.53£0.05
Cd(2) 0.4+0.04 | 0.37 0.22+0.02 | 0.18£0.02 | <0.2 <0.1

+0.04

Ba(2) 9+0.9 8+0.8 162+16 155413 22+2.0 20+1.9 27+2.2 25+2.6
Pb(2) 1.5+0.15 1.3+0.13 3.2+0.32 3.7+0.4
La(1) 0.4+0.04 | 0.38:0.04 | 0.44+0.04 | 0.42+0.04 | <0.08 <0.1 1.8+0.15 | 1.6+0.15
Ce(1) 0.6+0.06 | 0.58+0.05 | 0.52+0.05| 0.55+0.05 | <0.07 <0.05 2.8+0.2 2.6+0.2

Recommended method: (1) INAA (2) ICP-MS

Table 6. Results for the crustaceans(Ucides cordatus) by INAA and ICP«NIS)(

Element | Digestive Glands Carapace Muscle Gills

ICP-MS | INAA ICP-MS | INAA ICP-MS | INAA ICP-MS | INAA
Mg(2) 593+55 7000+£560 2434+225 1286+112
Al(2) 100+20. 145+22 274451 5273108
Ca(2) 105538t | 98556t 109496@: | 995437 207951 | 201343t 106641 | 101322t

10000 9000 100000 98000 20000 21000 10000 11000
Ti(2) 3.0+£0.29 12+1.4 12+1.2 229430
Cr(1) 114+1.0 9.0+1.3 9.3:0.9 | 8.4+0.8 26+2.6 23+2.6 33+3.3 30+3.0
Fe(1) 717+70 | 688+65 21162£220 19212£190 | 3248+290| 2975+280 | 3800+400| 3685+380
Co(1) 0.68+0.06| 0.63+0.06 | 3.7+0.36 | 3.3+0.3 1.14+0.11 | 0.95+0.096 | 2.3+0.1 | 2.14+0.21
Ni(2) 11+1.0 10+1.3 73t£7.0 71+7.0 19+1.9 17+£1.7 2.3+0.23 | 2.2+0.22
Cu(2) 12+1.0 43+4.0 51+5.1 48+5.0
As(1) 1.8+0.18 | 1.6+.0.16 | 4.1+0.5 | 3.9+-0.4 2.2+0.2 | 2.0+0.2 5.5+0.5 | 5.1+0.55
Rb(2) 0.47+0.05 0.43£0.05 | 1.2+0.12 | 1.0+£0.1 1.940.19 | 1.6+0.16 6.3+0.63 | 6.1+0.63
Sr(2) 144+14 2940+£290 31331 170+£18
Y(2) 0.25+0.02 0.76+0.07, 0.16+0.02 2.3+0.23
Zr(2) 0.43+004 <0.05 0.14+0.02 3.1+0.3
Ag(2) 30+£3.0 26+5.0 4.3+0.43 | 4.0+£0.8 8.6+0.86 | 8.0+0.9 19+2.0 14+3.0
Cd(2) 15+0.2 | 1.2+0.3 0.91+0.1 | 0.8+0.1 <0.60 <0.30 2.7+£0.3 | 2.1+0.7
Ba(2) 260+£30 | 252425 960+96 | 898+90 18+2.0 16+1.6 138+14 | 129+13
Pb(2) 9.8+0.9 3.2+0.3 1.9+0.02 6.2+0.6
La(1) 0.8+0.06 | 0.75£0.07 | 2.2+0.2 | 2.1+0.2 0.24+0.02| 0.26+0.03 | 8.7+0.8 | 8.5+0.8
Ce(1) 1.3+0.1 1.14+0.1 4.7+0.4 4.3+0.4 0.43+0.04| 0.46+0.04 | 16+1.5 15+1.5

Recommended method: (1) INAA (2) ICP-MS
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Table 7. Comparison of INAA and ICP-MS for the determination of elements

Y, Nb, Pb ICP-MS INAA not applicable

Mg, Al, Ti, INAA and ICP-MS Short time irradiation required for INAA Oxide dissolution
(A120s3) difficult for ICP-MS

Ca INAA and ICP-MS Poor sensitivity by INAA: y-ray at 1297 keV interferes with
The rays of°Fe,?°Co, "*?Ta

Cr, Fe INAA and ICP-MS Oxide dissolution difficult and mass interference for ICP-MS

Ni ICP-MS Poor sensitivity using (n,y) reaction. Better results obtained
by (n,p) reaction which requires a special irradiation

Cu ICP-MS Poor sensitivity in INAA. Radiochemical separation required

As INAA and ICP-MS Loss risks during the dissolution in ICP-MS

Rb, Ag INAA and ICP-MS

Sr ICP-MS Poor selectivity of 514 keV y-ray in INAA

Cd INAA and ICP-MS Poor sensitivity in INAA

Co INAA and ICP-MS Determination accurate and sensitive by INAA

Ba INAA and ICP-MS Poor selectivity of 496 keV y-ray in INAA

La. Ce INAA and ICP-MS Interference risk with uranium fission in INAA
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