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In situ Sr-isotope analysis by laser ablation multi-collector ICP-MS is a potentially powerful tracer technique
with widespread application to many fields of study. The usefulness of the method, however, depends very
strongly upon the quality of data that can be obtained (compared with conventional ‘solution-based’
analyses), and the spatial resolution, particularly in samples with strong compositional zonation or fine-scale
growth banding. In this contribution we show that highly accurate (~ 50 ppm) and precise (external
precision ~ 125 ppm) analyses of carbonate materials can be obtained in situ and further demonstrate that,
by utilising the aperture-imaging optics of an excimer laser system with appropriate time-resolved software,
isotopic variations on the scale of tens of micrometres can be resolved. An example is shown using relatively
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small (~500 pm diameter) otoliths from a diadromous fish species, Galaxias maculatus.

Introduction

Although the field of laser ablation MC-ICP-MS, which allows
in situ isotopic analysis, is a relatively youthful one, a number
of research groups have been quick to realise the potential of
the technique for both geochronological and tracer applica-
tions. As an isotopic tracer, the %’Sr/*®Sr ratio is particularly
interesting due to the strong contrast between different reser-
voirs. For example, Christensen et al.! first demonstrated the
feasibility of in situ Sr-isotope analysis using a Nd-YAG laser
(Fisons Laser Probe) coupled to a P54 (Fisons VG) MC-ICP-
MS, obtaining results comparable to TIMS data (albeit with
lesser precision) on both carbonate and feldspar samples. In
the latter they obtained a variety of isotope ratios spanning
a range beyond analytical error and providing the first hint of
the potential power of the technique. Subsequently, Davidson
et al?® undertook a far more detailed study of Sr-isotope
variations in a single feldspar, proving conclusively that abrupt
changes in isotopic composition can be correlated with distinct
petrographic features. Most recently, Bizzarro et al.® used
LA-MC-ICP-MS to demonstrate significant Sr-isotopic het-
erogeneity between co-existing magmatic minerals.

Although all of the aforementioned studies have stressed the
importance of interference corrections in producing high-qual-
ity data, they concentrate largely on the influence of Kr and Rb
isobaric interferences, with no detailed investigation of the role
played by other potential interferences derived from the carrier
gas. In this study we demonstrate the necessity to correct for
Ca argide/dimer species, in addition to Kr and Rb, when
analysing carbonate materials. In this way extremely accurate
and precise data can be obtained using relatively short analysis
times, and importantly data quality can be continuously
monitored using the **Sr/%°Sr ratio, which is invariant in
nature, as is the norm in TIMS analysis. Without this facility
there is no easy way to determine whether ®’Sr/*®Sr ratios,
measured on unknowns, have been compromised by matrix
and/or interference effects.

In addition, all previous studies have employed simple spot
analyses with ablation pits generally larger than 100 pm in
diameter and often up to 300 um. The size and/or geometry of
many analytical materials, however, precludes the use of such
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conditions. Herein we explore a potential alternative analytical
approach, namely ablation employing a slit which can be
traversed across the sample at an appropriate rate to produce
a time-resolved signal with ~10 pm resolution. The power
of this technique is demonstrated by analysis of a relatively
small otolith from the early juvenile-stage of a diadromous
fish species, Galaxias maculatus (Galaxiidae) at very high
resolution.

Experimental
Instrumentation

Our analytical system consists of a ““Nu Plasma’ MC-ICP-MS
(Nu Instruments, Wrexham, UK), coupled to a HelEx (Laurin
Technic, Canberra, Australia, and the Australian National
University) laser ablation system constructed around a Com-
pex 110 (Lambda Physik, Gottingen, Germany) excimer laser
operating at 193 nm (see Table 1 for summary of key opera-
tional parameters).

Eight of the twelve available Faraday cups of the Nu Plasma
are employed to collect ion currents at masses 82, 83, 84, 85, 86,

Table 1 Typical instrument operating conditions for in situ Sr-isotope
analysis

Nu Plasma MC-ICP-MS

Forward power 1350 W
Reflected power <2W
Accelerating voltage 4000 V

Analyser pressure 4 % 10™° mbar

Cones Ni

Plasma gas 13 1 min~!

