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ortable laser ablation sampling of
art and archaeological materials with subsequent
Sr–Nd isotope analysis by TIMS using 1013 U
amplifiers

A. C. S. Knaf, * J. M. Koornneef and G. R. Davies

A new integrated trace element and multi-isotope provenancing methodology is presented that uses

a portable “non-invasive” pulsed laser ablation sampling technique. Samples are collected on location

onto Teflon filters for return to a clean laboratory for low blank (pg) geochemical procedures. Ablation

pits approximately 60 or 120 mm in width and depth remove mg amounts of material. Following

dissolution, trace element ratios are determined by inductively coupled plasma mass spectrometry and

combined Sr–Nd isotopes by thermal ionization mass spectrometry. Use of 1013 U resistors allows

precise analysis of subnanogram amounts of Sr–Nd isotopes, which coupled with the trace element

data, provides highly effective multi-variant discrimination for material provenance and authenticity

verification. Monitoring of blank contributions is required.
Introduction

Chemical ngerprinting of art or archaeological materials can
potentially determine how, when and where objects were made
and hence their provenance and potentially authenticity. If
public and/or private institutions allow study of art or artefacts,
generally material cannot be transported for examination or
analysis, nor is bulk destructive analysis permitted. Analyses
need to be essentially non-invasive and preferably carried out at
the institution. This reality oen renders validating authenticity
or linking precious artefacts to their source difficult. Conse-
quently, portable non-destructive instrumentation and analysis
is required.

Commercially available non-destructive portable analytical
techniques have limitations and are not capable of determining
isotope compositions. Portable XRF (pXRF) and laser-induced
breakdown spectroscopy (pLIBS) used for major and trace
element analysis, for example, have relatively poor analytical
accuracy and precision (1–10%) and require thorough calibra-
tion with matrix matched standards.1–3 These portable tech-
niques therefore generally do not discriminate the source of
most raw geological materials that comprise art and archaeo-
logical artefacts. Detection limits of conventional (non-
portable) XRF or inductive coupled plasma mass spectrometry
(ICPMS) are up to ve orders of magnitudes lower than non-
invasive techniques for trace elements resulting in higher
accuracy and precisions but require sample preparation.4,5
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To resolve the provenance of geological materials, ideally,
a combination of elemental abundances and isotopic ratios are
needed. Several recent studies have stressed that a multiple
isotopic approach is most effective for the provenance of
geological and biological materials.6–8 Such methods, however,
along with petrological studies of the constituent mineralogy,
generally require grams of material, something that is impos-
sible to obtain from museum-grade artefacts.

This paper presents a macroscopically non-destructive
sampling method for art and archaeological materials that is
coupled with low blank trace element analyses by ICPMS and
Sr–Nd isotope analyses by thermal ionisation mass spectrom-
etry (TIMS) using 1013 U ampliers.9,10 Precise and accurate
analyses are performed on mg amounts of material ensuring
that the integrity of the object is preserved.
Methodology

Analysis of mg of ablated material or#ng of individual elements
requires rigorous control of sample contamination by mini-
mising the input of extraneous material during sampling,
sample preparation, pre-treatment and chemical separation
procedures. Inter alia, Sr and Nd can potentially be introduced
to a sample by airborne dust, reagents and from the surfaces of
lab ware. Ideally a sample to blank ratio >100 is achieved to
avoid the requirement for blank corrections. Here we developed
a technique that aimed to produce accurate and precise trace
element and Sr–Nd data by minimizing the blanks during all
aspects of the method. Our isotope analysis techniques require
a minimum of 10 pg Nd and 2 ng Sr.
This journal is © The Royal Society of Chemistry 2017
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Portable laser ablation sampling

The essentially “non-invasive” sampling methodology incorpo-
rates a pulsed portable laser ablation sampling device (pLA)11,12

that has been further developed and optimised. The ability of
the system, in combination with clean laboratory techniques, to
produce reproducible coupled trace element and Sr–Nd isotope
ratios is evaluated using the international glass standard BHVO-
2G and jadeitite rocks that have lower trace element contents.
The pLA system is transported in an airline cabin compatible
suitcase (54.5 � 35.0 � 23.0 cm) weighing approximately 15 kg
including a pulsed diode pumped solid state laser (Wedge HB
532, Bright Solutions SRL, Cura Carpignano, Italy), optical bre,
laser ablation module, sampling lter holder and membrane
pump (Fig. 1).

