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Abstract

Mobile instrumentation is of growing importance to archaeometry research. Equipment is utilized in the field or at

museums, thus avoiding transportation or risk of damage to valuable artifacts. Many spectroscopic techniques are non-

destructive and micro-destructive in nature, which preserves the cultural heritage objects themselves. This review includes

over 160 references pertaining to the use of mobile spectroscopy for archaeometry. Following a discussion of terminology

related to mobile instrumental methods, results of a literature survey on their applications for cultural heritage objects is

presented. Sections devoted to specific techniques are then provided: Raman spectroscopy, X-ray fluorescence spectrom-

etry, Fourier transform infrared spectroscopy, laser-induced breakdown spectroscopy, and less frequently used techniques.

The review closes with a discussion of combined instrumental approaches.
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Introduction

Archaeometry is a growing research area that covers the

use of techniques from natural sciences (e.g., chemistry,

physics, spectroscopy, geology, biology, etc.) to contribute

to research in humanities (archaeology, art history, anthro-

pology, etc.). This research field includes among others the

application of analytical techniques and the use of geophys-

ical techniques, and can include statistical methods to solve

questions on provenancing, dating, prospection, landscape

reconstruction, etc. Also, research in conservation science

can be considered as part of archaeometry. Analytical

archaeometry,1 the focus of this review, however, is

the research area focused on the analysis of archaeo-

logical and art objects, rather than on landscapes or

prospection.

When performing research in analytical archaeometry, it

is often a requirement not to damage the object as each

manipulation involves a certain risk. Therefore, researchers

should aim to minimize any potential damage or risk of

damage (D) to the artwork. On the other hand, there is

also the goal to extract as much valuable information (I) as

possible and when planning research, one should try to

maximize the information-to-(risk-on-) damage ratio: I/D.

This can be achieved by trying to obtain more information

(e.g., by using complementary analytical techniques), by

reducing the risk on damage (e.g., by using nondestructive

or micro-destructive techniques), or by a combination of

these approaches.

In this context, it should be remarked that there is slight

confusion in literature concerning the use of a number of

related terms to describe analytical techniques such as non-

destructive and non-invasive. Nondestructive analytical tech-

niques are methods that do not consume the sample during

the analysis; after the analysis, the sample is still available for

further investigation. Many spectroscopic methods can be

considered as nondestructive, whereas other approaches,

such as chromatographic techniques, should be considered

as destructive. Micro-destructive techniques cause small

damage to the sample, as this often involves some subsampling

on a micrometer scale, as in the case of laser ablation induct-

ively coupled plasma mass spectrometry (LA-ICP-MS). So

where the terms destructive, micro-destructive, and non-

destructive apply on the level of the sample, the terms invasive
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and non-invasive apply to the object as a whole. Non-invasive

techniques require no sampling of the artifact, whereas inva-

sive approaches do. The use of non-invasive techniques

implies that direct analysis is performed: the object and the

laboratory instrumentation are in such a way that the artifact

can be analyzed, typically by causing no damage or only micro-

damage. So, typically, non-invasive techniques are nondestruc-

tive or micro-destructive approaches. In situ studies are direct

investigations where the instrumentation is brought outside

the laboratory, to the cultural heritage object, and they typ-

ically involve mobile instrumentation. Examples include field

campaigns on archaeological sites or geological outcrops,

direct analysis of wall paintings or rock art, or measurements

in the exhibition room of a museum.

Direct or even in situ analyses are good approaches to

optimize the I/D ratio and therefore favor the use of mobile

instrumentation. Different factors determine the degree of

mobility of analytical instrumentation, including the weight

and size of the instruments, their robustness, and their

degree of independence of resources (e.g., electrical power,

cooling water, liquid nitrogen, etc.). Smith discriminates

between ‘‘portable’’ and ‘‘transportable’’ instrumentation

based on whether the instrument is portable by a single

man or by four men.2 In previous work we distinguished dif-

ferent types of mobile Raman spectrometers,3,4 and these

definitions as provided below and illustrated in Figure 1 are

easily adaptable to other spectroscopic techniques:

– Transportable instrumentation. Most analytical instru-

ments can be considered as transportable: they can

be moved from one lab to another in cars or vans and

require some installation when brought in the lab.

