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ABSTRACT 
Advanced microanalytical techniques are extensively used in art and archeology for validation and 
authentication, studying materials and processes, attribution, obtaining forensic clues, and more. Multiple-
instrument analyses of selected features-of-interest (FOIs) on an object are required to provide their 
comprehensive characterization. It is necessary, therefore, to be able to repeatedly locate and re-locate the 
very same FOI on an object in different instruments, often in remote laboratories. For example, a FOI may be 
a tiny ink stain on a papyrus, paint on a ceramic tile fragment, or corrosion spots on an ancient coin. A precise 
re-location method, sometimes down to the micrometric range, should be utilized.  
 
The first examination of an art object is usually done under a light microscope, a SEM equipped with a 
microanalyzer for elemental composition determination, or a micro-XRF scanning device. They are termed 
"source instruments". Then, the object is transferred to a "target instrument" where the same FOI is re-located 
and subjected to further analyses. A target instrument may be the synchrotron (for micro-XRF tomography, 
micro-XRD, micro-XANES, etc), micro-Raman, LA-ICPMS, SIMS, or even a micromanipulation system where 
microscopic evidence can be removed leaving the rest of the sample practically intact. 
 
The described methods have been originally developed for single radioactive particles analyses, and 
implemented in several laboratories in the fields of environmental research and nuclear forensics.  
 
In this paper the FOI re-location and micromanipulation methods will be discussed, and their application in a 
test case. In the test, a parchment sample, with an inscription on it as well as a few planted small agglomerates 
of metallic particles, was transferred between 3 remote laboratories. The same FOIs were re-located and 
measured by different analytical techniques. This experiment demonstrates the applicability and potential 
value of the methods to art and archeological objects.  
  
INTRODUCTION 
A small number of intact or nearly intact scrolls and about 15,000 fragments were recovered 
in the '50s from caves in the cliffs of the Dead Sea west shore. The famous Dead Sea Scrolls 
(DSS) collection has been studied extensively by scholars for 60 years. Recently natural 
scientists started an ambitious international project of the material study of the scrolls 
[Rabin, 2007a]. With the help of non-destructive analysis methods they are addressing two 
central questions of the Dead Sea Scrolls research: their long term preservation on one hand 
and their provenance, on the other. 
 
The aim of the project is characterization of the writing media (parchment and inks) of the 
ancient scrolls found in the Dead Sea area. The information obtained will be implemented 
into conservational, historical and palaeographic research. To achieve a comprehensive 
characterization and meaningful results specialists from different laboratories united their 
efforts. Thus, the objects under study are moved from place to place for experiments. Usual 
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photographic imaging is followed by microscopy study. Trace elements presence and 
distribution are determined by the micro-XRF and 3-D reconstruction techniques in the 
synchrotron (SR) facility 'BESSY' in Berlin. Micro-XRD and some of the FT-IR 
experiments to determine the minerals on the surface are carried out in England, whereas 
state of parchment is investigated in Torino with the help of a non-destructive technique 
based on magnetic resonance measurement, and in Berlin - by IR-reflection in the far 
infrared region. Other methods include FT-IR microscopy (in reflection mode), Attenuated 
Total Reflectance (ATR) and IR- External Reflection Spectroscopy (ERS) [Rabin, 2007b]. 
 
The scrolls have experienced a complicated history. After initial production and usage in the 
antiquity, they were stored for 2000 years in the caves. In the first decade of post-discovery 
period, the Scrolls have experienced complicated and seldom accurately documented 
treatments [Caldararo, 1995]. As a result the scrolls turned into an inhomogeneous material 
posing a serious problem for characterization by different methods. To determine various 
contributions to the composition of the material and to attribute them to different periods, 
one actually needs to be able to access repeatedly the same examination spot (namely, 
Feature-of-Interest) in different analytical instruments. This has to be done with precision 
better than the required spatial resolution of the information, and the heterogeneity scale of 
the sample. The attainable precision, however, is often limited by the accuracy of the 
specimen stage positioning or by the inherent resolution of the method of analysis 
employed. Such a problem is not easily overcome when the size-range of the FOI is of the 
order of a few micrometers or less, as in the cases of SR-micro-XRF and FT-IR microscopy, 
SEM and AFM [Rabin, 2005].  
 
