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Abstract: Laser ablation (LA)-inductively coupled plasma-mass spectrometry (ICP-MS) has become one of the
most important methods for in situ trace elemental and isotopic analysis in geochemistry, cosmochemistry and
environmental research. For these purposes, different kinds of mass spectrometers and lasers are used, which are
presented in this paper. One of the most useful LA-ICPMS instruments is the combination of a single-collector
sector field mass spectrometer with Nd: YAG laser ablation systems (193 nm and 213 nm wavelengths,
respectively). This design used in the MPI Mainz laboratory is described in detail in this paper. Data
optimization techniques including diverse correction procedures are also discussed. To demonstrate the power of
LA-ICPMS, several applications of trace elemental and isotopic analysis are presented, such as investigations of
reference materials, trace element analysis in Hawaiian basalts, Martian meteorites, biological spicules and
corals, as well as Pb and Sr isotope measurements of melt inclusions and Ca-Al rich inclusions of carbonaceous
chondrites.
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1 Introduction

Laser ablation-inductively coupled plasma mass
spectrometry (LA-ICPMS) has become a powerful analytical
technique used in nearly all subdisciplines of geochemical,
cosmochemical and environmental research!. The growth
of LA-ICPMS can be seen by an evaluation of recent
publication history over the last decade. For example, there
has been steady increase of the number of publications in
the Journal of Analytical Atomic Spectrometry (JAAS) from
4 in the year 1995, to 18 in 2001 and then to 40 in 2007. A
recent review'”, noted that the use of LA-ICPMS has
substantially increased and it concluded that the trend will
continue for the foreseeable future. Additionally, the top 20
most frequently requested reference materials of the
GeoReM database (http; //georem. mpch-mainz. mpg. de™)
comprise 12 reference glasses from the National Institute of
Standards and Technology (NIST), the United States of
Geological Survey (USGS) and the Max-Planck-Institut fiir
Chemie (MPI-DING) mainly used as calibration materials
for LA-ICPMS and other microanalytical techniques.

2 Types of LA-ICP Mass Spectrometers

There are a variety of lasers and mass
spectrometers that are used for LA-ICPMS analysis.
Each of their analytical features differs and they are
used for applications with various requirements, such as
routine trace element, high-precision isotopic analysis,
or bulk and micro analysis of geological, biological and
environmental samples. The commonly used mass
spectrometers and lasers are compared in Table 1 and
Table 2 and explained below.
2.1 Quadrupole Mass Spectrometers

Quadrupole mass spectrometers apply voltages on
four parallel metal rods affect the trajectory of ions
extracted from the ICP's plasma. Only ions of a
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certain mass pass through the quadrupole, which can
be considered as a mass filter. Quadrupole mass
spectrometers have the advantages of exiremely fast
scan times (e. g. 0.25 s for the determination of 25
trace elements) and are relatively small, low-cost
systems. The primary disadvantages are the low mass
resolution ( about 300) of the quadrupole and the
non-flat triangular peak shape, which does not allow
for precise isotope ratio measurements.

Table 1 The commonly used ICP-MS

mass spectrometers

Parameters single collector . multicollector
qadruple *orgield e feld
scan time from electrical scan: ing s ot
one mass fast fast, magnetic very fast 8
to another scan: slow usual, very slow
mass resolution  300~400  300~10000 500 -~2000 300
peak shape  triangular flat top triangular flat top
sensitivity medium . .
. low
(cpa/ppm) o high bigh high
o Jemental  clemental and fast scanning  high-precision
o analysis  isotopic analysis  capability  isotopic analysis

Table 2 Lasers commonly used for laser ablation

lasers
i Nd:YAG Nd:YAG Nd:YAG ArF excimer fs laser
wavelength (nm) 266 213 193 193 196 ~800

pulse energy (mj) 0.5~4 0.2~2 0.1~1 0.05~0.8 1~4

pulse width 9ns Sns Ins 15ns 60 ~400fs
repetition rate (Hz) 1-20 1-~20 1~10 1~100 1~10
crater diameter (um) 3-~80 2~160 5~100 4-~200 5~100

2.2 Single-collector Sector-field Mass Spectrometers

Single-collector sector-field mass spectrometers,
which contain magnetic and electric sector fields, are
used for sensitive LA-ICPMS trace element analyses.
The magnetic sector field separates ions according to
their mass-to-charge ratio, whereas the electric sector
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focuses ions according to their kinetic energy. Because
of the developments of fast magnets, reasonable scan
times (about 1 ~ 2 s) can be obtained for the
LA-ICPMS analysis of 40 ~ 50 trace elements. The
major advantage is the potential for® high mass
resolution (up to 10000) to separate masses of interest
from disturbing molecular interferences. Most analysts,
however, use the low mass resolution mode (300) that
yields flat-top peaks to obtain highly sensitive
elemental analyses and relatively precise isotope ratio
measurements. As a trade off between resolution and
sensitivity, some laboratories compromise with a mass
resolution of about 4000 for their LA-ICPMS analyses,
which does allow the separation of many mass lines of
interest from disturbing molecule lines.
2.3 Time-of-Flight Mass Spectrometers

Time-of-flight mass spectrometers ( TOF-MS )
measure the mass-dependent time and it takes ions of
different masses to move from the ion source to the
detector. This requires that the starting time ( the
time at which the ions leave the ion source) is well-
defined. This type of mass spectrometer is only used
in some LA-ICPMS laboratories*’. The major
advantages include the fast speed of acquisition and
high ion transmission. However, the dynamic range of
the instruments is limited. Due to their relatively low
sensitivity, TOF mass spectrometers have higher
detection limits than quadrupole instruments.
2.4 Multi-collector Sector-field Mass Spectrometers

Similar to the mass spectrometers described above in
chapter 2.2, multi-collector sector-field mass spectrometers
consist of magnetic and electric field sectors. However,
multiple collectors are used for the simultaneous
measurements of ions. Because of this and the consistent
mass bias variation across the mass range, highly precise
isolope ratios can be obtained. Disadvantages include the
low mass resolution of most instruments, which can lead to
significant interferences caused by doubly charged ions,
oxides and argides. Faraday cups are generally used and
therefore only isotopes of high-abundant elements (e. g.
>ca. 50 pg/g for Pb, >ca. 500 pg/g for Sr) can be
measured with high precision. Because of the slow
switching, but very stable magnets used, MC-ICPMS
instruments are not suitable for multi-element analysis.
2.5 Nd:YAG Lasers

Nd: YAG lasers are widely used in LA-ICPMS
laboratories. Early LA-ICPMS systems used the
fundamental wavelength of 1064 nm, which is poorly
absorbed by many minerals. Therefore, new
developments in Nd: YAG lasers led to the use of
harmonic wavelengths of 532 nm, 266 nm, 213 nm
and 193 nm. With shorter wavelengths, smaller
particles are produced and there is a higher absorption

of the laser energy in the surface layers of materials.
Like the wavelength, pulse length has a considerable
influence on the quality of the results-shorter pulses
increase the energy deposited in the area to be
analyzed. State-of-the-art Nd: YAG lasers typically
employ wavelengths of 193 nm or 213 nm and pulse
lengths of 3 ~5 ns. Laser ablation systems using Nd:
YAG lasers are relatively compact.
2.6 ArF Excimer Lasers

