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Abstract A better repeatability and accuracy in the quan-
titative determination of trace elementsin mussel shellsor
carbonate-based materials by LA-ICP-MS was achieved
by using a series of multielement calibration standards
prepared by co-precipitation of twelve elements into a
CaCO; matrix in order to improve the homogeneity of the
resulting powder samples. Pressed powder discs of good
mechanical stability could be obtained at a pressure of
50 MPa, without the addition of a binder. An UV laser
(modified Nd:YAG, 266 nm) was used in the Q-switched
mode at a repetition rate of 10 Hz and an energy level of
3.5 mJ. Correlation coefficients (R) for the linear calibra-
tion graphs (concentration range: 1.5-400 ug/g) for Cr,
Mn, Co, Cu, Zn, As, Cd, Sn, Ba, and Pb are generally bet-
ter than 0.997. The detection limits for all elementsinves-
tigated are in the sub-ug/g range. Incorporation of ele-
ments into the matrix by co-precipitation has shown as a
superior method for producing calibration standards than
the simple mixture of the analytes (in carbonate or oxide
form) with the matrix (CaCOs3) or addition of standard so-
lutions to a carbonate powder base. Two examples of the
quantitative determination of toxic elements in mussel
shells will be presented.

Introduction

Concentrations of toxic metals in soft tissue of marine
shellfish are commonly used as an indicator of marine
pollution [1-3]. However, mgjor and trace element com-
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positions of hard biological structures, such as teeth [4],
coral skeleton [5], fish otholit [6] and shells[7], have long
been recognized as a potential source of environmental in-
formation. Wilburg and Saleuddin [8], describing shell
formation of mollusks, pointed out that trace metas in-
corporated into the shell matrix must have been assimi-
lated by organism as an active process. Additionally, un-
like soft tissue, there is no significant process of metal
mobilization from the shell, once the metals are deposited
[9]. Another advantage is that shells are composed of se-
quentially deposited layers of mineralized material, which
arelaid down according to the growth rate of the shellfish.
For this reason, chemica analysis of discrete bands of
growth can revea historical records of environmental
changes.

In most previous investigations, conventional solution
techniques were applied in which the shells were digested
prior to analysis [10, 11]. In this destructive way, infor-
mation about tempora concentration changes was lost.
Microbeam techniques have already been used to analyze
shells as a solid; however, resolution and detection limits
were modest [12]. Recent applications of laser ablation
(LA) ICP-MSto the analysis of mgjor and trace elements
in hard biological structures, such as teeth [4], coral [13]
and shells [14, 15, 16] have shown the potential of this
technique for environmental applications. Furthermore,
unknown samples can be characterized much faster by
LA-ICP-MS than by some other current solid sampling
techniques (SSMS, GDMS and LIMS) with respect to
their magjor, minor and trace element compositions [17,
18].

Another advantage of LA-ICP-MS over conventional
solution nebulization (SN)-ICP-MS is the reduction of
polyatomic interference due to the “dry plasma’ in which
the formation of 4°Ar6Q*, 15N6Q*, 160, H* and other
species, produced mainly by the interaction of water and
acid (HNO;) with the argon plasma, is much less probable
[19].

However, quantification of the analytical results proves
till to be difficult in LA-ICP-M S due to a combination of
various problems, including: uneven ablation of the mate-
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rial, non-representative sub-sampling, differences in the
transport efficiencies of components to the plasma and,
last not least, the lack of suitable matrix-matched stan-
dardsfor calibration purposes. Some of these aspects have
been reviewed recently by Durrant [19].