Auxiliary gas 0.90 1 min~!

Nebuliser gas 0.85 I min~'
Helex laser ablation system

Lambda Physik Compex 110 ArF excimer 193 nm

Laser fluence ~10J cm™2

Spot size 105 um

Repetition rate S Hz

1

He gas to cell 200 cm® min~
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Table 2 Nu Plasma collector assignments for in situ Sr-isotope analyses

Collector” H6 HS5 H4 H3 H2 H1 Ax L1 L2 ICO0 L3 IC1 L4 IC2 LS
Analyte isotopes 8y 88gr 87Sr 86gr — — — g — — — — —
Gas-related — 8y — — —  SKr — ®Kr —  ®Kr — —
interferences

Sample-related BCa®Ar Rb — *Ca*Ar — ®Rb  — #Ca*Ar — Pca*Ar — *#CafAr — —
interferences BCa*Ca 46Ca*Ca #Ca*Ca $BCa*Ca “Ca*Ca

“ H1-H6, Ax, L1 to L5 are Faraday cups, ICO to IC2 are ion counters. Note gaps in the array between H4, H5 and H6.

87, 88 and 89 (see Table 2). Mass bias is corrected by reference
to an %°Sr/%¥Sr ratio of 0.1194, after appropriate interference
corrections (see later section), and using an exponential mass
bias law. Note that although the Nu Plasma detector array also
incorporates three ion counters, analyses of this type are best
performed on Faraday cups due to the large number of
simultaneous detectors required (jumping routines are difficult
to implement in time-resolved analyses) and the relative ease of
accurately cross-calibrating amplifier responses for these de-
tectors. Fortunately, Sr contents are generally very high (thou-
sands of ppm) in most carbonates and thus analysis using
Faraday cups is straightforward for reasonable spot sizes/
ablation rates.

Design characteristics and applications of the HelEx system
have been discussed previously,*’ and a detailed description of
the system will be the subject of a separate publication by the
ANU group. For the purposes of the present study, however, it
is sufficient to note that ablation is performed under pure He to
minimise the re-deposition of ablated material*® and the
sample is then rapidly entrained into the Ar carrier gas flow.
Although the cell has the capacity to take samples up to 10 cmx
10 cm in size, the effective volume ‘seen’ by the ablated sample
is very small (~2 cm?®), providing rapid signal response. In
addition, for high resolution profiling, the signal-smoothing
device, which is used for routine analysis, is removed, provid-
ing an almost instantaneous response time. A detailed discus-
sion of the advantages of the HelEx system in terms of signal
response and washout can be found in Eggins and Shelley,’
while a thorough investigation of the more general conse-
quences of cell design and gas flows on aerosol transport
efficiency can be found in Bleiner and Gunther.® The laser
system itself can be operated in two modes. Routine ‘spot’
analyses are conducted using a variety of circular apertures
providing a range of ablation spot sizes from 10 to 350 um in
diameter. Alternatively, for high-resolution line scans, the
system utilises a variable aperture formed from two micro-
meter-driven knife-edges combined with an iris. In this way it is
possible to ablate a variety of rectangular shapes of variable
aspect ratio as an alternative to conventional circular spots.
This feature will be exploited later in this study.

For static spot analyses the laser is operated in constant
energy mode with fluence at the target of ~10 J cm™2, and a
repetition rate of ~5 Hz, depending upon the Sr content of the
materials being ablated (we aim for Sr signals between 5 and
10 V). For slit line scan analyses the repetition rate is increased
to 15-20 Hz to provide similar signal intensity.

Sample preparation

Fragments of modern sea-water carbonates were embedded in
epoxy resin blocks and the surface polished to enhance visual
observation of any zonation. Prior to analysis, the surface of
the sample blocks was cleaned by wiping with a methanol-
soaked lens tissue. We collected juvenile common galaxiid
(Galaxias maculatus) using seine nets in the Otway region of
Victoria, Australia. G. maculatus is a diadromous fish species,
spending the first 3-6 months of life developing out at sea and
then migrating into freshwater as young juveniles. Collected

juveniles were euthanized using clove oil mixed in freshwater
and preserved by freezing at —4 °C. Otoliths (both sagittae)
were removed from thawed fish and cleaned of adhering tissue.
Once dry, we embedded the otoliths in thermoplastic cement
(Crystalbond) on glass slides and ground them in the sagittal
plane using diamond lapping films to expose all daily growth
rings from the time of hatching to capture. Polished otoliths
were sonicated in 18 MQ water for 5 min, dried in a laminar
flow bench, and stored in plastic bags until analysis.