ArF excimer lasers have a short wavelength of
193 nm producing less severe fractionation effects because
of almost complete vaporization and excitation of all
ablated particles in the ICP*’!. Very flat crater shapes can
be obtained using these lasers. However, the longer pulse
lengths (about 15 ns) compared to the Nd:YAG lasers
and the much larger size of the instruments have left this
as a less-used option for LA-ICPMS.
2.7 Femtosecond (fs)-Lasers

At present, femtosecond( fs)-laser is only applied
to LA-ICPMS in some laboratories'™*’. Due to the fs
time scale, ablation is essentially non-thermal. This is
important for complex matrices, where the elemental
fractionation is similar. A Ti sapphire laser having
800 nm and more recently 260 nm has been used in fs
laser ablation studies.

3 Results and Discussions
3.1 Measurement Procedures

Different procedures have been used to convert
the count rates and the voltages for the ions in
element abundances and isotope ratios, respectively.
It is beyond the scope of this paper to explain and to
evaluate all these procedures for the different
combinations of ICP mass spectrometers and laser
ablation systems. The evaluation technique as used in
the MPI Mainz laboratory will be elaborated as
follows. In this laboratory, LA-ICPMS analyses are
performed with the single-collector sector-field ICP
mass spectrometer ThermoFinnigan Element 2, which
is connected alternatively with the UP213 or the
UP193SS Nd: YAG laser ablation system from New
Wave'®!. Such combinations have also been used in
many other laboratories worldwide and have delivered
highly sensitive and precise trace element and isotope
data. Typical instrumental parameters of the mass
spectrometer and the laser ablation systems are listed
in Table 3. For most measurements the low mass
resolution mode ( mass resolution = 300) of the
ICP-MS is used. Routine trace element analyses are
performed using the combination of magnetic (B
scan) and electric scan ( E scan) modes of the
Element 2. Scan times for the determination of 40 ~
50 trace elements are about 1.5 s. This means that
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during a 1 minute analysis of a single spot, about 40
scans can be performed. For isotope analysis of Pb
and Sr only the E scan mode is used allowing a quasi
simultaneous determination of 1 000 ~ 2 000 scans
during a 1 min ablation period.

Table 3 Typical operating parameters
New Wave laser ablation systems

UP 19388 UP 213
wavelength (nm) 193 213
pulse length (ns) 2.8 s
energy density (J/cm?) 5~6 7~10
irradiance at sample (GW/cm?) 1.8~2.1 1.4-2.0
spot size (um) 2~100 5~160
_pulse repetition rate (used) 10 10
ThermoFinnigan Element 2
parameters
mass resolution =300 mass resolution =4000
RF power (W) 1270 1270
cool gas flow rate (L/min) 15 15
auxiliary gas flow rate ( L/min) 1 1
carrier gas (Ar) flow rate (L/min) 0.8 0.8
carrier gas (He) flow rate (L/min) 0.7 0.7
sample time (8) 0.002 0.005
samples per peak 100 15
mass window (%) 10 150

To determine elemental concentrations, where the
isotopes of interest may be interfered by molecules in the
low mass resolution mode, a mass resolution of about
4000 (the medium resolution mode of the Element 2)
has been successfully used™™. Fig. 1 shows a typical
example of a mass spectrum at mass number 32
containing an interference. The figure shows that at a
resolution of 4 000, the mass of interest (% S) is
obviously separated from the oxide molecule (*°0,).

31970 31980 31.990
m/z

Fig.1 Highly resolved mass spectra at mass number 32
(mass resolution =4000)
The %S peak is obviously separated from the oxygen molecule.

3.2 Corrections
To obtain accurate and precise analytical data,
raw ion intensities must be corrected. The most

important corrections are discussed below.
— 56 —

3.2.1 Dead Time

Knowledge of the multiplier dead time is important
for a precise isotope and element analysis using the
counting modes, particularly when the count rates are
high. The dead time (typically between 12 and 30 ns)
can be determined at regular intervals using different
concentrations of the NIST 982 Pb spike solution having
ph/™Pb = 1 and ™Pb/™ Pb = 36. 75" The
proprietary software then corrects ion intensities.
3.2.2 Blank

Gas blanks ( generally ranging from 0 ~ 100 cps
for REE, Th, U, Hf to about 1000 cps for Cs, Rb)
are measured before each spot analysis and the ion
intensities are accordingly corrected.
3.2.3 Interference

For routine multi-element analysis,
generally problematic in

isobaric
interferences are not
LA-ICPMS analysis, because at least one isotope is
interference-free for most elements, e.g. *La, '“Ce,
“Ipr and “*Nd. For in situ radiogenic ¥ Sr/*Sr isotope
measurements the isobaric interference of “Rb on *'Sr
must be corrected. Because of their low mass
difference ( Am =0.0003 u), *Rb and ¥Sr cannot be
separated-even in the high mass resolution mode of the
mass spectrometer ( mass resolution = 10 000). The
peak of mass number 87 has therefore to be corrected
for “Rb using the interference-free **Rb isotope and
assuming a uniform * Rb/*Rb.

For element analysis, molecule interferences are
the most problematic. Oxides and other molecular
ions, e.g. argides, can falsify the analytical results.
However, oxides can be drastically reduced by tuning
the mass spectrometer to low oxide rates ( ThO/Th
<1% ). In addition, we prefer non-even masses for
the analysis of geological samples: oxide interferences
are higher for even masses because of the even mass
of 0 and the high-abundances of other even
isotopes, such as *Mg, *Si, “Ca and *Fe in natural
samples. Matrix-matched calibration with samples
having similar trace element contents and oxide
production and/or use of medium mass resolution,
where oxides are separated (e. g S from '°0,, seen
in Fig. 1), help to get reliable LA-ICPMS data.