Concerning the problem of calibration, Perkins and co-
workers [14] described the quantitative analysis of car-
bonate materials using a series of standards based on a
solid CaCO; matrix spiked with oxides of the desired ele-
ments, mixed with a binder and then pressed into 30 mm
diameter pellets. While this method gives calibration
graphs with reasonable correlation coefficients and pro-
duces acceptable results for major and minor elementsin
geological materials, there are no data reported for trace
elements. Additionally, the procedure described above
presents two major problems, pointed out by Pearce and
co-workers[20]: (1) mechanical mixtures of powder addi-
tion to a powder matrix appear to be relatively inhomoge-
neous and (2) elemental oxides are generally more re-
fracting than carbonates of the same element. In order to
overcome these problems, the authors cited above have
produced standards of some elements by the addition of
1000 pg/mL single-element standard solutions into a de-
fined mass of the CaCO; matrix, mixed then with a binder
and pressed into discs. This procedure resulted in better
homogeneity of the standards and improved correlation
coefficients. However, none of these studies achieved suf-
ficient accurate results required for the quantitative analy-
sis of trace elements in biological materials and for envi-
ronmental studies. There are also few records on the de-
tection limits obtained.

The present study reports results on the quantitative
determination of trace elements in carbonate materials
(mussel shells and a limestone reference material) by
LA-ICP-MS using matrix-matched standards, prepared by
co-precipitation of 12 elements (Cr, Mn, Co, Cu, Zn, As,
Cd, Sn, Hg and Pb) at minor and trace levelsinto a CaCOg
matrix, aiming at the improvement of the calibration pro-
cedure. These elements were selected because of their rec-
ognized bioaccumulation in and toxicity for marine or-
ganisms [1-3], while Sr and Ba were chosen because of
their potential use as indicator of environmental tempera-
ture and productivity, respectively [7].

Experimental

Instrumentation. The measurements were carried out using an Elan
5000A (Perkin Elmer- SCIEX) ICP-MS in combination with the
laser sampler LSX-100 (CETAC Technologies Inc.). A software
program controls the sampler. The ablation target can be viewed
through a color CCD camera for precise location of the analysis
spot. An argon stream (0.85 dm?3/min) carries the ablated material
from samplée/standard through a Teflon coated tube into the plas-
ma, for ionization and subsequent analysis in the mass spectrome-
ter. The laser used was a modified Nd:YAG type operated at
266 nm. Experimental conditions for the ICP mass spectrometer
and the laser system are given in Table 1. The repetition rate, laser
beam energy and focusing depth were optimized for best effi-
ciency and stability of the system in accordance to the CaCO; ma-
trix used. Many theoretical and technical aspects of the laser abla-
tion processes and systems were recently reviewed by Durrant

Table 1 Operating conditions for the ICP-M S and the modified
Nd:YAG laser (266 nm) used

ICP MASS SPECTROMETER: Elan 5000 (PE-Sciex)
Sweeps/reading 2

Replicates 3

Scanning mode “Peak hop”

Dwell time 100 ms

Forward power 1200 W

Carrier gas flow 0.85 dm3/min

Outer gas flow 15 dm®/min
Intermediate gas flow 1 dm®/min

LASER LSX-100 (CETAC)
Mode Q- switched
Laser beam energy 35mJ
Beam divergence 0.8 mRad
Beam diameter 1.0 mm
Pulse width <8-12ns
Repetition rate 10 Hz
Rastering rate 100 pum/s
Distance between lines 80 um
Pre-ablation time 25s
Measuring time 34s

[19]. Optimum sensitivity and repeatability of the analytical sig-
nals are often obtained with laser beam focusing displaced from
the sample surface, but the effectiveness of this procedure is mate-
rial dependent [19]. For the CaCO; matrix used in this study, opti-
mum conditions were obtained when focusing was about 1.5 mm
below the sample surface. Laser energies higher than the selected
one (3.5 mJ) resulted in more unstable signals, higher memory ef-
fects due to the increased ablated mass and a consequent more
rapid clogging of the sampler/skimmer cones. Increase of the rep-
etition rate above 10 Hz had asimilar negative effect. The isotopes
used for quantification were: “3Ca, 3Cr, Mn, %°Co, %3Cu, 56Zn, ™®As,
863y, 114C(, 1185, 138B3, 2°2Hg and 206, 207, 208pp,

Solution nebulization ICP-MS was performed with the same
instrument (Elan 5000) using a cyclonic spray chamber and con-
centric Meinhard nebulizer. Standard operational conditions were
applied in al measurements (power: 1050 W; argon in dm3/min:
nebulizer —0.950, plasma —15.00, auxiliary —1.00; sample aspira-
tion rate: 1.00 mL/min). The sensitivity obtained for Rh using Pt
sampler and skimmer cones was > 7 M cps mg? L, typically.
The measured isotopes were the same as shown above. Calibration
and quantification was performed in the standard addition and/or
external calibration mode.