Results and discussion
The importance of interference corrections

In carbonate materials, the analysis of Sr isotope variations
in situ is potentially compromised by a variety of isobaric
interferences (see Table 2). Of these, perhaps the most impor-
tant is that from Kr, which is usually present as a trace
impurity in the Ar and He carrier gases used in ICP-MS. On
our instrument we typically observe total Kr signals of the
order of 20 mV. Although relatively small, such signals are
sufficient to produce a ca. 0.6% shift in a %’Sr/*®Sr ratio
measured at 5V total Sr beam, and thus represent a significant
impediment to accurate isotope ratio determination (such a
shift is ca. 600 x within-run precision on a typical ¥'Sr/%°Sr
ratio determination). Although some authors have advocated
peak-stripping Kr interferences by reference to a **Kr moni-
tor," our own experience with solution-based MC-ICPMS Sr-
isotope analysis has demonstrated that the most effective
method of dealing with Kr interference for high-accuracy Sr-
isotope analysis is the measurement of zeros ‘on peak’ (essen-
tially a gas blank) prior to each analysis. This technique avoids
the difficulties associated with performing a mass bias correc-
tion on Kr signals which may only represent a few millivolts
measured on Faraday cups, a strategy which can result in
considerable loss of accuracy since any errors propagate into
the bias correction for Sr itself. We have experimented with a
variety of Ar gas sources and delivery options (liquid Ar boil-
off and cylinder gas), and find that levels of Kr contamination
can vary largely both between batches and also within vessels
as the Ar levels become depleted. However, we consistently
find that the Kr signals are more stable on a short timescale
(tens of minutes) using compressed Ar cylinder-gas, rather than
as boil-off from liquid Ar dewars, and we now use the former
source exclusively with our instruments. As long as Kr levels
remain relatively constant on the scale of a given analysis, the
‘on peak zero’ methodology is highly effective at removing gas-
related interferences, independent of any bias estimates, and is
used in all the analyses reported here. In practice the ‘on peak
zero’ is implemented using the Nu Plasma analysis software,
with all gas flows and instrument parameters remaining con-
stant and the laser firing, but with the laser shutter closed, thus
preventing ablation of the sample. After measurement of this
baseline, the laser shutter is opened and, once the signal has
stablised, integration is initiated from within the Nu Plasma
time-resolved software suite.

Two other interferences are also relevant to the measurement
of Sr-isotope ratios in modern carbonates. The first is that
of 8Rb on ¥'Sr; fortunately, however, in most carbonates the
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Rb/Sr ratio is extremely low and so correction for this inter-
ference is minor. In most of the samples considered in this
study, ’Rb constitutes less than 100 ppm of the signal on mass
87 and an effective correction can be made by monitoring **Rb
and peak-stripping the appropriate ion current from the signal
on mass 87, assuming a natural 3’Rb/%Rb ratio of 0.3856. At
this level the effect of mass bias on the Rb correction is minimal
and thus we assume Rb mass bias is identical to that of Sr.
When analysing materials with considerably higher Rb con-
tents (producing thousands of ppm interference on mass 87),
however, slight differences in mass bias behaviour between Sr
and Rb could become significant. In this case we would
advocate experimentation with materials of known %’Sr/*®Sr
but variable Rb/Sr ratio to help define the relationship between
Sr and Rb mass bias in detail.