Finally, interferences from doubly charged ions
may overlap with isotopes of interest, e. g. *Sr* from
"Yb**. However, we have found that doubly charged
ion production in the Element 2 can be minimized to
negligible amounts in the ion source using the conditions
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listed in Table 3. Furthermore, in most natural rock
samples, elements with low Z are generally more
abundant than elements with high Z. This leads to
extremely low doubly charged to single charged ratios,
e.g Yb**/%¥Sr* < 0.00008 in basalts.
3.2.4 Internal Standard

An internal standard (mainly ®Ca, *Ca, ®Si or
®Si for the analysis of rock samples) is used to
compensate for the unstable jon beam during ablation.
Fig. 2 demonstrates the corresponding decrease of
internal standard (“Ca) and trace element count rates
during a geological glass spot analysis, noting that the
internal standard normalized count rates are nearly
uniform. The peak of the internal standard element
should be interference-free to avoid
systematic errors into the trace elemental analysis. As
the highly resolved mass spectra of Fig. 3 show, the
occurrence of 7 Al'°0 in high-Al samples may interfer
the “Ca isotope in low mass resolution. High Si
samples can also interfere with “Ca as *Si'°0. In this
case, oxide production can lead to 1% ~ 3% higher
Ca peaks for high Si/Ca ( >100) and Al/Ca ( >5)
samples using low mass resolution, even when tuning
ThO/Th < 0.5%. For example, a non-matrix- matched
calibration of rhyolites (e. g. ATHO-G: Al/Ca=
5.3121) produces systematically lower trace element
data (by several percent) when using the synthetic NIST
SRM 612 or NIST SRM 610 glasses for calibration since
these glasses have a low Al/Ca (0.13).

introducing

0 2040?080100120

Fig.2 Intensity of “Ca (internal standard) and trace
elements during the spot analysis of the basaltic reference
glass KIL.2-G using a 213 nm Nd;YAG laser

The run consists of about 20 s blank and 100 s ablation measurements
(160 pm spot diameter, 10 Hz). Note the small { ca. 35% ) and
similar decrease of all isotopes; this means that the **Ca normalized
count rates are nearly uniform.

3.2.5 Mass Fractionation

The quantification of isotopic and elemental ratios
by LA-ICPMS is biased by mass fractionation effects
caused by the variable deflection of light to heavy ions

in the ICP-MS and by the different behavior of these
masses during ablation. The correction for mass
fractionation in routine elemental analysis occurs with
the determination of relative sensitivity factors from
analyses of reference materials ( see below), which
includes all types of mass and element fractionations.
In isotopic analysis, an accurate determination of mass
fractionation is essential to obtain accurate results. For
Pb isotopic analysis of geological glasses, external
calibration of Tl and Pb isotopes using the synthetic
NIST SRM 612 glass can be used™” ™). Matrix-
dependent mass fractionation has not been observed
within the limits of about a 0.1% error for single- and
multi-collector LA-ICPMS. The mass fractionation of
Sr isotopes was determined by internal calibration''®!
using the known and constant *St/® Sr for the
determination of ¥ Sr/*Sr.

NIST SRM612 ATHO-G
80000 T R 10000
ThO/Th=13%
§_60000' 7500
540000 F 5000
L
€ 20000 7AIY0 2500
0 -~ 0
40000 50000
“Ca ThO/Th=0 5% ’Ca
§ 30000 * - 40000
s L 30000
g 200001
E 20000
-5 100004 PAIO k10000

42.9542.96 42.97 42.98

42.95 42.96 42.97 42.98
miz miz

Fig.3 “Ca and 7 AI*O peaks obtained from the analysis of
NIST SRM 612 (Al/Ca =0.1) and ATHO-G (AV/Ca =5)
reference glasses using a mass resolution of 4000

The spectra for two different tuning conditions ( ThO/Th = 13 and
0.5% , respectively) are shown.

3.2.6 Elemental Fractionation

Elemental fractionation describes the behavior of
different elements during ablation. It is extremely
dependent on the elements investigated (e.g. high:
Zn-Ca; low: Sr-Ca) and the laser system used (high:
266 nm laser; low: 193 nm laser, fs laser). The
particle size distribution has the most important
influence on elemental fractionation'" , which is a
function of laser wavelength. Smaller mean particle
sizes were obtained with decreasing wavelengths in the
order 1 064 nm > 532 nm > 266 nm > 213 nm > 193
nm. The fractionation factor"®! is a measure of the
element fractionation and is calculated by dividing the
total counts of the second half of the single-spot
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analysis by the counts of the first half and normalized
to the internal standard. Whereas the fractionation
factors for lithophile elements (e. g. Sr, Ba, REE)
are about 1 (no fractionation) using Ca as internal
standard, they can exceed up to 2.5 for chalcophiles
(e.g. Pb, Zn, S) and siderophiles (e. g. Re, Ni,
W) using 266 nm Nd: YAG lasers''l. Spot analyses
using modemn 213 nm and 193 nm Nd: YAG lasers
yield minimal fractionation factors ( <1.05), even for
Pb and the volatile elements Rb and Cs™’.
3.2.7 Element Sensitivity

Flements are ionized to different degrees, and
ionization energy of the element is one of the most
important parameters for this process. Whereas elements
with relatively low ( <5 eV) first ionization energies
(e.g. alkalis) are nearly completed ionized in the plasma
torch, the degree of ionization of noble metals and
halogens with first ionization energies >9 eV is poor.
Here, a relative sensitivity factor, RSF, is used to
calibrate the variable ionization behavior of the elements.
It is defined as RSF = ¢, ../¢,.., Where Cn., is the
uncorrected concentration of an element obtained by
LA-ICPMS and c,,, is the “true” concentration. RSFs are
generally determined from the analyses of reference
materials; most LA-ICPMS analysts use the well-known
NIST SRM 610, SRM 612, USGS BCR-2G and/or MPI-
DING KI2-G glasses to generate an ionization correction
factor for geological samples. Fig.4 shows the RSFs
obtained in the Mainz laboratory for the synthetic SRM 612
and the geological KI2-G glasses. The RSFs of some
elements (e.g. Cu, Rb, Pb) differ significantly by about
5% ~10% for the two glasses. This means that for highly
accurate analyses, a matrix-matched calibration should be
used. The use of fs lasers will certainly help to overcome
matrix problems in LA-ICPMS.,

8

& 10

2.

>

D

2

g ot NIST SRM 612}
] * KL2G
2

o

Ca Cu St ZrCsLa PrSmGIDy ErYDHIW Pb Th
NiRbY NbBaCeNd tu ThHoTmLu Ia T) Bi U
lements

Fig. 4 Relative sensitivity factors obtained from the
analyses of the synthetic NIST SRM 612 and the basaltic
KL2-G glasses using the UP 213 laser ablation system

The data for most elements agree within analytical uncertainties of 1%

for some el

~5%. However, there are significant diff
(e.g. Cu, Rb, Pb) due to matrix effects.
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3.3 Calibration Materials

The accuracy of LA-ICPMS data is primarily
dependent on calibration Without
reference materials it is difficult to produce reliable
data sets and certified geological reference glasses are
most useful for a matrix-matched calibration of rock
and mineral samples. At present, there are 17
synthetic and geological glasses and 18 mineral
samples, which were used worldwide in LA-ICPMS
laboratories!’”).  The most important
materials that we use in our laboratory are:

NIST SRM 610 and SRM 612; These glasses were
used as calibration materials for a variety of samples in
LA-ICPMS. It has been shown by many authors that
these glasses are homogeneous for many elements with
respect to LA-ICPMS analysis. Advantages of these
samples are the high trace element contents of about 400
(NIST SRM 610) and 40 pg/g (NIST SRM 612).
Drawbacks are that only 8 elements have been certified
by NIST and the matrix is quite different from any
geological ~matrix. ~ However, reasonably  good
compilation data of Pearce et al. ) and of the GeoReM
database are available and systematic errors caused by
non-matrix matched calibration may be less than 10%

techniques.

reference

using 193 nm and 213 nm lasers.