– Mobile equipment. Instrumentation typically designed

for mobility. Stability of the spectrometer was

taken into account when designing it, and the oper-

ator does not need to adjust internal parts (e.g., out-

lining) when it is brought on site. Usually, no elaborate

calibration procedure is required after moving the

instrument.

– Portable spectrometers. Portable instruments are

mobile spectrometers that can be carried by a single

person. These instruments are often battery-oper-

ated and fit in a suitcase or backpack – typically the

size of hand luggage allowance for airplanes. Usually

these instruments have no moving parts, which

enhances the robustness during transport.

– Handheld instruments. These spectrometers can be

operated while being held in the hand by the operator.

Normally measurement times are relatively short, as

the operator should be able to hold the instrument in

the appropriate position during the measurement.

Sometimes tools can be used for a more stable pos-

itioning (e.g., tripod).

– Palm instrumentation. A palm instrument is a very small

instrument that is very lightweight and has very small

dimensions – it fits more or less in the palm of one’s

hand. Due to the very small dimensions, usually spec-

tral resolution is low and these instruments can be

used for fast discrimination between products with

clearly different spectral properties.

Figure 1. Examples of the different categories of spectroscopic instrumentation, according to the degree of mobility. Transportable:

Bruker Senterra Raman instrument and EDAX Eagle III XRF spectrometer; Mobile: Mobile Raman instrument (MArtA) and Bruker

ARTAX (Image from: www.bruker.com); Portable: Enwave EZ-Raman -I-Dual; Handheld: Olympus InnovX Delta XRF spectrometer;

Palm: SciAps ReporteR Raman instrument (Image from: www.SciAps.com).
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In this paper we want to provide an overview of recent

research performed with mobile instrumentation on cul-

tural heritage objects. The work focuses on spectroscopic

techniques, so we will not discuss other approaches such as

methods of visualization like infrared reflectography, rank-

ing light photography, 3D scanning, or in situ microscopy.

Figure 2 gives an overview of the evolution of the number

of research papers that were published in this field, along

with the evolution of the citations. These data are based on

a simple query in ISI Web of Science, and although this

approach might miss some references (e.g., publications in

archaeological survey reports, documentation in museums,

or local publications), it clearly shows some trends. It is

evident that the number of publications (and citations) in

Figure 2. Overview for the number of publications (A) and citations (B) retrieved from ISI Web of Science (2000–2014) for the query:

TOPIC: ((mobile OR portable OR handheld) AND (cultural heritage OR archaeo*) AND (spectr*)) and combined with, respectively,

AND (Raman); AND (XRF OR X-ray OR X ray); AND (FT-IR OR infra-red or infra red); AND (LIBS OR laser-induced OR laser

induced); AND (hyperspectral imaging).
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this research field is steadily growing and that the most

frequently used mobile analytical techniques are X-ray

fluorescence (XRF) and Raman spectroscopy. This observa-

tion is supported by the significant number of references

included in the XRF and Raman sections of this review. The

other techniques, while reported to a lesser extent in the

literature, demonstrate the expanding repertoire of port-

able instrumentation available to researchers and research-

ers’ quests to better characterize the many sample types

encompassed within cultural heritage analysis.

The main focus of this review is on direct analysis, inside

and outside the laboratory (the latter approach being called

‘‘in situ’’), using mobile instrumentation. We will highlight

the topics according to the analytical techniques that are

involved, namely Raman spectroscopy, X-ray fluorescence

(XRF) analysis, Fourier transform infrared (FT-IR) spectros-

copy, laser-induced breakdown spectroscopy (LIBS), and

less commonly reported mobile techniques such as hyper-

spectral imaging and others. This review will conclude with

a discussion on combined method approaches.