The compact laser produces a wavelength of 532 nm with
a pulse duration of <1 ns. The pulse frequency can be varied
between 1–10 000 Hz. Sampling efficiency and elemental frac-
tionation effects are not affected by the ablation frequency.13

The laser beam output has a diameter of 1 mm and output
energy of 1.3 mJ. Before entering the bre, the laser beam is
focused by an aspheric lens mounted on a x/y translation stage.
In this study two different optical bres were used, a standard
bre (QP450-2-XSR, Ocean Optics Inc., Dunedin, FL, USA) with
a constant core diameter of 450 mm, and a tapered bre
(AFT600TO200Y, Fiberguide Industries Inc., ID, USA) with
a core diameter of 600 mm passing into a core diameter of 200
mm.14 Both optical bres are 2 m in length and allow exibility
when sampling objects of different size and shape. The laser
produces a homogenised energy distribution that is focused on
the sample surface by two lenses in the ablation module. The
standard bre produces a beam with a 100–130 mm diameter,
the tapered bre reduces the beam diameter to 50–70 mm
(Fig. 2) and maintains the maximum energy at the sample
surface at >1 mJ. An open ablation cell allows aerosol extraction
to a Teon lter by suction generated by a miniature oil-free
membrane pump (Fig. 1). During ablation, the sample surface
is illuminated with a LED ring and observed with a mono-
chromatic CCD camera (Chameleon, CMLN-13S2M-CS, Point
Grey Research, Richmond, BC, Canada; soware package Fly
Fig. 1 Assembled portable laser ablation sampling device composed
of a DPSS laser (l 532 nm), an optical fibre, a laser ablation module and
a sample holder. Magnified inset image shows the sample wheel with
six filters.

This journal is © The Royal Society of Chemistry 2017
Capture Point Grey SDK). The eight-fold magnication allows
observation of a 1 mm2 sample area, so that the exact sampling
position and the focal point of the laser can be optimised. An
individual ablation sample is taken in a 1 minute routine at
Fig. 2 SEM images of ablation pits generated with a tapered fibre;
crater dimensions are�60 mm in width and depth. (A) and (B) craters in
half a Swiss franc; note that the pale halo around the pit is debris which
can be easily removed by cleaning with water. (C) Crater in a natural
jadeite bearing rock from the Rio San Juan Complex in the Dominican
Republic.15
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100 Hz frequency, i.e., 6000 pulses. To obtain enough material
for combined trace element and isotopic analyses, multiple
ablations of individual samples may be required, depending on
the elemental concentrations of the ablated material. Samples
were collected on PTFE Mitex® membrane lters (LSWP01300,
Merck Millipore Corporation, MA, USA) that have a pore size of
5 mm, a porosity of 60% and are hydrophobic. Filters are 13 mm
in diameter with a thickness of 170 mm. Filters were pre-cleaned
by submerging them for >3 days at 120 �C in a mixture of 3 M
HCl and 0.2 M HF and are transported in Milli-Q® in cleaned
PTFE vials. A lter wheel contains six lter positions. The
ablation chamber and tubing to the lter holder are cleaned
using ethanol and compressed air before switching to a new
lter position. The blank contribution during sampling is
monitored on each sample wheel of six lters. Aer sample
collection, lters are extracted from the holder on site and
stored in pre-cleaned centrifuge tubes ready for processing in
the low blank isotope geochemistry laboratories of the Vrije
Universiteit Amsterdam.
Sample dissolution

In this study trace element and isotopic composition analyses
were sampled separately onto different sample lters. Filters
with sampled material were placed in 7 ml ultra-clean PTFE
beaker and dissolved by adding�1.0 ml of concentrated HF and
�0.5 ml of concentrated HNO3. Closed beaker were placed on
a hotplate at 120 �C for 3 days and placed in an ultra-sonic bath
twice a day in order to disaggregate the material and promote
acid attack. Following lter removal, solutions were evaporated
to dryness. For trace element analyses by ICPMS samples were
taken up in 1 ml of 5% HNO3. To prepare for column chemistry
and subsequent isotope composition analyses by TIMS, dried
down samples were nitrated with two drops of concentrated
HNO3.