USGS BCR-2G, BHVO-2G, BIR-1G: To overcome
non-matrix matched calibrations, the USGS has
prepared a set of geological ( basaltic) reference
glasses. These samples have natural element patterns
and are therefore very useful as quality control
materials. The low contents of some trace elements
are not suitable for a precise primary calibration. No
certified reference values are available; however, the
compilation values of the USGS and the GeoReM
database have a high degree of confidence.

MPI-DING KI2-G, ML3B-G, StHs6/80-G, ATHO-
G, TI-G, GORI28-G, GORI32-G, BM90/21-G. The
Max-Planck-Institut fiir Chemie has prepared a set of eight
reference glasses of different natural (basaltic, andesitic,
thyolitic, quarz-dioritic, komatiitic,  peridotitic )
composition. They have been certified"™ using the IAG
protocol for certification™. About 50 reference and 25
information values are available for each MPI-DING glass.
In addition, data for the isotopic compositions of 12
elements (H, O, Li, B, Si, Ca, Sr, Nd, Hf, Pb, Th,
U) exist. As for BCR-2G, BHVO-2G and BIR-1G, these
reference glasses are valuable samples for quality control
and also with some limitations for use as calibration
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materials'® for quite different geological matrices.

USGS GSC-1G, GSD-1G, GSE-1G; This set of
synthetic USGS reference glasses has basaltic major
element compositions and is therefore especially suited
for LA-ICPMS calibration of basaltic geological samples.
Similar to the NIST glasses the USGS GS glasses contain
uniform trace element concentrations at about 5 pg/g,
50 pg/g and S00 pg/g. Until now they have been not
certified. However, high-precise isotope dilution,
ICP-MS and LA-ICPMS data for these glasses exist,
which are mostly consistent’” !, GeoReM preferred
values therefore have a high degree of confidence.

3.4 Uncertainties
3.4.1 Concentrations

To verify the quantitative reproducibility of our
LA-ICPMS technique we analyzed homogeneous glasses
at different times. As an example, Fig.5 shows the Sr
concentrations in the KI2-G glass, which were obtained
from different independent analyses performed during a
period of several months. Each three-spot analysis has
an intemnal precision (1RSE, relative standard error) of
better than 1% using spot sizes of 120 pm. This value is
typical also for other elements having concentrations
higher than about 1 pg/g. Lower abundances in the
ng/ g range yield RSE values of 1% ~5%. The external
precision defined as 1RSD (relative standard deviation)
is lower; the results of the 10 Sr analyses shown in
Fig.5 yield an external precision of 3%. LA-ICPMS
measurements done in the medium mass resolution mode
are less precise because of lower count rates and non-
flat peak shapes. Table 4 shows that an internal and
external precision of about 5% can be obtained for
concentrations >10 ~20 pug/g. Analyses performed with
lower crater sizes yield less precise data. However, as
the data of the Beijing laboratory show (Table 5),
precision is about 5% using crater sizes of 40 pm.

40V
~380
§360 . N 4
<340
£320
300

1234567889
Analysis

Fig. 5 Sr concentrations obtained from 9 independent
LA-ICPMS analyses of the K1.2-G reference glass

The analyses were performed within 7 months. Emor bars give the
uncertainty ( £ 1SE) of a single analysis. External precision (1 RSD)
is 3% . The reference value!'®) ( with uncertainty at 95% confidence
level) is also shown.

Table 4 Concentration data of components in two bottles of
BRP-1?

Bottle A Bottle B

reference
. SD ion Sp  value
Mg0 387 0.08 392 006 3.9 0.03
AL,0, 126 05 122 0.1 124 0.1
TiO, 376 0.06 378 011 331 0.03
FeO 136 01 139 02 140 0.1
S 2% 1 82 05 285 08
v 387 14 389 7 391 7
v 9.9 0.6 7.6 0.6 124 1.0
Mn 1660 40 1660 0 1660 20
Co 367 09 373 L0 3.5 14
Ni 21 06 B1 L5 B4 09
Cu 150 9 % 3
Zn 143 3 142.2 1.8

@ The LA-ICPMS data were obtained by using a mass resolution of 4000.
They are compared with certified reference values!®’. SD: standard
deviation, U: uncertainty at 9% confidence level. Concentration unit;
% (mess ratio) for major elements, pg/g for other elements.

Table 5 Trace element concentrations ( pg/g) in the
ML3B-G reference glass determined in two different LA-
ICPMS laboratories using spot sizes of 120 pum (Mainz)
and 40 pm (Beijing) , respectively]
LA-ICPMS lab LA-ICPMS 1ab
. reference value! 2] (Ma.inz)m] (Bejing)
concen. 95%CL concen. SD RSD/% concen. SD RSD/%

Co 41.2 3.5 4.8 0.1 02 4.1 1.1 2.4
Ni 107 9 9.8 13 1.3 115 1 13
Cu 112 10 12 't 0.6 119 1 0.8
Ga 19.6 2.1 189 0.1 05 200 03 16
Rb 5.80 0.21 561 0.03 0.5 58 0.12 2.1
Sr 312 4 32 3 L1 332 10 3.0
23.9 0.7 248 02 08 4.1 07 2.8
Ir 122 3 122 1 0.9 119 5 4.4
Nb 8.61 0.22 8.54 0.07 0.8 8.77 0.31 3.5
Cs 0.140 0.012 0.15 0.03 21 0.13 0.02 15
Ba 80.1 2.2 7.7 0.2 0.3 8l.4 2.6 3.2
La 8.9 0.13 9.45 0.13 1.4 9.67 0.19 L9
Ce 23.1 0.3 2.6 02 1 25.4 0.6 2.5
Pr 3.43 0.06 3.45 0.03 09 3.65 0.17 4.6
Nd 16.7 0.2 17.1 0.2 L3 18.5 0.6 3.2
Sm 4.75 0.07 4.8 0.02 0.5 5.31 0.28 5.2
Eu 1.67 0.02 1.72 0.003 0.2 1.75 0.10 6.0
Gd 5.26 0.23 5.25 0.14 2.6 5.55 0.54 9.7
™ 0797 0021 0.8 0.01 0.8 079 0.05 6.1
Dy
Ho
Er
Tm
Yb
Lu

4.3 0.07 507 009 1.7 4.87 0.10 2.1
0.906 0.018 0.9 0.01 0.6 0.9 0.03 3.2
2.4 0.05 2.5 0.03 12 2.32 0.07 3.2
0.324 0.007 0.33 0061 3.7 0.3 0.03 9.4
2.06 0.04 214 0.10 46 2.3 0.17 7.2
0.286 0.006 0.30 0.0f 3.2 0.31 0.02 7.9
K] 0.08 3.40 0.02 0.7 329 0.09 2.8
Ta  0.555 0.013 052 0.02 45 0.5 0.05 8.1
Pb 1.38 0.07 .32 0.4 2.7 119 0.09 7.9
Th 0.548 0.011 0.56 0.004 0.8 0.5 0.05 7.9
U 0.442 0.018 0.50 0.004 0.8 0.41 0.06 14