Spectroscopic Analysis

A number of instrumental techniques originally developed and

utilized for laboratory-based research have been adapted, min-

iaturized, and/or reconfigured for use in the field. While those

discussed here are all based in spectroscopy, the chemical

information gleaned from each technique ranges from elem-

ental to molecular and exploits various phenomena including

absorption, emission, and scatter. A separate section devoted

to each technique is below.

Raman Spectroscopy. The first applications of Raman

spectroscopy in art analysis date to the late 1970s, when

Dhamelincourt et al.5 coupled a Raman spectrometer with

microscope optics and applied it to the investigation of

artworks, followed by the groups of Delhaye6 and of

Guineau and Coupry in the 1980s.7–9 This limited use of

Raman spectroscopy for art analysis lasted until the end of

the 1990s when the technique became increasingly popular

following the publication by Bell et al.10 of a database of pre

ca. 1850 pigments, a work that was later reproduced and

expanded by the same research group.11 Since then, the

number of papers in this research field grew expansively.12

Raman spectroscopy is very well-suited for investiga-

tions of cultural heritage objects. Indeed, the method’s non-

destructive character combined with its ability to obtain

molecular spectra of particles down to 1 mm are very favor-

able characteristics when studying brittle artworks or arch-

aeological objects. Moreover, micro-samples can be

examined, but direct analysis is often also possible provided

the laser power is kept sufficiently low.

Small objects can easily be positioned on the microscope

stage of a micro-Raman spectrometer (cfr., transportable

instrumentation). This approach has been applied to the

study of the pigments in medieval manuscripts and loose

leaves.13–16 A similar approach was used for the analysis of

19th century porcelain cards that were positioned under

the Raman microscope.17,18 The difference between the

two strategies is that in the first case the instrument was

transported to the museum, while in the latter case the

artifacts were brought into the laboratory. Apart from

the possible cumbersome transport of sensitive scientific

equipment, proper room darkening in the location where

the analysis takes place is essential: ambient light can over-

whelm the Raman signal.

In 2001, the first experiments were published where

fiber optic probe heads were used to perform direct ana-

lysis on objects of art. By using a fiber optic probe head

mounted to an FT-Raman instrument, Raman spectra of the

paint layer were obtained through the varnish layer of paint-

ings by Lucebert, Degas, de Chirico, and Magritte.19 Thus,

feasibility of the fiber optic approach was proven and led to

the development of portable fiber optic Raman instrumen-

tation specifically designed for art analysis. The probe head

was equipped with a color camera and the laser power

could easily be adjusted. The dedicated software package

allowed for easy calibration of the instrument and also

made it possible to store all essential meta-information

on the analysis at hand along with the spectrum. As soon

as commercial mobile instrumentation became available on

the market, comparative studies were organized, with

mock-up samples, to test their usefulness for archaeome-

trical studies.20 Today, several high-quality commercial

instruments are available that easily can be applied for art

analysis. However, it must be remarked that, to our experi-

ence, instrument engineers often underestimate the

importance of good macro- and micro-positioning equip-

ment. A comparative overview of commercially available

mobile Raman instrumentation has been published.3 The

use of mobile Raman instrumentation in archaeometry

was recently reviewed.3,21

For the in situ analysis of medieval manuscripts, mobile

instruments were brought into a library22 or museum,23

where the analyses took place. Often these investigations

took place in a separate dark room where there was little

interference from ambient light. If it is not possible to block

out the light, tents have been used to avoid the interference.16

Several papers also reported on bringing mobile Raman instru-

mentation into museums.24–26 In these cases, investigations

were performed in storage rooms, conservation studios, or

in the exhibition room itself. Apart from the technical limita-

tions that the latter option poses (darkening, spatial limitations

for instrumental setup, etc.), special care must also be taken to

inform the public about the investigations that take place, as

well as to avoid possible injuries (e.g., people walking over

cables or bumping into instrumentation, visitors staring into

the laser beam, etc.).