Filter blanks (see results section) were determined on
unclean and cleaned lters by isotope dilution (ID) following
the procedure used for sample dissolution. Aer lter removal,
the solution was centrifuged (4 min/12 000 U) and �0.1 ml of
spike (84Sr spike ¼ 10.443 ppb, 150Nd spike ¼ 35.52 ppb) was
added for Sr and Nd. The solution was evaporated to dryness
and nitrated with two drops of concentrated HNO3.
ICPMS analyses

Trace element analyses were performed on a Thermo Fisher
X-series-II ICP-MS following a modied analytical protocol from
Eggins et al.16 The limit of detection (LOD) and limit of quan-
tication (LOQ) of the ICPMS were determined by analysing an
acid blank (5% HNO3) 10 times. A three point calibration curve
was applied containing 0.1 ppb, 0.2 ppb and 0.5 ppb solutions
of provenance relevant elements like REE, HFSE, LILE and
additional elements (Th, U, Sr, Pb, Ba, Rb, Sc). For most of the
elements the LOQ is below 2 ppt, exceptions are Ba (4 ppt), Zr
(5 ppt) and Sc (45 ppt). When elemental blanks were below LOQ,
data were not blank corrected. Calibration and instrumental
dri were corrected using a BHVO-2 solution. Repeat analysis of
2212 | J. Anal. At. Spectrom., 2017, 32, 2210–2216
a USGS reference material BCR-2 yield better than 10% (2 RSD)
for all reported trace elements.

Determination of mass removal

The mass removal of four BHVO-2 glass samples was deter-
mined based on ICPMS analysis from known element concen-
trations in the reference glass (USGS values). Samples of BHVO-
2 glass were obtained by combining 10 individual ablations at
100 Hz using a normal optical bre.

Miniaturized low blank chemical separation for Sr and Nd

Chemical separation of the element of interest is required prior
to TIMS analysis to avoid isobaric interferences and optimise
ionisation efficiency. Here we utilise a combined miniaturised
low blank chemical separation methodology for sub-nanogram
amounts of strontium and neodymium.9,10,17 Sample prepara-
tion was conducted in a class 1000 clean laboratory equipped
with class 100 laminar ow hoods. Low blanks were achieved by
purication of reagents, thorough cleaning of lab ware and by
minimizing the volume of chromatographic columns and
reagents. Analytical reagent grade acids (HCl, HNO3, HF) were
puried by double sub-boiling distillation in silica glass or PTFE
stills. Water was puried using a Milli-Q® integral water puri-
cation system, Merck Millipore Corporation (resistivity
18.2 MU cm at 25 �C).

Thermal ionization mass spectrometry

Sr and Nd isotope ratios were determined on a Thermo Fisher
Scientic TRITON Plus TIMS in static mode on outgassed single
and double Re laments, respectively. The instrument is
equipped with a multi-collector assembly featuring one xed
central and eight movable Faraday cups. All the presented Sr
isotope data were collected using default 1011 U ampliers
(>ng), whilst Nd isotope ratios were analysed employing 1013 U
ampliers (<ng).9,10 Cup congurations for isotope ratio anal-
yses of Sr and Nd using a relay matrix (“virtual amplier”
system) are shown in Table 1. The 143Nd/144Nd and 87Sr/86Sr
ratios were corrected for instrumentation mass fractionation
using an exponential law by normalization to 146Nd/144Nd ¼
0.721903 and 86Sr/88Sr ¼ 0.1194. Over the period of this study,
the long term values for 200 ng loads of the in-house CIGO Nd
standard yielded 0.511328 � 0.000010 (2SD, n ¼ 29) and for
200 pg loads 0.511371 � 0.000065 (2SD, n ¼ 4); the JNdI
measured on 100 ng gave 0.512096 � 0.000013 (2SD, n¼ 4); and
the NBS987 Sr standard resulted in 0.710242 � 0.000025
(200 ng, 2SD, n ¼ 45).