Solid standard preparation. In order to improve repeatability and
accuracy of the measurements and to determine detection limits for
the quantitative analyses of trace elements in shells or similar ma-
terials, low concentration standards of some elements (1.5—
100 pg/g of Cr, Co, Cu, Zn, As, Cd, Sn, Ba, Hg and Pb) and mod-
erate concentration ones of others (6.3—400 pg/g of Mg and Mn)
were produced by co-precipitation of the elements into a CaCO,
matrix. 1000 pg/mL single-element solutions (Merck-Titrisol®)
were spiked into a Ca™ solution obtained by acid dissolution
(HNO; p.a, twofold subboiled) of CaCO; (Merck, suprapur). Re-
precipitation of the matrix was then performed at room tempera-
ture by addition of Na,CO3; (Merck, suprapur) dissolved in high
purity water (> 16 MQ). The precipitate was then filtered, washed
thoroughly with high purity water until the absence of Na', dried,
homogenized and pressed into discs of 30 mm diameter at 50 M Pa,
for approximately 5 min, without addition of a binder, resulting in
solid pellets of good mechanical stability. For each pressed pellet,
amass of about 2 g of the powder standard was used. Blank sam-
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Low concentration standards [|Lg/g]

Nominal 15 3.0 6.3 12.5 25.0 50.0 100.0
measurements of each pressed concentrations
powder standard by SN-ICP-
MS. Comparison of nominal Element Effective concentrations and RSD (%)
and effective concentrations
shows that co-precipitation was  Cr 13(74) 21(52) 49(17) 92(1.3) 19.0(21) 355(36) 73.0 (1.7)
nearly quantitative for most &l- ¢, 21(22) 29(0.7) 51(10) 96(0.6) 217(35 41.2(16) 833 (26)
ements; exceptions are As and C
Hg u 1.0(70) 21(81) 46(45 94(30) 21.1(1L9) 411332 845 (33)
Zn 3329 25(5 65(73) 160(9.1) 263(04) 506(3.3) 1035 (3)
As 1.3(55) 21(45 31(24) 44(08) 95(L7) 11.7(29) 228 (36)
cd 21(21) 29(14) 69(19 137(1L1) 311(21) 571(1.6) 1150 (1.2
Sn 15(1.9) 27(14) 55(0.8) 11.0(L4) 221(35 41.8(24) 878 (L0)
Ba 23(32) 40(7) 74(22 140(16) 289(20) 515(24) 1048 (3.2
Hg 07(32) 14(43) 32(0) 37(98) 21.0(20) 264(71) 541(104)
Pb 15(48) 29(43) 58(38 11.2(1.2) 232(52) 445(57) 915 (0.8
Moderate concentration standards [pg/g]
Nominal 6.3 125 25 50 100 200 400
concentrations
Element Effective concentrations and RSD (%)
Mg 74(7.9) 125(4.6) 252(3.9) 48.0(1.2) 92.8(2.4) 181.2(2.2) 354.2(2.7)
Mn 6.7(1.6) 132(1.3) 26.7(15) 535(2.6) 103.8(1.0) 201.9 (1.6) 401.6 (3.0)
ples were prepared in a similar way by direct pressing of CaCO; 08 (a) 0,15 4 (b)
(Merck, suprapur) into pellets. 0,6 0,1
0,4
0,2 0,05 -/
Results and discussions 0 T v L
0 200 400 600 0 20 40 60 80 100

Assessment of the final elemental concentrations

Concentration of the elements recovered in the CaCO5-
matrix and therefore the efficiencies of co-precipitation
were determined by conventional solution nebulization
(SN)-ICP-MS analysis of 3 dissolved sample aliquots of
each standard produced. The samples were analyzed in
the fully quantitative mode (external calibration) using
15n and 2°3T| asinternal standards and calibration curves,
which were matrix-matched in Ca concentration.