D 95% CL: Uncertainty at 95% confidence level; SD: standard deviation;
RSD: relative standard deviation in percent; concen. :concentration.
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Uncertainties at 95% confidence level include all
sources of uncertainties, such as statistical errors of
measurements from the sample and the reference
material,  uncertainties from  the  calibration
procedures'®’, Calculated relative uncertainties at 95%
confidence level are 3% ~ 10% for concentrations
>1 pug/g using spot sizes of 120 um, when accurate
reference values of the calibration materials (about 1%
~2% ) are available and matrix-matched calibration
can be performed. The accuracy is demonstrated in
Fig. 6, where the mean deviation of the MPI Mainz
data from the certified values''®) is about 4% for the
ML3B-G reference glass. For 40 um spot size
measurements a mean deviation of 6% was obtained
from the Beijing laboratory.

1.3
212
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3 101
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g% Laeratory| o
= O rej
50’8 A

0.7

“'Co CuRh Y Nb BaCeNdEu IbHoTmLuTa Th
NiGaSr ZrCs La Pr SmGdDyEr YbHIPb U

Fig. 6 Trace element data for the ML3B-G reference
glass obtained in two different LA-ICPMS laboratories
They are normalized to the reference values''?!. The shaded field
represents the uncertainties of the reference values. The bars indicate
typical uncertainties (1 SD) for the LA-ICPMS data using spot sizes of
120 pm (Mainz) and 40 pm (Beijing) , respectively.

3.4.2 Isotope Ratios

Extensive studies of Pb and Sr isotope ratio
measurements with the singe-collector sector-field
ICP-MS Element 2 have been performed in our
laboratory>~'*] " Fig. 7 shows the precision we
obtained for Pb isotope ratios in the MPI-DING
reference glasses having Pb of 2 and 5 pg/g,
respectively. RSD values are dependent on the laser
system used, the Pb concentration of the sample and
the spot size used. An external precision of better
than 0.2 and 0. 1% can be obtained for “*Pb/* Pb
and Pb/* Pb using the 213 nm and the 193 nm
Nd: YAG lasers, respectively!'®!. Single-collector

sector-field mass spectrometers, such as the
Element 2, are especially useful for Pb isotope
analysis of low-Pb samples (about 0.1 ~20 pg/g;
e. g. melt inclusions) using relatively large spot sizes
of 60 ~ 120 jwm or for highly resolved microanalyses of

high-Pb samples ( > 300 pg/g; e.g. manganese
— 60 —

crust) using small spot sizes of 5 ~10 pm. In situ
LA-ICPMS measurements of ¥Sr/* Sr in low-Sr
samples (30 ~ 300 pg/g) have been recently
performed using the Element 2 ICP-MS"®!, Various
corrections have to be made for the determination of
St/% Sr. dead time correction of the ion counting
system, blank, isobaric interference of Kr (about 2%
if ®Sr =30 pg/g) , possible interferences from doubly
charged REE and Hf, isobaric interference of ¥’ Rb on
¥Sr ( should not exceed 30% or Rb/Sr = 0. 1 for
precise analysis ), mass bias correction for
¥Sr using ®Sr and the corrected *Sr, final correction
for Sr/*Sr (caused by unknown mass discrimination
for Rb) using well-documented reference glasses
(e. g KL2-G, ML3B-G and BHVO-2G) with known
¥Sr/*Sr and similar matrix. First results on reference
glasses show that an external precision of about
0.03% RSD can be obtained using the 193 nm Nd:
YAG laser for sample ablation (Fig.8).

22 MPLDING '3 0
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2.15 AHOG v v ||
£ J Ref.value
g 2.1 L ‘ d ! Pb=Spg/af
ry i 1
£205 I — o i
2 + \\ v Pb=2ug/gt
1.95 Ref.value
Y10 200 40 60 100160
Crater size/um

Fig.7 *®Pb/**Pb ratios obtained from sets of three-spot
analyses using different spot sizes and two different Nd:
YAG lasers

Error bars indicate + 1SE (n =3). The data are compared with
reference values from TIMS and MC-ICPMS analyses!'?!.
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Fig.8 " Sr/“Sr ratios obtained from 4 sets of three-spot
LA-ICPMS analyses of basaltic Hawaiian reference glasses
using a 193 nm Nd:YAG laser and a spot size of 50 pym
Error bars indicate external precision (1RSD). The data are compared
with high-precision TIMS datal’?!.

3.5 Detection Limits
LA-ICPMS ranks among the most sensitive
analytical techniques for trace element analysis. The
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limit of detection (LOD) of an element, defined as
30y, where oy is the standard deviation of readings
on the blank, is dependent on several factors, where
the most important are its individual
sensitivity, the isotopic abundance,
amount ablated per time ( this means large crater
sizes, repetition rates and laser energies improve
detection limits), the measuring time and the gas
blank (long measuring times and low gas blanks

element
the sample

improve detection limits) and the sample. Fig. 9
shows our results for a glass using 120 pwm spot size.
LOD vary between 0. 000 1 and 0. 1 pg/g. They
decrease with increasing atomic number. The
concentrations of most trace elements in rock samples
(e. g oceanic island basalt BHVQ-1) are three

orders of magnitude higher than the LOD.

1000

L BHVO-1

AT

2

E 0.1

E o0

§ 0.001

8§ 0.0001 LOD

0.00001 e
CuGe St Zr Moln SbBaCeNdEuTbHoTmiuTaTIBj U
Ni GaRbY NbCdSnCsLaPrSmGdDyEr YoHIW Pb Th

Elements

Fig.9 Limits of detection (LOD) for LA-ICPMS using
120 pm spot size

For comparison, the concentrations in a typical oceanic island basalt
(BHVO-1) are also plotted.

4 Applications

LA-ICPMS has been used in the MPI laboratory
for a wide variety of different applications. In the
following sections, some examples from the fields of
geochemistry, cosmochemistry and environmental
research will be given.
4.1 Trace Elements in Reference Glasses

LA-ICPMS is useful to investigate trace elements
in a variety of glass samples. Homogeneity tests have
been performed for the geological MPI-DING and
USGS GS reference glasses!'’ > 2), The LA-ICPMS
data ( Fig. 10) indicate that most elements are
homogeneously distributed in these reference glasses.
This is especially true for the lithophile elements,
such as Sr, Nb, Nd and U. Some chalcophile and
siderophile elements (e. g Cu, Sn and Bi) show
small heterogeneities.