Results
Mass removal

The sample volume taken depends on the bre used, the
stability of the laser beam and the material itself. Crater
geometries determined by a VK-9710K Series 3D Laser Scanning
Confocal Microscope (Keyence, Osaka, Japan) at the Leibniz
University in Hannover, Germany, range from cylinder to cone,
including transitional shapes.
This journal is © The Royal Society of Chemistry 2017
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Table 1 TIMS cup configuration of static multi-collector mode

Cup L4 L3 L2 L1 C H1 H2 H4

Sr-routine
mass
amplier

84Sr 85Rb 86Sr 87Sr 88Sr
1011 1011 1011 1011 1011

Nd-routine
mass
amplier

142Ce, Nd 143Nd 144Nd 145Nd 146Nd 147Sm 148Nd 150Nd
1011 1013 1013 1013 1013 1011 1011 1011

Paper JAAS

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 8
:0

7:
58

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The four BHVO-2 glass analyses (10 ablations each) yielded
on average 14.6 ng Sr (11.7–15.7 ng) and 0.85 ng Nd (0.63–
0.95 ng). Thus, the amount of material sampled varied between
25.5 to 40.0 mg (36.3%) for the 10 ablations based on Sr and Nd
abundances in BHVO-2 glass of 393 and 24.9 ppm respectively
(USGS values).
Trace element data

Due to the uncertainty in sampling volumes, precise trace
element abundances in the sampled material cannot be deter-
mined. Importantly, however, trace element ratios will be
unaffected and hence can be used for provenance and authen-
ticity studies.

To validate the reproducibility of trace element ratios when
sampling with the portable laser, four BHVO-2G analyses were
conducted. The resulting trace element ratios are generally in
agreement (for most of the ratios 2RSD of <10%) with trace
element ratios of recommended USGS and GeoReM18 BHVO-2G
values (Table 2; Fig. 3) even when considering elements with
differing volatility.
Filter blanks

Analysis of lters before cleaning yielded average blanks of
90.3 pg for Sr (41.2–145.6 pg, n ¼ 2) and 1.5 pg for Nd (1.4–1.6
pg, n ¼ 2). In contrast, cleaned lters yielded average blanks of
28.9 pg of Sr (22.4–37.3 pg; n ¼ 8) and <0.5 pg of Nd (n ¼ 5).
Table 2 Representative trace element ratios and relative standard devia
USGS values and GeoReM dataset. Outliers were determined through a

BHVO-2G I II III IV

Ba/Nb 5.39 5.58 6.17 —
Rb/Sr 0.0227 0.0222 0.0227 0.0224
Lu/Hf 0.0628 0.0667 0.0654 0.0674
Sm/Nd 0.239 0.233 0.238 0.243
Cr/Ti 0.0195 0.0191 0.0193 0.0197
V/Ti 0.0196 0.0197 0.0195 0.0197
Co/Ti 0.0028 0.00281 0.00287 0.00283
Hf/Zr 0.0246 0.0245 0.0264 0.0255
Nb/Zr 0.111 0.107 0.112 0.112
Ta/Zr 0.0077 0.0057 0.0069 0.0069
Dy/Yb 2.664 2.660 2.747 2.752
Ta/Th 1.069 0.776 0.947 0.924
Nb/U 35.78 38.15 39.52 38.27
Nb/Ta 14.33 18.79 16.10 16.21

This journal is © The Royal Society of Chemistry 2017
Thus, Nd lter blanks are negligible, whereas Sr may contribute
signicantly to the total procedural blank (Fig. 4 and 5).