We also observe significant interferences from Ca argide or
dimer species in the laser ablation of carbonate materials.
Although some previous authors have noted the potential for
such interferences,>'® we do not believe that anyone has
previously attempted to apply an on-line correction for these
effects. As in the case of Kr, although the interferences are
small, the effects can be significant. In particular, although
such interferences are unlikely to be sufficient in themselves to
influence the accuracy of ¥’Sr/*®Sr ratios beyond the levels of
within-run uncertainties, they can easily produce moderate
shifts in the 3#Sr/*®Sr ratio. This is important inasmuch as this
ratio, considered invariant in nature, is often used in both
solution-mode MC-ICP-MS and TIMS analysis as an internal
monitor of data quality, in particular of the efficacy of the mass
bias correction. The ability to monitor this ratio in laser
ablation studies is equally important, providing the analyst
with the only assessment of confidence in the bias corrections
applied to raw ®’Sr/®Sr ratios during ablation of real samples.
Typically, during laser ablation of carbonates, we observe total
Ca argide/dimer signals (all masses) of around 100 mV, result-
ing in a shift in ¥*Sr/%°Sr from accepted values (ca. 0.0565'") to
nearer 0.0575 (see Fig. 1), although larger shifts may be
observed with different laser/I[CP-MS combinations. Fortu-
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Fig. 1 In situ Sr-isotope analyses for three different modern sea-water
carbonates, recorded during five separate analytical sessions. Each
datum represents a single 60 s acquisition and is shown with associated
within-run errors (2 s.e.). The horizontal lines in panel (a) represent the
corresponding solution-based analysis conducted on Sr separated from
the sample by cation exchange chromatography. These 8’Sr/*°Sr values
can be compared numerically with the mean of the laser ablation data
in the lower part of the figure. Panel (b) demonstrates the effect of the
interference corrections on the *Sr/*°Sr ratio, with corrected data
showing less variability and clustering around the accepted value
(~0.0565).
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nately, with the Nu Plasma we have sufficient collectors to
enable monitoring of the **Ca**Ar/**Ca**Ca peak at mass 82
and, from this, we can strip appropriate contributions from the
Sr masses 84, 86 and 88. As shown in Fig. 1, this correction
both reduces scatter and returns all 3*Sr/*°Sr ratios back to
expected values, thus allowing the continued use of this ratio in
assessment of data quality. We also note that, although it is not
clear what proportion of these interferences can be attributed
to argides as opposed to dimers, the relative isotopic abun-
dances of these molecules are very similar for the masses of
interest, and so the same correction will accommodate both, at
the levels of interference likely to be encountered by the
analyst.

Finally, although rarely an issue for modern carbonates,
which usually show very low rare earth element (REE) abun-
dances, we note the potential for doubly charged REE inter-
ferences in the Sr mass region. It is possible that these may be
encountered in the analysis of ancient carbonates, which often
contain far higher REE contents owing to the incorporation of
other mineral phases either upon burial, or during diagenesis. '
While the protocol for the correction for such interferences is
beyond the scope of this paper we also note that it is a
relatively simple matter to monitor 5°Y simultaneously (see
Table 2) as an REE proxy to alert the analyst to the potential
presence of doubly charged REE.

Validation of the analytical protocol

Before embarking upon the possibility of high-resolution line
scans, it is important to determine the effectiveness of our
analytical protocol using simple spot analyses of materials of
known Sr isotopic composition. Although we have in the past
characterised the widely-used NIST 610-612-614 glass refer-
ence materials for Sr isotopic composition,'* these are inap-
propriate for this purpose since (a) the matrix is radically
different from carbonates and (b) Rb/Sr ratios in the NIST
glasses are unrealistically high (orders of magnitude higher
than most carbonates). Unfortunately, at this time, no carbo-
nate reference materials are available which are certified homo-
geneous at the scale of ~100 um, and of known Sr isotope
composition. Given the general dearth of suitable reference
materials, however, one solution is to measure a variety of
modern marine carbonates that can be assumed (and tested) to
be in isotopic equilibrium with modern sea-water (itself a well-
mixed reservoir). While some previous authors have used
corals for this purpose (e.g., ref. 14), we have found that the
skeletal microstructure of most corals makes for less-than-ideal
ablation and this, coupled with the fine-scale growth zonation
in Sr content, render corals unsuitable. As an alternative we
have utilised mollusc shells which are generally much denser
and often display less fine-scale variation in Sr content. Fig. 1
shows the results of spot analyses conducted on 3 different
modern marine carbonates (two bivalve shells from the genera
Tridacna and Donax, and a gastropod operculum of the genus
Turbo). In order to enable comparison with the laser analyses,
solution-MC-ICP-MS analyses of Sr, separated from these
samples by ion exchange chemistry, were conducted; these
demonstrate that the samples are in approximate Sr-isotopic
equilibrium with present day sea-water (~0.709170 on our
instrument)—see the horizontal lines in Fig. 1. Each data point
in Fig. 1 represents a single laser analysis undertaken with a
105 um diameter spot and 5 Hz repetition rate. Laser output
energy was adjusted to provide a total Sr signal of between 5
and 10 V, measured on Faraday cups, and each analysis
represents a 60 s integration after a 60 s ‘on peak’ baseline
measurement with the laser shutter closed. All of these analyses
are static spot analyses, drilling at a rate of some 0.1-0.2 pm
per pulse, resulting in ablation pits between 30-60 pm in depth.
As a result pit aspect ratios are well below the level of 2 : 1
(depth/width) suggested by Woodhead er al.’ as a practical