The mean recovery was about 92% for the elements
studied, with the exception of As and Hg (20-50%). This
low recovery of As and Hg is probably a consequence of
their different chemical characteristics when compared to
the others, causing a poorer affinity to the carbonate ma-
trix. The co-precipitation process resulted in more homo-
geneous standards as shown by the generaly smaller
RSDs (Table 2), even for the very low concentration stan-
dards, when compared with previous work (e.g.: Pearce
and co-workers[20], Mean RSD = 3% for a concentration
range of 10 to 30 pg/g).

Validation for calibration purposes

The pressed powder CaCO; standards were analyzed by
LA-ICP-MS to produce calibration graphs as exemplified
in Fig.1. The experimental conditions were those from
Table 1. Signal data were collected under steady state
conditions and normalized with reference to “Ca (a =

0,015

0,005

intensity ratio [Me / 43Ca]

concentration [ug/g]

Fig.1la—d Examples of calibration graphs for pressed powder
standards produced by co-precipitation: (a) Mn; (b) Cr; (c) Cd and
(d) As. (*3Ca was used as an internal standard; ablation and |CP-
MS experimental conditions asin Table 1)

0.145%) as a true internal standard. A known concentra-
tion of strontium was aso incorporated into the CaCO,
matrix and tested as an internal standard, however, better
results were achieved with Ca. For many elements, the
correlation coefficient is better than 0.998 (see Table 3).
Comparing with the previous work [20], it becomes once
more evident that incorporation of trace elements into the
carbonate matrix by co-precipitation produces more ho-
mogeneous samples and consequently better correlation
coefficients.

The blank counts are derived from the pressed powder
discs of suprapur grade CaCO; (Merck), instead of the
generally used Ar-gas blank (i.e. no sample introduction
[16]). This procedure has the advantage that the back-
ground counts are produced under nearly identical laser
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Table 3 3o-Detection limits, background equivalent concentra-
tions (BEC) and correlation coefficients of calibration curves for
co-precipitated elements in a CaCO; matrix, obtained by LA-I1CP-
MS

Element Concentration 30-DL BEC R
range [Hg/d] [Ho/d] [ng/d]

Cr 1.3- 73 0.72 0.91 0.9933
Mn 6.7-402 0.06 0.10 0.9977
Co 2.0- 83 0.03 0.11 0.9998
Cu 1.0- 85 0.07 0.07 0.9969
zn 3.3-104 0.12 0.17 0.9975
As 1.3- 23 0.03 0.11 0.9980
Cd 2.0-115 0.07 0.06 0.9978
Sn 1.7- 88 0.78 5.52 0.9946
Ba 2.3-105 0.70 0.71 0.9991
Hg 0.7- 54 0.21 1.35 0.9901
Pb 15- 92 0.02 0.02 0.9978

Table 4 Results from the quantitative analysis of the reference
material Limestone JLs-1 (Japan), obtained by LA-ICP-MS and
SN-ICP-MS. All concentrations expressed in pug/g

Ele- LA-ICP-MS SN-ICP-MS Literature Reference
ment (n = 6) (n=6) [citation] values
Cr 39 + 05 17 £ 01 3.37
Mn 157 + 0.7 170 + 09 245201104 15
Co 0.098 + 0.004 0.058 + 0.007 0.083
Cu 0.32 =+ 0.02 0.37 + 0.03 0.271201 0.36
Zn 31 + 01 33 = 01 2.871201 3.19
As 0.17 + 0.03 0.27 + 0.03 0.15
S 224 + 6 262 + 5 331120261014 295
Cd 023 + 001 0.18 + 0.02 0.16
Ba 610 + 45 504 +34 528/20 476