Clean laboratory blanks

Nd and Sr clean laboratory blanks, including sample digestion,
chemical separation and TIMS loading blank, are 2.1 pg for Nd
(n ¼ 3, �1.3 pg 2SD) and 50.7 pg for Sr (n ¼ 5, �36.1 pg 2SD).
These blanks exclude the sampling process and the contribu-
tion of the lter. To allow precise clean-lab induced blank
corrections to be applied if required, the isotopic compositions
(Sr–Nd) of the lab blanks were determined by Koornneef et al.10

by upscaling the separation procedure by a factor of 30. The
isotopic composition of the in-house total procedural chemical
blanks, were 87Sr/86Sr ¼ 0.711120 � 0.000050 (2SD, n ¼ 3) and
143Nd/144Nd ¼ 0.511856 � 0.000090 (2SD, n ¼ 3) (Fig. 5).

Total procedural blanks

Blanks determined on Teon lters that were exposed to
10 minutes of air sampling with subsequent column chemistry
yielded 78.4 pg Sr (n¼ 11,� 50.6 pg 2SD) and 4.6 pg Nd (n¼ 11,
� 5.2 pg 2SD). These total procedural blanks include contami-
nation introduced by sampling, the lters, the sample dissolu-
tion, chemical separation and loading. Based on the highest
measured blanks we conclude that for Nd the sampling process
approximately contributes 67.3%, lter 4.3% and the chemical
procedure 28.4%. For Sr the pLA sampling adds 13.8%, lter
29.4% and the chemical procedure 56.8%.
tion of samples ablated from BHVO-2G compared to recommended
2s outlier test and rejected

Average 2SD % RSD USGS Georem

5.71 0.82 14.4 6.25 7.22
0.0225 0.0005 2.4 0.0226 0.0239
0.0656 0.0040 6.1 0.0683 0.0650
0.238 0.008 3.5 0.249 0.249
0.0194 0.0005 2.6 0.0176 0.0182
0.0196 0.0002 1.0 0.0192 0.0194
0.00283 0.00005 1.7 0.00273 0.00281
0.0253 0.0017 6.9 0.0252 0.0261
0.111 0.004 3.9 0.123 0.110
0.0068 0.0017 24.2 0.0086 0.0068
2.706 0.101 3.7 2.498 2.594
0.929 0.240 25.8 1.176 0.923
37.93 3.13 8.2 47.62 41.65
16.36 3.67 22.4 14.29 16.07

J. Anal. At. Spectrom., 2017, 32, 2210–2216 | 2213

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ja00191f


Fig. 3 Trace element ratio reproducibility and 2SD (which may be
smaller than symbols) of four BHVO-2G samples (excluding outliers)
compared to ratios calculated from (A) recommended BHVO-2G
USGS values and (B) GeoReM BHVO-2G data. Note grey shaded area
displays propagated error of the USGS and GeoReM ratios. Note no
error is available for USGS Ta data.

Fig. 4 Sr and Nd isotope data on multiple ablated samples of BHVO-2
glass (A) 87Sr/86Sr ratios with 2SD error after 10 (diamonds, 2SE smaller
than symbols) and 5 (squares) ablations, measured using 1011 U

amplifiers. The dashed line represents the average (87Sr/86Sr ¼
0.703469 � 0.000014, 2SD) measured on large aliquots of BHVO-
2G.20 (B) 143Nd/144Nd ratios of a BHVO-2 glass with 2SD error after 10
ablations, measured using 1013 U amplifiers. The dashed line repre-
sents the average (143Nd/144Nd ¼ 0.512957 � 0.000006, 2SD)
measured on large aliquots of BHVO-2G.21
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87Sr/86Sr and 143Nd/144Nd reproducibility: BHVO-2G and
jadeitite

Isotopic composition reproducibility of the entire methodology
was evaluated using a polished sample of BHVO-2 glass and two
pure jadeitite samples from the Sierra del Convento Complex in
Cuba.19

When using 1013 U ampliers on a TIMS, accurate and
precise Sr–Nd isotope ratios can be determined on as little as 10
pg but potential blank contributions suggest >100 pg of an
element is required.9 To provide enough material and a repre-
sentative sample, the BHVO-2 glass was ablated 10 times using
a normal optical bre. To validate the minimum amount of
material needed for Sr isotope analyses when sampling with the
pLA device, a further 8 samples were collected with only 5
ablations. The jadeitites were each ablated 20 times.