limit for depth-profiling applications with this system. In
addition, although we note the concerns of some authors
regarding variations in elemental fractionation with depth,
and its limits on particular applications (e.g., ref. 15), since
no elemental ratios are determined in this analysis routine, and
all isotope ratios are internally normalised, elemental fractio-
nation with depth has no effect on the quality of our Sr-isotope
ratio determinations. Data processing for static spot analyses is
undertaken via the Nu Plasma on-line software. Fig. 1 is a
compilation of data from five different analytical sessions,
covering a period of several months, and demonstrates that
corrections for Kr, Rb and Ca argide/dimer interferences result
in 37Sr/*®Sr ratios closely approaching solution-ICP-MS ratios
determined on separated Sr, and modern sea-water values.

Based upon a total of 123 analyses, accuracyT is estimated to
be approximately 50 ppm, with the best results (46 ppm)
obtained for the Donax and the worst (57 ppm) for the Turbo
operculum. It is a useful exercise to compare these results with
the quality of data obtained by routine thermal ionisation mass
spectrometry (TIMS) procedures, the usual benchmark for
Sr-isotope analyses. Taking two instruments with which we
have considerable experience (Thermo Finnigan MAT 261 and
262), a total of 96 and 189 Sr-isotope analyses obtained over a
several year period on the NIST SRM 987 standard Sr
provided accuracy of ~28 ppm and ~ 53 ppm, respectively,
the latter being somewhat compromised by regular shifts from
positive to negative ion mode on this machine, which appeared
to have a detrimental effect on stability. Although the most
recent generation of TIMS instruments claim substantial im-
provement in accuracy, long-term data are not yet available
with which to substantiate this claim. Clearly, however, our
in situ determinations appear to have only slightly degraded
accuracy compared with routine TIMS analysis despite requir-
ing additional interference corrections for Kr, Rb and Ca
argides/dimers, which are not present or are insignificant
in the TIMS method.

External precision, expressed as 2 s.e. is approximately
+ 0.000090, i.e., ca. 125 ppm, with typical internal precision
(2 s.e.) around half this value. Since a laser spot analysis of this
type consumes a few nanograms of Sr at most, this compares
very favourably with a typical TIMS analysis consuming
several tens to hundreds of nanograms Sr, and typically taking
20-30 min. We note, however, that TIMS is still the preferred
technology for high accuracy Sr-isotope analysis where spatial
resolution is not an issue.

The issue of resolution: depth profiling versus line scans

Two possibilities exist for extracting spatially-resolved infor-
mation by laser ablation analysis; gradually drilling into a
sample (depth profiling) or line scans (raster analysis).'® Since
ablation pits are generally many tens of micrometres in dia-
meter and yet individual laser pulses may only ablate a few
tenths of a micrometre at a time, it is clear that, theoretically,
depth profiling is capable of producing far better spatial
resolution. Woodhead er al.> have provided an example of this
methodology in resolving complex isotopic stratigraphies in
the mineral zircon. In some cases, however, sample morphol-
ogy is not conducive to depth profiling (e.g., relatively large,
thin samples) and, in this case, line scans must be considered as
an alternative analytical strategy.