Pb 0.12 + 0.01 0.08 + 0.01 0.7

and plasma conditions as the sample counts and those
polyatomic interferences caused by the CaCO; matrix
(p.ex. ©Cal®O" interfering on °Co*) are subtracted in this
way. The detection limits (30-DL) and background equiv-
aent concentrations (BEC) are shown in Table 3. BEC is
by definition the analyte concentration producing a net
signal equal to the background intensity at the line, and
the estimate is equal to X, / S, where x,, is the mean back-
ground intensity and S is the sensitivity (given by the
slope of the calibration curve). Comparing these data with
the results of Price and Pearce [16] (DL of 1.3, 1.0, 1.2
and 0.2 for Cu, Zn, As and Pb, respectively), a good
improvement in the detection limits was obtained. For
some elements, however, quantification levels are more
modest due to contamination of the CaCO; blank and
(or) polyatomic interferences caused by the matrix (e.g.
430a160+ N SQCO; 43ca160 160+ 75 A S).

Accuracy of the method was evaluated by analyzing
one of the few available substances with similar matrix,
the reference material JLs-1 (Limestone, Geological Sur-
vey of Japan), as pressed powder against the calibration
graphs produced from the CaCOj; standards. Table 4
shows mean concentrations and standard deviations ob-

tained by quantitative analyses using LA-ICP-MS and
SN-ICP-MS, literature reported data and the proposed
values for this RM. Hg was not considered for quantita-
tive analysis because its recommended value (0.056 g/g)
in the reference material is lower than the DL obtained in
this study (see Table 3). For SN-ICP-MS analysis of this
material, the more accurate standard addition calibration
was used instead of the externa calibration method. With
the exception of Cr, Co and Pb, there is a good agreement
between the values obtained in this study, for both tech-
niques, and the recommended ones, taking into account
the not reported uncertainties of the reference material.
For these three elements, however, considerably lower
concentrations than those proposed were obtained by SN-
ICP-MS. In the case of Pb, the low concentration was also
confirmed by the laser technique, indicating that the pro-
posed value for this reference material may not be correct.
For Cr and Co, there is a reasonable agreement of the
laser results with the proposed values, however, the lower
concentrations obtained by SN-ICP-MS could indicate
that thisis only an apparent agreement caused by not prop-
erly corrected polyatomic interferences from the solid
CaCO; matrix : “°Ar3C on the 53Cr- signal and 43Cal®O*
on %°Co*. In SN-ICP-MS, due to the acid dissolution of
the sample (in the case of Cr) and the calibration proce-
dure (standard addition), both interferences would be of
minor influence. In any case, due to the not known uncer-
tainties of the proposed reference values, the observed
differences should not be taken so seriously at this mo-
ment. Nevertheless, comparing the results obtained with
those reported in the literature [ 14, 20], this study presents
ageneral improvement in the accuracy of the quantitative
analysis of carbonates by LA-ICP-MS (see Table 4).

Comparison with NIST glass standards.

Calibration with CRM glass standards (NIST 614, 612,
610) has been the most frequently employed procedure
for the quantitative and semi-quantitative analysis of car-
bonates [7, 16] and similar matrices. However, as empha-
sized in previous work and reviewed by Durrant [19], the
efficiency of the ablation process is much poorer in glass
than in pressed powder carbonate materials and this figure
arises mainly from the nature and hardness differences be-
tween them. Figure 2 shows images produced by scanning
electron microscopy (SEM) of typical ablation craters
produced by ablation of a fused glass disc (NIST 612), a
pressed powder carbonate standard and a mussel shell
(Perna perna). For the same laser conditions, the shape,
depth and morphology of the craters and, consequently,
the ablated masses are very different for glass and carbon-
ates. Thisresults in a poorer sensitivity for glass standard
calibration curves (see Fig. 3) and therefore in an overes-
timation of trace element concentrations in samples with
carbonate matrix.
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Fig.2 Scanning electron microscope photographs of ablation
pitches produced in: fused glass disc, pressed powder CaCO; stan-
dard and mussel shell (from the top to the bottom; magnification
500x; pitches produced by 10 shots, repetition rate 10 Hz, energy
4.5 mJ and defocus of 10 pm)
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Fig.3 Calibration graphs, exemplified by Mn, produced with
CaCO; standard pellets and fused glass discs (NIST 614, 612, 610)
showing the different sensitivities (S in cps/ug.g™) obtained in
both matrices (Syjass: 519.3; Scacite 783.7); dashed line: NIST stan-
dards, solid line: CaCOj; pellets