The reproducibility and internal precision of Sr and Nd
isotope ratios produced from BHVO-2 glass and two pure
jadeitite samples are shown in Fig. 4 and 5.

Repeated analyses of aliquots of Sr (�10–15 ng), when
ablating the BHVO-2 glass 10 times, yielded an external repro-
ducibility of 87Sr/86Sr of 0.703533 � 0.000103 (2SD, n ¼ 16) with
internal precisions of <�0.000033 (2SE). The average is in
agreement with the 87Sr/86Sr obtained by Elburg et al.20 on large
sample aliquots (87Sr/86Sr ¼ 0.703469 � 0.000014, 2SD).
Although within error, the highest absolute 87Sr/86Sr may imply
2214 | J. Anal. At. Spectrom., 2017, 32, 2210–2216
a blank contribution of 1.9%. For samples obtained using 5
ablations (Sr < 5–7.5 ng), 87Sr/86Sr ratios vary signicantly and
all except two samples are outside the external reproducibility
reported by Elburg et al.20 We conclude that for the 5 ablation
approach, insufficient material was collected to overcome the
inuence of the variable total procedure blank and that
currently a minimum of 10 ablations is required for a accurate
analysis.

Multiple aliquots of Nd (<1 ng, n ¼ 12) from BHVO-2G were
analysed using 1013 ohm resistors. The analyses yield an average
internal precision of �0.000046 (2SE) and an external repro-
ducibility of 143Nd/144Nd 0.512923� 0.000054 (2SD). The data is
within error of 143Nd/144Nd ¼ 0.512957 � 0.000006 (2SD)
measured on large aliquots of BHVO-2G.21

Multiple 87Sr/86Sr analyses of jadeitite sample containing
13.7–21. 9 ng gave 87Sr/86Sr ¼ 0.703536 � 0.000073 (2SD, n ¼
16), with an average internal precision of �0.000011 (2SE).
Eleven of the 16 samples are within error of the ratio deter-
mined on a 376 ng aliquot processed through conventional wet
chemistry techniques on the powdered sample (0.703517 �
0.000011, 2SE). Five samples have elevated values that could be
explained by a maximum blank contribution of 1.3%.
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Sr and Nd isotope data on multiple ablated samples of jadeitite
after 20 ablations (A) 87Sr/86Sr ratios with 2SD error, measured using
1011 U amplifiers. The dashed line represents the 87Sr/86Sr and 2SE
(87Sr/86Sr ¼ 0.703517 � 0.000011) measured on a large aliquot
(376 ng). (B) 143Nd/144Nd ratios with 2SD error, measured using 1013 U

amplifiers. The dashed line represents the 143Nd/144Nd and 2SE
(143Nd/144Nd ¼ 0.512965 � 0.000006) measured on a large aliquot of
the sample (262 ng).
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Alternatively, the Sr isotope variability could reect sample
heterogeneity within this natural jadeitite rock.

The repeated 143Nd/144Nd analyses of jadeitite sample,
determined on 169–270 pg, gave 0.512972 � 0.000073 (2SD, n ¼
10) with an average internal precision of �0.000030 (2SE), are
within error of the 262 ng aliquot of the sample (0.512965 �
0.000006, 2SE).
Discussion