Reference glasses have been used as calibration
materials in different fields of research. Table 6 lists

some trace element data, which we obtained for the
synthetic geological USGS glasses GSC-1G, GSD-1G
(used in geochemistry ) and the two well-
characterized float glasses FGS-1 and FGS-2 from the
Bundeskriminalamt ( BKA/Federal Criminal Police
Office), Germany (used in forensics). Nearly all
LA-ICPMS data agree within uncertainty limits with

consensus values'®’.
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Fig. 10 Concentrations and relative standard deviations

(RSD) for elements obtained from spot analyses on

different locations of the MPI-DING glasses'™]

Most elements lie within the (shaded) repeatability field of LA-ICPMS,

ller than the

uncertainty of LA-ICPMS. Possible micro-heterogeneities are found for
Cu, Sn and Bi.

hemical h ities are

indicating that possible

4.2 Fused Rock Reference Materials

Most rock reference materials are powdered
samples. However, pressed pellets are not suitable
for precise LA-ICPMS analysis, because different
rock types have different mineral sites for particular
trace elements that may be sampled to different
degrees by laser ablation. Therefore, Fedorowich et
al. * experimented with flux-free fusions of rock
powders using a tungsten strip heater cell. In our
laboratory, Stoll et al. ')
automated iridium-strip heater to produce small

have developed an

amounts (10 ~100 mg) of homogeneous glasses from
rock powders. These investigations demonstrated that
the fused glasses were homogeneous with respect to
major and trace elements, and were not depleted in
elements with condensation temperatures > 900 K
(e.g. Zr, Hf, Ba, Th, U, rare earth elements, Y,
Sr and Rb) using a melting temperature of 1600 C
and a melting time of 10 s. The new basaltic
reference material BRP-1'")was prepared using these
melting conditions and subsequently analyzed. Table
4 shows some new trace element data obtained using
highly resolved mass spectra at a mass resolution of
4000"°!, Most data agree with the certified values'’
within uncertainty limits.

— 61 —
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Table 6 'h'aceelmundmaforthegeologimlUSGSglmGSD-lG,GSC-lGamitlnforemicBKAglamesFCSlaxﬂFGSZ(D

. GSD-1G GSC-16 FGS 1 FGS 2

LA-ICPMS GPV LA-ICPMS GPV LA-ICPMS cons. val LA-ICPMS cons. val.
Rb 38.4:0.3 37.310.4 5.0:0.1 4.92+0.05 8.3:0.3 8.610.5 41 £2 3543
Sr 70.120.5 69.4£0.7 M=+l 32.310.03 602 57 +4 261 £5 253213
I 4212 212 7.510.1 6.8£0.7 4912 49 3 216 £15 22315
Sn 29 46 5.3£0.8 19.310.4 1913 92 £5 94 +12
Ba 691 6711 35.010.1 34.8+0.4 411 40+3 21011 199 £15
La 381 39.110.4 4.610.1 4.36 £0.04 4.4£0.2 4.320.5 18.6+0.8 18 +1
Ce 40z1 41.410.4 4.6+0.1 4.62£0.05 5.3¢0.2 5.2+0.5 25¢1 23122
Nd 4“4zl 4.7+0.5 5.0:0.1 4,72 £0.05 5.4£0.2 5.120.5 25.6 0.8 2512
Hf 382 3922 5.020.1 4.3:0.4 3.1£0.1 3.220.3 13.910.6 151
Pb 51.610.6 5042 14.9+0.3 141 5.6+0.1 5.8+1.0 28+2 412

@ LA - ICPMS results of GSD-1G and GSC-1G are cited [9]; GPV: GeoReM preferred values ( http: // georem. mpch-mainz. gwdg. de) ; cons.

val. ; consensus values!®!. Data unit: pug/g.

4.3 Whole Rock Analyses of Hawaiian Basalts

The Hawaii Scientific Drilling Project ( HSDP)
provides the opportunity to study the evolution of the
Mauna Loa (ML) and Mauna Kea ( MK) volcanoes
over a significant portion of their lifetime!®’. We
analyzed trace elements in selected whole-rock
samples and natural glasses by LA-ICPMS, down to
the maximum depth achieved of about 3000 mbsl (m
below sea level ).
4.3.1 Fused Glasses

Whole-rock powders of selected locations of the
borehole were fused using the Ir-strip heater method'”’
and subsequently analyzed. Fig. 11 shows the primitive-
mantle normalized trace element patterns of three
characteristic sample types; ML tholeiites (samples from a
depth of 0 ~280 mbsl) , MK tholeiites (depth >340 mbsl)
and MK alkali basalts overlying the Mauna Kea tholeiites
(depth of 280 ~340 mbsl). Most elemental concentrations
were determined at a mass resolution of 300; the
abundances of Ti, Cu and Sc, where the lines of interest
are disturbed by molecules in low mass resolution, were
determined using a mass resolution of 40001, Because of
their lower degree of melting, alkali basalts have higher
abundances of incompatible elements than tholeiites. The
element patterns of Fig. 11 are characterized by a small
positive Sr anomaly, especially for ML samples, and
negative Th-U anomalies. Sr/Nd ratios are significantly
higher in ML (18) than in MK (16) basalts, whereas ML
tholeiites have lower U/La (0.018) than MK (0.022)
tholeiites and alkali basalts. These measurements confirm
the hypothesis™ that the Hawaiian source contains
significant amounts of recycled oceanic gabbros, which are
characterized by large positive Sr anomalies and large
negative Th-U anomalies.
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Fig. 11  Primitive mantle normalized concentrations of
basalts from Mauna Loa and Mauna Kea, Hawaii

4.3.2 Natural Glasses

In order to investigate the evolution of the
submarine section of the HSDP2, Amini"™"! prepared 200
~500 pm large hand-picked glass fragments of samples
coming from a depth interval from 1314 to 3060 mbsl. In
sub-samples of the same glass fragment the LA-ICPMS
results are indistinguishable at each spot implying a
homogeneous distribution of trace elements and Pb
isotopes. The quantity of Pb measured for one three spot
analysis was about 3 pg for a Pb concentration of 1
ng/g. An external precision of the Pb isotope data of
about 0. 2% ~0.3% was obtained. Fig. 12 shows the
Pb/™Pb ratios along the stratigraphic column of the
HSDP2-core. The ratios vary between 2.047 and 2. 082.
The lowest values are found in samples coming from
depths around 1400, 2800, and 3000 mbsl whereas the
highest ratios are measured in samples of 2 100 mbsl
depth. These data agree with high-precision TIMS data
using aliquots of about 50 mg'"*. Both data sets confirm
the temporal Pb isotope variations found in the HSDP-2
core based on whole-rock TIMS data'®. Attributing
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varying isotope ratios to source heterogeneities can be
confirmed when considering trace element ratios. This is
best demonstrated by the correlation of the element ratio
of Th and U ( determined by spark source mass
spectrometry®!) | parent nuclides of ™Pb and *Pb,

with the “Pb/™Pb ratios measured in the same glass

fragments.
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Fig. 12 *Pb/™Pb (a) and Th/U (b) variations along
the stratigraphic column of the Hawaii Scientific Drilling
Project-2 drill core