The combined methods of re-location and micromanipulation of micrometric-size FOIs 
[Admon, 2007] show a special merit in the case where multiple-sampling is involved. In 
such a case, a large number of tiny FOIs are removed from different locations on the object 
for analyses. These locations are precisely marked for further visits. Using the 
micromanipulation technique, individual particles can be deposited on a low-background 
substrate (e.g. polished carbon planchette or silicone wafer) in an array at known 
coordinates. Then, the loaded substrate can be transferred to the analyzing instruments, and 
the particles analyzed one-by-one, after being re-located using their calculated coordinates 
(this can be done blindly in cases the particles are below the visibility limit of the analysing 
instrument). In this example, the re-location method is being used twice: firstly, to mark the 
sampling points over the object for re-visiting, and secondly, to spot the removed particles 
on the substrate. The particle-handling precision achievable by the described technique, 
better than 10µm, allows practically interference-free measurements of selected FOIs.  
 
In the present work, the combined methods of FOI location, re-location, micro-sampling and 
microanalysis are described and demonstrated using a test-sample (a piece of parchment, 
with a few planted small agglomerates of metallic particles), transferred between 3 remote 
laboratories. A FOI is located in a "source instruments" (light microscope), re-located and 
verified in a second "source instruments" (scanning micro-XRF), re-located and micro-
sampled in a "target instruments" (micromanipulation system), and finally analyzed by 
various analytical instruments (TRXRF, micro-Raman). This exercise shows the 
applicability and potential value of the combined methods to artefacts and archaeological 
objects. 
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RE-LOCATING FEATURES-OF-INTEREST ON A PLANAR SURFACE: 
THE 3-POINTS ALGORITHM (THE TRIANGULATION METHOD) 
In most practical cases where micro-scale sampling is required, the field under investigation 
is small enough to be considered planar, and the deviation from planarity can be ignored as 
it causes errors within the tolerable limits. 
    
The 3-points algorithm is used in the general case for re-locating FOIs on a planar substrate 
in the target instrument, according to their stage-coordinates measured in the source 
instrument. It is implicitly assumed that no non-linear distortion of the sample takes place 
during the transfer between the two instruments. This coordinate-transformation is named 
the triangulation method since it relies on three (non-collinear) reference marks on the 
sample in the vicinity of the FOI, identifiable and precisely measurable in both instruments 
(A, B, and C in fig.1). 

A detailed discussion of the 3-points algorithm for particle re-location, including error-
evaluation and a few real-cases testing is given by Admon et al. [Admon, 2005]. Here a 
brief summary will be presented.  
 
It can be readily shown that any point F co-planar with A, B, and C (fig.1) may be expressed 
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independent of the coordinates system used, m1+m2+m3= 1. By analogy, F can be regarded 
as the centre-of-mass of 3 point-masses {mi}, that may be positive as well as negative, at A, 
B, and C . The location of the centre-of-mass of a set of masses is a property of the set, 
independent of the choice of coordinates system. In other words, F is uniquely defined by 
{mi} with respect to A,B,C in any coordinates system.  
 
Let {xi,yi} and {ui,vi} be the measured stage coordinates of the reference marks A,B,C in the 
source and in the target instruments, respectively. Remembering that A,B,C,F are co-planar 
we can write 
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Fig. 1:  Vector diagram representing the 3-
points re-location method. It enables predicting 
the stage-coordinates of a FOI, F, in the target 
instrument, O’ (e.g. LA-ICPMS) based on its 
measured coordinates in the source instrument, 
O (e.g. SEM). A,B,C are 3 reference marks on 
the sample surface, identifiable and precisely 
measurable in both instruments. F can be 
regarded as being in the centre-of-mass of 3 
point-masses at A, B and C. For clarity, the 
sample is shown as being transparent [Admon, 
2005]. 
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The target stage coordinates of any given POI, (uP,vP), can be calculated from its known 
source coordinates, (xP,yP), by the relation which is the basis of the triangulation method: 
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It should be noted, that the (3x3) matrix is regular only if the three points A, B and C are not 
collinear. Also, the system can be expanded to a statistical GLM (General Linear Model), if 
more than three reference points are used. 
 
A similar algorithm, based on two reference marks, can be used in some cases and is 
described in [Admon, 2005]. The more complicated 6-points algorithm, useful in the field of 
nuclear Fission Track Analyses is also discussed [Admon, 2007].  
 
Fig.2 shows the application of the triangulation method with SEM as the "source 
instrument", and secondary-ion-mass-spectrometer (SIMS) as the "target instrument". This 
combination of analytical instruments is very useful in nuclear forensic investigations. Fig.3 
displays the field-of-view of another "target instrument", the FT-IR (Hyperon 2000) 
microscope in the Berlin laboratory, focused on the inner triangle of the 'A' reference mark. 
 
It is noteworthy, that the highest re-location accuracy is obtained when the reference points 
create a triangle of maximal area, namely, the largest equilateral triangle surrounding the 
FOI, contained within the usable borders of the sample [Admon, 2005]. 