In such cases excimer lasers offer considerable advantages
when compared, for example, with Nd-YAGs. Rather than

+ For a group of analyses, accuracy (expressed in ppm) is defined as
A = [ZAF(N — 1)]'? where 4; = 1000000 x (R; — Ry)/Ry, is the
measured ratio for the sample, corrected for interferences and mass
bias, and R, is the true ratio (in this case the analysis of Sr separated
from ca. 10 mg of the sample by cation exchange chemistry, and
measured by solution MC-ICP-MS). Precision is quoted as 2 s.e.

focussing the laser beam, in excimer-based systems the laser
‘spot’ is usually an image of an aperture, illuminated by a
rather broad laser beam (24 x 8 mm in our case). It is then a
relatively simple matter to substitute apertures of different size
and shape and thus produce ablation pits of variable geometry.
Using the ‘knife edge’ aperture noted above we can ablate
narrow ‘slits’ down to a few micrometres wide, and up to
several hundred micrometres long. If the long axis of the slit is
aligned parallel to the zonation/perpendicular to the growth
axis of a sample, very high resolution ablation profiles can be
produced.

When attempting analyses of this kind, raw data are ex-
ported and processed off-line using a program developed
specifically for this purpose (Kemp et al., in preparation),
which provides features unavailable in the Nu Plasma
time-resolved software suite (in particular the ability to view
corrected isotope ratios versus time). Individual 0.2 s data slices
are corrected for interferences and mass bias exactly as
documented above for static analyses, and then displayed in
a time-resolved output. The user then has complete control
over where to perform larger integrations for statistical
purposes.

One current limitation of this methodology using our system
is that the orientation of the ablated slit relative to the sample is
fixed. As a result, growth structures in samples of interest have
to be specifically aligned within the sample holder. It is possible
that future refinements of the system will allow rotation of the
laser aperture relative to the sample but such movement is
likely to be limited by the dimensions of the laser beam itself.
Alternatively a rotating sample stage could be constructed.

An example application of the methodology

Otoliths (earstones) are aragonitic, auditory structures located
in the semi-circular canals of all bony fishes.!” New material is
added daily and thus the concentric structure of otoliths
provides a valuable record of the environment experienced
over the lifetime of the fish.'® As a result, otolith microchem-
istry has become a powerful tool for the investigation of
diadromy,"? larval dispersal,”® natal homing,>' juvenile nursery
habitats**?* and stock discrimination.?*2

One of the most widely utilized tracers in otolith research has
been the ratio Sr : Ca, which has been extensively applied for
investigating migration between marine and freshwater envir-
onments. However, the uptake of these and other elements by
fish can be influenced not only by environmental factors such
as temperature, salinity and water chemistry but also by biotic
factors such as genetics, growth rate and the condition of the
fish.?*?° Consequently, a number of authors have recently
investigated the use of Sr isotope analysis as a means of
tracking the chemistry of waters in which fish grow, as isotope
ratios for most high atomic mass elements are not subject to
significant biological fractionation.

Ingram and Weber®® analysed Sr-isotope ratios in whole
otoliths from chinook salmon in an attempt to distinguish
between wild and hatchery fish. Although bulk sampling was a
success for their application, they note in conclusion that
“subsampling could also supply information on migration if
otolith chemistry is related to the otolith banding chronology”.
Waight er al.'® made a laser ablation MC-ICP-MS profile
across an otolith from an Arctic char but encountered analy-
tical problems manifest as correlated changes in %’Sr/*®Sr and
the invariant ratio **Sr/*°Sr. This they attributed to uncor-
rected interferences, most probably of the type documented
above. Most recently Milton and Chenery®' obtained Sr-iso-
tope transects across otoliths from the tropical shad, which
demonstrated the viability of the technique. Their analyses,
however, used a 250 um wide ablation path and 10 pm s~
stage translation, requiring relatively large otoliths and limiting
spatial resolution.
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Fig. 2 An example of high-resolution Sr-isotope analysis. A slit,
approximately 147 x 3 pm in size, is slowly traversed across the
sample. Each datum in the time-resolved plots represents a single 0.2 s
integration, with a weighted running average also plotted for clarity.
The strong Sr concentration contrasts between carbonate deposited in
marine and freshwater are clearly reflected in the size of the Sr beam.
87Sr/8Sr ratios also vary systematically between core and edge, with
compositions for the core and left hand edge shown in boxes. The edge
composition is not well resolved on the right hand side since in this case
the ablation slit runs oblique to the growth zonation of the otolith.