LA-ICPMS, SSMS, TIMS glass data are from!'** 3! ; TIMS whole rock
data are from(32],

4.4 Sr and Pb Isotopes in Hawaiian Melt Inclusions

Pb and Sr isotopes of olivine-hosted glassy melt
inclusions (Fig. 13) of one young (around 750 years)
Mauna loa ( Puu Wahi ) basalt have been
investigated. Inclusions in this single sample show a
large range in trace element contents similar to the
entire range known for Mauna Loa'™!. The *Pb/™ Pb
(2.03 ~2.11) and ®Pb/*™ Pb (0. 815 ~ 0. 865)
ratios show large and systematic variations ( Fig. 14).
¥'Sr/*Sr ratios are extremely heterogeneous (0.702 ~
0.708) , which can be explained by mixing of different
mantle components. One of these components has high
¥Sr/%Sr and low *®Pb/™ Pb, *“Pb/™® Pb ratios,
which is found in most incompatible ultra-depleted
inclusions (Sr about 60 wg/g, Pb about 0.1 pg/g).
4.5 Mineral Analyses from Mantle Xenoliths

Tonov et al. '™ analyzed minerals from mantle
xenoliths by LA-ICPMS in our laboratory. Fig. 15
shows the primitive mantle normalized concentrations
for garnet, clinopyroxene and orthopyroxene in a
garnet peridotite xenolith from central Asia. The same
mineral samples were also analyzed by solution ICP-
MS!* using 10 ~ 20 mg acid-leached separates. The
abundances of all trace elements in clinopyroxene by

solution and laser ablation ICP-MS are close to each
other. In contrast, the LA-ICPMS data for the low-
abundance trace elements Th, U, Nb, La in
orthopyroxene are significantly lower than those
determined by solution ICP-MS. A possible reason for
this is that fluid or mineral inclusions in the samples
can be identified and discarded in LA-1CPMS whereas

analyses of mineral separates include all impurities.

100 um

Fig.13 Laser craters drilled in an olivine-hosted glassy
melt inclusion of a Mauna Loa ( Puu Wahi) basalt for
trace element and isotope analysis
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Fig. 14 In-situ Pb and Sr isotope ratios of Mauna Loa
melt inclusions
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Fig.15 Primitive mantle (PRIMA ) normalized concen-

trations of minerals from a garpet peridotite xenolith from

central Asia'*!

The LA-ICPMS data are compared with solution ICP-MS data!¥*1.

The elements are arranged according to their degree of incompatibility.

4.6 Manganese Crust

The most extensive deposition of manganese
occurs in the oceans as Fe-Mn nodules and crusts.
Manganese nodules and crusts grow slowly (a few mm
per million year) by direct precipitation of Mn and Fe
hydroxides from ambient seawater and thus can provide
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a record of changes in seawater composition through
time induced by modifications in the input sources to
the oceans. Changes in the erosional inputs are driven
by climate changes and tectonics, which ultimately
modified ocean and atmosphere circulation patterns.

The isotopic composition of Pb in manganese
nodules and crusts is influenced by continental
weathering  ( continents are  uranium-rich ),
hydrothermal and volcanic activity at mid-ocean
spreading centers ( mantle is uranium-poor). Thus
lead isotopes as well as trace elements can be used to
fingerprint the sources and origin of material delivered
to the oceans.

High-resolution records of temporal variations in
seawater elemental and isotopic compositions can be
obtained with LA-ICPMS, Extremely small spot sizes
(Fig. 16), between 2 and 20 pm, corresponding to a
time resolution of only a few thousand years provide high
quality Pb isotope and trace element data, allowing to
reconstruct seawater variations at glacial-interglacial
time scales. Our data on a Pacific manganese crust show
a secular variation in *Pb/™Pb isotope ratios ( Fig.
17), which are correlated with trace element ratios. The
combined trace element and Pb isotope measurements
indicate that there have been pulses of hydrothermal
activity during the growth of this Mn-crust reflected in
distinct signatures compared with those of the
hydrogenous phases of growth.

4

*Ph normaleed
T

T TT

Fig. 16 Pb isotopes obtained from sets of three-spot
analyses of the GSE-1G reference glass (Pb =378 ug/g)
using a 193 nm Nd: YAG laser and small spot sizes
between 2 and 20 pm

Error bars indicate + 1 SE (n =3). 2 um data have an internal
precision of about + 0. 1. The data are normalized to the mean of the
10 um and 20 pum data.

4.7 Martian Meteorites

In order to investigate trace element fractionation
%] we analyzed rock powders of Martian
meteorites, especially the basaltic shergottites, using
fused glass beads. Sample amounts used were only 10
— 64 —

on Mars

~40 mg. Fig. 18 shows the Cl-chondrite normalized
abundances of the Martian meteorite EETA
79001A 7. Most LA-ICPMS data agree within error
limits with SSMS and MIC-SSMS results obtained in
the same laboratory'® and literature data.
Concentration data of some elements that are outside of
the analytical uncertainties of the techniques used are
presumably caused by heterogeneities of the meteorite

samples.
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Fig. 17 ™ Pb/™ Pb variations in a manganese crust
sample (Tunes 06 D23)
The small spot sizes pond 1o a time resolution of a few th ds years.
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Fig. 18 CI chondrite normalized trace elements of the
Martian meteorite EETA 79001A
The LA-ICPMS data are compared with literature values.

4.8 Ca-Al rich Inclusions in Stony Meteorites

It is generaly believed that Ca, Al-rich
inclusions ( CAls) of carbonaceous chondrites formed
very early in the solar nebula by high temperature
processes'”’). Lead isotopes contain a record of the
chemical environment in which the Pb resided via their
uranogenic and thorogenic Pb components. We used
LA-ICPMS to determine **Pb/*® Pb, *’Pb/™ Pb
ratios, and Pb, Th, U abundances in CAls and matrix
from some carbonaceous chondrites ( Fig. 19)*,

The Pb isotopic compositions of the matrix
(®Pb/*™Pb =3.1, "Pb/™Pb =1.1) from the various
chondrites are almost primordial. In contrast, 175 CAI
measurements show extremely variable Pb isotope ratios:
2 p/®Ph and ™ Pb/*Pb ratios range from about 1 to
0.63, and 0.6 to 4. 1, respectively ( Fig.20). Measured
Pb/U and Th/U ratios are also quite variable. Th/U
ratios in Allende CAls vary from about 3 to 15 whereas
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the matrix value is 3.75 £0. 11. Assuming a single-stage
model and an age of CAlIs of 4560 Ma, the
p(PU/™Pb) and k(P T/ U) values lie between
about 2 ~ 300, and 3 ~ 18, respectively. Similardy,
measured versus calculated U/Pb and Th/U ratios are
well correlated for the individual CAI spot analyses,
showing that the Th-U-Pb system has not been
significantly disturbed at about 100 pum scale.