If it is not possible or allowed to sample wall paintings, in

situ investigations are the only possibilities. Direct Raman

analysis was performed on medieval wall paintings on
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several occasions.27,28 When working in churches or cha-

pels, darkening the room is not always straightforward, and

therefore it can be a good strategy to work at night. As the

wall paintings are often situated at elevated heights (e.g., on

the ceiling), the Raman spectrometer may need to be pos-

itioned on scaffolding. However, working on scaffoldings or

elevated platforms often involves stability issues: if during

the analysis (typically lasting for some minutes) somebody is

moving on the platform, the probe head can move many

millimeters, and consequently the area under study moves

in and out of focus. Several solutions have been tested to

eliminate this problem: the use of micro stepper motors to

fine-focus the probe head remotely (and not moving during

analysis) is one option;29 the use of separate scaffoldings for

instrument and operators is another option;27 or while

analyzing the wall painting on the famous church of

Pianazzola4 a stair was positioned next to the wall painting

and the probe head was manually positioned. In the last

case, advantage was taken of the dual laser system (green

532 nm laser and red 785 nm laser) to obtain quality spectra

of the pigments as well as of some degradation products

(e.g., oxalates). When measuring in the Tomb of Menna in

Luxor (Egypt),30 the probe head was positioned using an

articulating arm. Measurement conditions were rather dif-

ficult, including a dusty and sandy environment, uneven

ground, elevated temperatures, the need to work with sev-

eral teams in a small space, and the need to work with an

electrical generator. Similarly challenging conditions were

encountered during in situ Raman data collection at the

Sant’Ansano site located in an agricultural field in

Allerona, Italy, and included a dusty environment, uneven

ground, elevated temperatures, full exposure to sun, and

the required use of a ladder to gain access to the fresco of

interest.31

Prehistoric rock art from different areas has been the

subject of several Raman spectroscopic examinations.

Often, the analyses were performed on removed samples

and focused on the different phases of iron oxides/hydrox-

ides present.32 Goethite, limonite, and hematite with differ-

ent degrees of crystallinity are often encountered. In some

cases it was possible to determine the presence of oxalates,

which are often associated with microbiological activities.

Recently, some groups also performed in situ investigations.

The work performed by the groups of Prinsloo, Tournié,

and colleagues in South Africa is remarkable.32–35 They

clearly describe the difficulties associated with transporting

the instrumentation on site (to be carried by men) and

then, due to the rocky environment at the base of the

shelter, the difficulties to position the tripod with the

probe head. Other examples of direct in situ analysis of

rock art by Raman spectroscopy were also performed in

Spain36 and France.37

The Raman spectroscopy research group in Bilbao has

gained extensive experience in studying stone construction

materials under environmental stress: the influence of

airborne aerosols and salts and the formation of efflores-

cence on building materials, such as stones and mortars,

was studied.38 Thermodynamic equilibria were calculated,

and based on the detected reaction products degradation

pathways were proposed. They applied mobile Raman spec-

troscopy and similar mathematical models to monitor

cleaning and consolidation processes of art objects.39,40

The same group also used Raman spectroscopy to investi-

gate wall paintings and mortars in Marcus Lucretius’ house

in Pompei.41

A select number of papers were published demonstrat-

ing the possibilities of mobile Raman spectroscopy for gem-

stone analysis. A fiber optic probe was used in combination

with a System-100 spectrometer (Renishaw), to study the

gems in the Heinrich’s Cross reliquary in the Basel

Cathedral.42 In general, gemstone analysis might seem

straightforward by Raman spectroscopy. However, when

using mobile instrumentation, as the gemstones are

mounted in a reliquary, they cannot be touched or oriented

as a function of the polarization of the laser beam, which

makes the analysis more difficult compared to laboratory

studies. Another remarkable in situ investigation is the ana-

lysis of the gemstones and minerals from the Grotto Hall of

the New Palace in Potsdam,43 where it was even possible to

identify mineral inclusions. Petrova et al.44 studied the scep-

ter of the Faculty of Science of Charles University in Prague

using a handheld Raman spectrometer equipped with a

785 nm laser.