Although these studies provide encouraging evidence for the
utility of Sr isotope analysis in otolith research, there are
clearly unresolved methodological issues that can be addressed
using a high-resolution time-resolved analysis routine. Because
growth bands are deposited concentrically, recording impor-
tant environmental information, otoliths tend to be ‘pancake
shaped’ inasmuch as the growth layers are highly compressed
in vertical section. As a result depth profiling is unsuitable (the
laser would quickly drill through the whole structure) and slow
line scans are the only viable alternative. In addition, in most
fish species the otoliths of the larval and juvenile stages are
extremely small (tens to a few hundreds of micrometres
diameter), requiring very high resolution.

In Fig. 2 we show a typical analysis using the protocol
described above applied to an otolith. We ablate a slit of
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length 147 um, but only ca. 3 um wide, using a repetition rate
of 20 Hz. This results in Sr beams of approximately 2 and 6 V
in freshwater and marine carbonate segments, respectively. The
sample was translated beneath the laser beam at a rate of
approximately 2 pum s!, providing around 2000 individual
data points, each representing a single 0.2 s integration. These
data demonstrate a clear shift in *’Sr/*°Sr ratio between core
and edge of the otolith, which appears to mirror variation in Sr
content (as indicated by signal size). Integration of the data for
the core (larval) region of the otolith provides an 3’Sr/*°Sr ratio
of 0.709 161 + 50 (2 s.e.), identical within error to the modern
sea-water value (actual sea-water samples measured by solu-
tion ICP-MS on our instrument gave a mean of 0.709 168
during the period of this work). Sr-isotope signatures near the
edge of the otolith appear to be better resolved on the left hand
side (Fig. 2), presumably because here the laser slit is oriented
almost exactly parallel to the micrometre-scale growth band-
ing. Integration of these data provides an 3’Sr/*°Sr ratio of
0.706 534 + 121 (2 s.e.), clearly distinct from the sea-water
signal, and representing a period of otolith growth in a fresh-
water environment. A well-defined plateau is not achieved on
the right hand edge, which we attribute to the fact that growth
banding crosses the laser slit obliquely on this side. Never-
theless, the deviation from the sea-water values in the core is
immediately apparent, and a similar baseline level is ultimately
achieved at the extreme edge of the otolith. Note that 3Sr/*Sr
ratios remain constant throughout the transect, and show no
relation to either 8’Sr/®Sr or Sr signal.

We believe that this analytical strategy overcomes many of
the spatial resolution issues that have hampered previous
studies; the system provides the ability to resolve small changes
in isotope ratio over very fine length-scales. As a result it might
be possible, for example, to detect differences in Sr-isotope
ratios among different freshwater end-members, i.e., identify-
ing the natal source of fishes. Furthermore, the increased
resolution allows greater precision in the determination of
the timing of migration (i.e., the age of the fish) between
marine and freshwater environments, compared with what
might be achieved with a rastered spot analysis.

Conclusions

We have demonstrated that a high sensitivity laser ablation
system, coupled with appropriate interference corrections, is
capable of producing Sr-isotope ratio determinations in car-
bonate materials in situ with levels of precision and accuracy
closely approaching those obtained from solution-based MC-
ICP-MS or TIMS analyses using many times more material
and considerably more time in both chemical separation and
mass spectrometry.

In addition many interesting research avenues are opened up
with an in situ analytical capability. Using the aperture-ima-
ging optics of an ArF excimer laser, operated in line-scan
mode, and appropriate time-resolved software, it is possible
to investigate Sr-isotopic variations on the scale of tens of
micrometres.
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