Lecville (CV3) LAJCPMS spots 00 ym T

Fig. 19 Reflected light image of a portion of the Leoville
( CV3 ) carbonaceous chondrite containing a large
Calcium- Aluminum-rich Inclusion ( CAI)

The sample was analyzed by LA-ICPMS and the resuliing ablation
craters can be seen in several locations. Outlines of selected crater
locations and a demarcation of the CAI from the carbonaceous chondrite
matrix have been added to the image. LA-ICPMS allows location-
specific analyses for both trace element and isotope ratio quantification.
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Fig. 20 Pb isotope data in CAls of carbonaceous
chondrites

Assuming a single-stage model and an age of CAls of 4560 Ma, the
#( = PU/™Pb) and «( = Z*Th/?U) values can be calculated.

4.9 Glass Sponges

Sponges are simple and evolutionary, among the
oldest animals, first appearing ~ 800 million years
ago. We have determined trace element concentrations
in giant spicules ( skeletal structures) of deep sea
sponges ( Monorhaphis intermedia ) using LA-
ICPMS'™. The spicule, Q-B, was collected from the
East China Sea and provided by the Marine Biological
Museum of the Chinese Academy of Sciences,

Qingdao, P. R. China. It is about 170 cm long and
has a diameter of 7 mm in maximum. A complete
series of LA-ICPMS analyses could be performed on
the same spicule within 40 ~ 120 um of one another
(Fig.21). The detection limits range between 0.3 and
10 ng/g. The results demonstrate that most trace
elements are uniformly distributed from the axial canal
to the surface of the spicule (Fig.22).

Fig.21 Polished cross section through a giant spicule of a
deep sea sponge ( Monorhaphis) showing the lamellar
structure

Laser craters (40 um, 120 um) were drilled for trace element
analysis.
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Fig.22 Distribution of selected trace elements along the
cross axis of a giant spicule
The element concentrations have been determined in 120 pum areas.

It is of prime interest that the giant spicules are
composed to over 9.5% of pure silica. Na=1500 pg/g
and Ca =200 pg/g are the most abundant trace elements
in the spicule Q-B, whereas the 35 remaining elements
contribute only unimportantly to the inorganic composition
in bio-silica. This implies that the quality of bio-silica in
the spicule is in the range of quartz grade. Amazingly,
the LA-ICPMS data demonstrate that sponges produce
almost pure bio-silica in an aqueous environment, which
contains only trace levels of Si. These results can be
explained by the ability of sponges to produce amorphous
quantz glass as the material to construct their bio-silica
skeleton by the enzyme silicatein. JP
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4.10 Corals

Ratios of trace elements in corals, such as St/Ca,
U/Ca, or Ba/Ca are suitable proxies for monitoring
environmental conditions like sea surface temperatures
(SST) or recording geological phenomena such as soil
erosion or river unoff. Modem and geologically old corals
can be used as archives for environmental reconstructions
provided that they are not affected by diagenesis. Trace
element concentrations of well-preserved Porites corals of
Late Miocene age (ca. 9 Ma) from Crete, Eastern
Mediterranean, were measured using spot sizes of 120 pm
at a spatial resolution of 500 um along the axis of
maximum growth ( Fig. 23)™' | corresponding to eight to
eleven samples per year.

Fig.23 Laser craters on a Porites coral from Crete, Eastern
Mediterranean

Lattice-bound Sr and U co-vary with temperature-
dependent 8" O measured during previous studies™™'? |
and thus closely reflect seasonal SST variations. The
distribution of elements such as Al, Zn and Mn does not
correlate with Sr or SST, but show rhythmical peaks
associated with the winter months ( Fig. 24 ). This
pattem may be interpreted to represent seasonal

terrigenous input into the reef environment.
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Fig.24 Trace element distributions of a Porites coral from
Crete show rhythmical peaks associated with the winter
months*’
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4.11 Zircon Dating

U-Pb geochronology is based on the natural
decay of Z*U and **U to stable **Pb and *'Pb with
haif lives of 4. 468 billion years and 0. 704 billion
years, respectively. The mineral most commonly used
to date rocks is zircon, because it incorporates U in
its structure, but accepts very little or no Pb at the
time of crystallization.

LA-ICPMS and LA-multi-collector-ICPMS are
capable to determine U-Pb zircon ages with reasonable
accuracy and precision which has been demonstrated
by a number of laboratories over the past decades.
The advantages of this method are the short analytical
time, moderate spatial resolution, and relatively low
cost, allowing it to be useful for detrital zircon work.
In our laboratory zircon dating has not been applied
until now. However, Chang et al. ™) used the same
configuration of instruments as in Mainz ( Element 2
ICP-MS, New Wave UP213 laser) to determine
zircon ages in samples previously analyzed by TIMS
and/or SHRIMP, whereas ages of the samples range
from ca. 56 to 1780 Ma. The authors found that the
ages determined by LA-ICPMS agree well with the
TIMS ages. As expected, the precision and accuracy
of the 2Pb/** U and " Pb/™™ Pb ages vary with the
age and character of the different samples. Chang et
al. 1% also demonstrates the potential as well as the
limitations of the LA-ICPMS U-Pb zircon analysis.
Limitations include the lack of ideal reference
materials to correct for instrumental and mass bias,
the uncertainty in the ablation behavior of different
zircons and the U/Pb heterogeneity in zircon grains.

5§ Conclusions

LA-ICPMS has become one of the most promising
techniques for multi-element analysis of geochemical
cosmochemical, biological and environmental samples.
It is very well suited for microanalysis, and it is also
suited for bulk analysis using homogeneous samples,
such as fused glasses. High sensitivity is imporiant,
especially for small spots and low trace element
contents. Single-collector sector-field and quadrupole
instruments are useful for quantitative elemental analysis
and moderate precision isotopic work, whereas multi-
collector sector-field instruments are needed for the
high-precision isotope ratio measurements.

The detector components are the weakest links in
the system, and hopefully the future may see some
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1) The limitations of present day

detectors include settling time, linearity, stability, and

innovative devices

dynamic range. State-of-the-art laser systems are Nd:
YAG and ArF excimer lasers with 213 nm, 193 nm
wavelengths and ns pulse widths. However, one of the
main limitations of LA-ICPMS is the occurrence of
non-stoichiometric effects in the transient signals,
defined as elemental fractionation. Moreover, matrix
and the lack of
suitable certified reference materials are other possible

effects, non-linear calibrations,

limitations. The developments of lasers have therefore

been driven in the direction of shorter pulses'’. I

n
the case of fs laser ablation, the shortening of the laser
pulses leads to a shrinking of the heat-affected zone.
The affected material is fully removed with no or
minimal damage to the surrounding area. Up to now fs
lasers have been
geochemical , mainly isotopic, applications. However,

fs laser ablation has not yet been proven undoubtedly
i19]

successfully used for some

to eliminate elemental or isotopic fractionation
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