Raman spectroscopy can be applied for the analysis of

glass and glazes. Typically these objects are investigated

using a blue or green laser. The Colomban group demon-

strated that the technique is well suited for the study of the

structure of the amorphous silicate matrix.45,46 Several

papers were published by this group on the analysis of dif-

ferent types of porcelain and enamels in museums.47–50 A

review was published on the use of mobile Raman spec-

troscopy for the analysis of glass and glazes, including a

detailed description of the mathematical approaches that

can be used to extract information on the types of mater-

ials, as well as on their degradation.51 This research group

also analyzed the stained glass windows in the Sainte-

Chapelle (Paris) using fiber optic Raman spectroscopy.52

As sunlight was passing through the stained glass windows,

the measurements could only be performed at times of the

day when the sun did not reach the windows, thus avoiding

this interference. Through application of appropriate data

processing techniques, parts of the glass pieces were iden-

tified as medieval, while others are 19th century replace-

ments. By using mobile Raman spectroscopy in a museum

context, Ricciardi et al.53 were also able to identify the

types of glass from a series of glass objects dating from

the 15th to 19th centuries.

X-ray Fluorescence Analysis. X-ray fluorescence (XRF)

spectrometry is a nondestructive atomic spectroscopic

technique that can provide both qualitative and quantitative

Vandenabeele and Donais 31



information regarding the elemental composition of a

sample. The first portable XRF instruments, developed

mostly for military and mining purposes, were reported

in the literature about 50 years ago.54–58 These instruments

utilized radioisotope sources and were largely laboratory-

developed although a limited number of commercial instru-

ments were available.59 With the availability of air-cooled

X-ray tube sources and thermoelectrically cooled X-ray

detectors,60 the development and applications of portable

XRF instruments has increased exponentially in recent

years. This is especially evident in the number of commer-

cial portable XRF instruments now available to research-

ers.61 These energy-dispersive XRF (EDXRF) instruments,

which have no moving parts, are compact and rugged –

essential requirements for use outside a controlled labora-

tory environment. Portable EDXRF instruments are also

lower cost relative to their wavelength-dispersive benchtop

counterparts and are much simpler to operate compared

to other atomic spectroscopic techniques such as induct-

ively coupled plasma atomic emission spectroscopy. The

increased use of portable XRF in archaeometry is not with-

out controversy, however, as users with little training and

knowledge in the proper application of the technique gain

access to these simple point-and-shoot instruments.62–64

Resources with detailed descriptions of instrument com-

ponents and design, the theoretic basis of the technique,

and its applications are available.65–67 With respect to

equipment design, most instruments provide sufficient sig-

nals to detect elements Z� 20 (calcium) with some instru-

ments capable of lower Z elements such as aluminum,

silicon, and sulphur.68–70 The sample area exposed to

the X-ray beam, referred to as the instrument spot size,

also can vary considerably depending on instrument

design. Some mobile XRF instruments are designed

more for bulk analysis with larger spot sizes in the range

of 9–170 mm2.69,71,72 Instruments with smaller spot sizes,

some of which are labelled as m-XRF with diameters in the

range of 40 mm to 1 mm,68,73–77 have been reported for

samples requiring finer spatial resolution.

While qualitative information is easily determined by

matching XRF spectral peak energies to known elemental

values, quantitation can be considerably more challenging

for a variety of reasons including sample homogeneity, coat-

ings, or contamination on the sample surface, sample shape,

and the various interactions X-rays can have with a sample’s

matrix including attenuation, refraction, and absorption.