To optimise the efficiency of sample collection, focussing is
necessary during ablation. As a consequence the laser beam
may move, resulting in cylindrical instead of conical shaped
pits. This effect produces a larger crater (up to 37.5%) than
observed when sampling without focussing. Differences in
mass removal are also a consequence of laser beam stability and
variation in the absorption coefficient of the ablated mineral(s).
Therefore, estimates of the amount of material sampled come
with large (<36.3%) uncertainties and we are unable to deter-
mine trace element concentrations accurately. Note, however,
that elemental ratios will be essentially unaffected by uncer-
tainties in sample volume (see Table 2). Trace element ratios
potentially used for provenancing show good reproducibility
This journal is © The Royal Society of Chemistry 2017
(<10% for most ratios, Fig. 3). Ideally, if samples have high
concentrations of the elements of interest, samples should be
aliquoted for trace element and isotopic analysis to minimise
the ablated surface and volume. If, however, the available
sample surface is limited and concentrations low, trace element
fractions can be collected from the whole rock matrix during
column chemistry. In such an approach element yields will be
variable and need quantication. Previous studies have shown
that such an approach can successfully discriminate different
sample populations.22,23

The total procedural blanks were 78.4 pg for Sr and 4.6 pg for
Nd and represent the accumulated effect of contamination
during sampling, lter dissolution, geochemical procedures
and loading. The relatively high and variable Sr blanks repre-
sent the limiting factor in the successful application of the pLA
sampling technique to small Sr samples. The tests with 5
ablation craters clearly showed a variable off-set of the Sr data
towards the higher ratios recorded in the blank. Due to the
potential inuence of the blank on the isotopic analyses, it is
imperative to determine the total amount of Sr and Nd in an
ablated sample. Isotope dilution is routinely conducted yielding
Sr and Nd concentrations to better than 0.1%, allowing blank
corrections to be performed. A blank correction is possible
provided the isotope composition of the total procedural blank
is known. Consequently, we recommend obtaining dust
samples from sampling locations for Sr- and Nd-isotope
composition determination to establish if the sampling blank
differs markedly from the laboratory blank. In order to mini-
mise blanks during future sampling, a portable clean unit will
be used.

The accuracy of 87Sr/86Sr and 143Nd/144Nd of the BHVO-2
glass and the two jadeitite samples validates the techniques
and conrms that there is no detectable laser-induced isotopic
fractionation associated with ablation. In general, external
reproducibility is better for Nd than for Sr due to blank inu-
ences. The external precisions obtained (given as 2RSD) for both
materials were <0.17& for 87Sr/86Sr and <0.14& for
143Nd/144Nd. This reproducibility is sufficient to detect Sr and
Nd isotope variation in natural samples to within the fourth
decimal place and can thus be used for provenancing or
potentially validating the authenticity of materials.

Conclusion

Amodied portable laser ablation sampling device allows in situ
sampling of art and archaeological objects and artefacts inde-
pendent of size and shape that cannot be transported to the
laboratory. Laser ablation sampling removes a volume equiva-
lent to �2.5–4 mg of sample material generating a well-dened
cylindrical to conical crater, invisible to the naked eye. The
presented technique thus leaves minimal damage and preserves
the integrity of the objects on a macroscopic scale. Depending
on the elemental concentration within a sample, the method-
ology currently requires multiple ablations to collect sufficient
material for the analyses (10 for BHVO-2G, 20 for jadeite bearing
rocks). Low blank analyses of the sampled materials using TIMS
and ICPMS allow the determination of precise and reproducible
J. Anal. At. Spectrom., 2017, 32, 2210–2216 | 2215
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Sr–Nd isotope compositions and trace element ratios. The
technique can resolve isotopic variability for Sr isotope and Nd
within the fourth decimal place. Compared to other portable
techniques, such as pLIBS and pXRF, two to three orders of
magnitude lower limits of detection were reached allowing the
determination of trace element ratios for elements present in
the sub-mg/g range. Currently the overall precision of the tech-
nique is not limited by instrumental measurements but
controlled by sampling blanks. Determination of elemental
amounts by ID and knowledge of the isotopic composition of
the total procedural blank can be adopted to correct for the
effect of blank contributions, however, the preferred strategy
will be to reduce blanks by undertaking sampling using
a portable clean unit.
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