Fig. 2:  (a) The 3 reference markers (TEM 'finder' grids) glued to a polished 1 inch graphite substrate.  
(b) Close-up SEM picture of the letter 'W' in the finder grid, the triangular hole in which serves as a 
convenient reference point for the SEM and other analytical instruments (c) SIMS copper-image of the 
same 'W', easily discernible, allowing measurement of its coordinates [Guorong, 2005].  

50µm

b 

5µm 

c a 

3mm 

Fig. 3:  The field-of-view of the FT-IR (Hyperion 
2000) microscope (in Berlin), focused on the 'A' 
reference mark. Each scale division is 10µm. The 
sampling area of this instrument can be as small as 
10µm, and the stage can be adjusted with 1µm 
accuracy in 5cm by 7cm range.  
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THE METHODOLOGY 
X-ray emission techniques, either combined with non-destructive micro-sampling or applied 
directly in situ without any sample preparation, are well suited for chemical composition 
analysis of delicate and fragile samples, such as works of arts, archeological artefacts, and 
unique, valuable objects of cultural heritage. To demonstrate the advantages of micro-
sampling technique of particles from precisely selected locations, a test sample was 
prepared. The sample (fig.4a) was made of an old parchment piece, on top of which we 
wrote an inscription, and implanted a few agglomerates of metal particles (copper and 
molybdenum). As reference markers, 3 TEM 'finder' copper grids were glued to the 
parchment forming a triangular array. The coordinates of the reference marks (e.g. the 
triangles within the 'A' and 'W' on the grids) and of the Cu and Mo spots were measured 
with precision in the micrometric range under a light microscope, which served as the first 
"source instrument".  
 
The second "source instrument" was the micro-beam X-ray fluorescence (µ-XRF) scanning 
spectrometer in Seibersdorf. The results of the analysis were two-dimensional maps showing 
elemental distributions in the scanned region (fig.4b-d). The µ-XRF technique is insensitive 
to organic and low-Z components in the sample and it can only penetrate near-surface 
layers. However, the technique is very sensitive to metals and heavy elements. The detection 
limits of elements can be as low as 10-11gr. The FOIs' location can be determined with 
precision better than 10µm.  

In the scanned region of the sample several Cu- and Mo-rich clusters have been identified, 
and their coordinates measured. To quantitatively determine their composition, a micro-
sample was removed form one of the Cu-rich clusters (fig.5). The micro-sampling was 
performed under a light microscope using an in-house built micromanipulation system 
[Admon, 2007], as will be described in the next section. The amount of material removed 

Fig. 4:  Scanning micro-XRF (at IAEA, Seibersdorf) used as the 
source instrument to map the sample, searching for FOIs. The Cu 
and Mo particle clusters, implanted on an old parchment piece 
rich in Ca, are seen in the corresponding EDS maps. The maps' 
resolution, selected according to the size of the FOIs, is 66x75 
pixels, 100µm apart. The stage position can be read with <10µm 
precision. Micrometer-size markings on the 3 TEM 'finder' grids 
(A, B and C) are used as reference points by the triangulation 
method. (a) the sample, and elemental maps: (b) Ca, (c) Cu, and 
(d) Mo. 
 [Si(Li) detector, Mo X-ray tube, collection livetime 7sec/ pixel]. 

3mm 

(c) (b) (d) 

33mmmm  

Mo 

Cu 

(a) 

Distance,   [µm] 
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for the analysis was less than 100µg: in most cases, such a sampling practice is regarded as 
non-destructive [Barabe, 2006].  
 
The removed material (88µg) was spiked with 100µgr Zn and dissolved in a mixture of sub-
boiled HCl and HNO3 (1:5). The solution (about 5µL) was dried on a flat polished quartz 
carrier and subsequently analyzed by the Total Reflection X-ray Fluorescence (TRXRF) 
technique (fig.5). Calibrated against a standard comprising 100µg Zn and 100µg Cu, the 
sample was found to contain 79µg copper. The difference of 10wt% comprises apparently 
organic material, most likely remains of the glue used in the sample preparation. 
 

SAMPLING FEATURES-OF-INTEREST BY MICROMANIPULATION 
Micro-sampling of a FOI on its hosting object, after being located and identified as a 
prospective candidate for analysis, can be done by a micromanipulation system based on a 
light microscope (either a stereo- or a binocular-type) equipped with a precision x-y-z 
specimen stage, and a needle (or mini-scalpel) holder, mounted on an x-y-z 
micromanipulator. A detailed description of these two systems and their operation is given 
in [Admon, 2007]. Fig.6 shows a stereo-light-microscope (SLM) based micromanipulation 
system (IAEA laboratories, Seibersdorf). It allows handling single particles down to the 
micrometer size range. Binocular-light-microscope (BLM) based systems [ibid] have a 
better optical resolution, and hence are more suitable for micromanipulating smaller 
particles (a few µm to sub-micrometer range). In all cases, however, the correct practice is to 
bring the particle to the needle, aligned at the centre of the field-of-view of the microscope, 
and not vice-versa.  
 