Examples of LA-ICP-MS applications in environmental
monitoring using mussel shells.

Although it is not the primary purpose of thiswork to dis-
cuss trace metal accumulation in hard biological struc-
tures, at least two examples will be given to illustrate the
application of the here introduced calibration procedure
for the quantitative determination of elements in mussel
shells. These discussions with biological and environmen-
tal focus will be presented elsewhere . Results of concen-
tration profilesin shells of two specimens of Perna perna
are presented in Fig. 4. In both cases, specimens collected
from less polluted waters were introduced into a heavily
polluted environment and maintained there until sufficient
development of newly formed growth bands for analysis
by LA-ICP-MS.

One example (Fig.4a) is from an agquarium experiment
in which implanted specimens of Perna perna were grown
up, under controlled conditions, in seawater, which was
changed daily and spiked at a concentration of 0.5 mg/L
with the elements of interest (Cu, Cd, Pb, Zn and others).
During atime period of 60 days, in which the animals were
fed with phytoplancton, a mean growth band of about
3 mm was formed. Implantation of the specimens into the
spiked seawater resulted in an sharp concentration increase
of toxic elements, as exemplified by Cu, Cd and Pb, within
the newly formed shell structure (Fig.4a > 25 mm),
which follows the order: Pb > Cu > Cd. Preliminary re-
sults show, in general, preferential enrichment of these el-
ementsin soft tissue samples, however, for Pb enrichment
isless pronounced than for Cd (e.9. [P]issue: [PO]ghenl = 2.5;
[Cdliissue: [Cd] e = 200). Better knowledge about the dis-
tribution ratios of elements between both compartments,
obtained under controlled conditions, will help to under-
stand detoxification mechanisms for metals and to vali-
date the use of shells as biological monitor.

The second example (Fig.4b), obtained from a natural
environment, confirms once more the ability of shells to
register changes in metal water concentrations. In this
case, specimens of P. perna were sampled from a moder-
ately polluted oceanic beach (Itaipu, State of Rio de
Janeiro), transplanted into a heavily polluted site within
the Guanabara Bay (same state) and collected one month
after exposure. During this time, a new growth band of
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about 15 mm had formed (Fig.4b: > 40 mm) in which
the concentrations of Cu and Zn are significantly in-
creased when compared to the levels before transplanta-
tion (< 40 mm). In terms of concentration, both elements
are the most serious metal contaminants in this environ-
ment [21].

Conclusion

Incorporation of trace elements into the CaCO5; matrix by
co-precipitation is a better method for producing homoge-
neous standards than simple mixture of analytes, in solid
or solution form, with the solid CaCO; matrix. The avail-
ability of these standards permitted quantitative analysis
of carbonate materials, such as limestone and mussel
shells, by LA-ICP-MS, avoiding systematic errors caused
by calibration with materials of different ablation charac-
teristics (e.g. glass standards). The ease and rapidity of
analysis, without necessity of laborious sample prepara-
tion, and the space resolution are the main advantages for
environmental studies as demonstrated in this study on
mussel shells. The preliminary data shown here on the
significant increase of toxic metals in the newly formed
growth bands of shellsfrom P. perna, after transplantation
of specimens from less polluted into heavily polluted
water, is a strong argument for the validation of shell ma-
terial in biological monitoring.
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