 

Fig. 5:   The test sample (a) before, and (b) after removal by 
micromanipulation of the copper-rich FOI identified by µ-XRF. 
(c) TRXRF spectra of the sample, spiked with 100µg Zn, and of a 
reference standard comprising 100µg Cu and 100µg Zn.
Analysis shows that the FOI contains 79µg Cu and 9µg organic 
material, apparently the remains of the glue used in sample 
preparation.(monochromated MoKα beam @ 17.443 keV, angle 
of incidence: 2mrad (7sec) measurement: 500sec in vacuum). 
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(F2)
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100µm 

Fig 6: Micromanipulation 
system (IAEA laboratories, 
Seibersdorf), based on a
stereo light microscope
(SLM) [Admon, 2007]. 

(a)  General view. A second 
focusing unit (lowest white 
knob, F2) was added to the 
Leica SLM, to enable z-
movement of the MT50x50 
Maerzhauser x-y stage with 
µm-precision in all 3 axes. 
The needle has independent 
x-y-z movements, but actually 
it needs to be aligned just 
once in the sampling 
procedure. The particle is 
brought to the stationary 
needle by manipulating F2 
and the x and y micrometers 
of the stage.  

(b)-(c) Close–up on the heart 
of the system: the needle 
above the mylar tambourine 
over which the particles are 
dispersed, together with the 3 
reference markers; the x-y-z 
micromanipulator, holding 
the needle; the x and y 
micrometer drivers of the 
precision stage; the z control 
(=F2) added to the stage; the 
objective lens and ring 
illuminator of the SLM, 
raised and lowered by its 
fine-focusing mechanism 
(F1). 

(d) DU particle on a graphite 
needle, showing a mixture of 
oxide phases (yellow and 
black). 
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DISCUSSION 
A microscopic FOI on an object is located and identified as having a prospective value for 
further analyses. This is done in the so-called "source instrument". The coordinates of the 
FOI, as well as those of a few distinct reference marks on the object that serve later-on as 
inherent coordinate system, are measured with the greatest possible accuracy to allow 
further re-locating and visiting in any "target instrument". There, the FOI can be directly 
analyzed, or firstly micro-sampled by micromanipulation, the removed material transferred 
and deposited on an auxiliary substrate, and then analyzed. 
 
The FOI re-location method is indeed straightforward, provided adequate reference marks, 
clearly discernible in both the source- and the target-instrument can be identified and their 
locations measured. Obviously, the re-location precision depends on the precision of the 
coordinates measurement. Any measurement error - human, instrumental, or sample-related 
- will propagate into the predicted locations in the target instrument. It has been shown 
[Admon, 2005], that under normal operating conditions using standard, reasonable-cost 
instrumentation, re-location precision of 10µm is readily attainable. This sets the practical 
limit of spatial resolution. However, in most cases this is not considered the main limiting 
factor but rather the probe size or the dimension of the interaction volume.  
 
Artefacts and archaeological objects are often non-planar as is required for a proper 
application of the 3-points algorithm. This poses a limitation on the accuracy by which FOIs 
can be re-located, which is more severe where a parallax problem may be involved, and 
particularly in cases when the directions of viewing the sample in the source- and target-
instrument do not coincide. However, bearing in mind the smallness of the FOIs and the 
fields-of-view under study, in most cases the assumption of field planarity is not a 
prohibitive bad approximation after all.  
 
The significance of multiple-instruments analyses of ink particles removed from a papyrus 
has been demonstrated by Barabe et al. in the authentication study of the Gospel of Judas 
Codex [Barabe, 2006]. They used a needle to remove clusters of ink particles. However, 
whereas SEM or TEM analyses can distinguish between individual particles comprising the 
clusters (after they have been removed, prepared, and brought into the instrument), most 
other analytical methods cannot, because of their limited spatial resolution. The results 
obtained by such methods are subjected, therefore, to cross-particle interferences. These 
interferences can be greatly alleviated by proper particle micromanipulation, separation and 
re-deposition on a secondary substrate as a preparatory step before further (often 
destructive) analyses take place. It is noteworthy, that a similar problem, involving 
radioactive micron-size particles, has been solved by Esaka et al. [Esaka, 2007] who 
developed and applied this method in-situ the SEM. 
  
Once micro-samples are orderly mounted on a secondary substrate, a variety of analytical 
technique can be readily employed. Some are non-destructive, yet others require sacrificing 
the individual particles on the alter of e.g. mass-spectrometry (Laser Ablation ICPMS, 
SIMS, and other methods).  
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