Quantitative methods fall into two general categories: fun-

damental parameters methods78,79 and methods utilizing

regression models, which often include Compton scat-

ter normalization.79 Both methods include standards of at

least similar composition and ideally matched composition

to the samples. Fundamental parameters methods are

most often applied to metallic samples whereas regression

methods are used for soils and other similar geological

samples.

Pigments are the most common archaeometric sample

type examined using mobile XRF. Typically, qualitative

results for the major elements present are compared to

the chemical formulae of known pigments of the time

period of interest with the goal of identifying the specific

pigment present. But while identification of an exact pig-

ment present via only XRF analysis is difficult, pairing XRF

data with data from structural techniques such as Raman or

X-ray diffraction (XRD) can often lead to definitive results;

a number of studies using both XRF and XRD or combin-

ation XRF–XRD instruments have been reported.80–83

Pigment identification is important for many archaeometric

artifact categories including museum artworks,25,68,82,84–88

fresco and church artworks,27,71,75,82,89 cave art,81,90 illumi-

nated manuscripts,91 ceramics,70,77,92–94 and sculp-

tures.72,95,96 Beyond pigment identification, mobile XRF

can aid in the detection and documentation of later con-

servation efforts,84 to investigate possible forgeries,85 and

for sourcing minerals.90 Duran et al.91 recently demon-

strated that mobile XRF studies can be expanded to include

not only pigments but also the paper, writing ink, and metal

gilding on an illuminated parchment. Alfeld et al.97 utilized

two-dimensional scanning via mobile macro-XRF for in situ

studies of paint layers in various museum works. And while

qualitative pigment studies predominate the literature, a

quantitative study of binary pigment mixtures also has

been reported.98

A limited number of obsidian studies utilizing mobile and in

some cases handheld XRF have been reported.99–102 All dis-

cuss the feasibility of mobile instrumentation compared to

traditional laboratory-based XRF and alternative techniques

such as instrumental neutron activation analysis for achieving

the high accuracy required for obsidian sourcing. Quantitation

approaches included linear regression,101 quadratic regres-

sion,99 fundamental parameters,100 and corrections utilizing

Compton scatter.102 And while the researchers all concluded

that mobile XRF can be successfully used for obsidian sour-

cing, concerns were noted by some.

Examination of pottery and ceramics via mobile

XRF can include any combination of pigments, slip, glaze,

and body. Applications including quantitative determin-

ations of elements present in the materials have been

reported,73,77,103,104 while others only involve qualitative

evaluation of spectra.70,92–94,105 Many studies focus on the

examination of pottery fragments, commonly referred to as

sherds.70,73,77,92,93,103,105 More unusual sample types

include floor tiles94 and clay figurines, tokens, and sling

bullets.104

The strengths of mobile XRF lend themselves well

to the characterization of metallic objects. A diverse

array of archaeometric artifacts including statues,68,106,107

a sword,96 jewellery,74 plates and dishes,74,108 and religious

objects108,109 have been examined by researchers. And the

metal compositions investigated included those consisting

predominantly of copper,68,74,106,107,109,110 gold,74,96,108,110
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silver,74,108 and iron.96 A set of calibration standards devel-

oped for heritage copper alloy analyses via XRF is available;

while intended for all XRF instruments and not just with

mobile XRF, use of these standards should improve the

accuracy and quantitation range for copper alloy

research.111 One challenge noted by some researchers

examining metallic objects is the common occurrence of

a thin outer corrosion layer that differs from the object’s

bulk composition and may affect quantitative

results.68,106,107 This unwanted outer layer is most typically

caused by exposure to the environment and is often

referred to as patina. Alternatively, the thickness of inten-

tionally applied thin layers can be characterized as demon-

strated in work reported by Hayakawa et al. on gold leaf96

and Karydas and Ferretti et al. on gilding.74,108

A lesser explored category within archaeometry is mobile

XRF analyses of stone and construction materials. Weathering

and environmental effects on stone surfaces have been

reported by Angelini et al.,95 Ogburn et al.,112 and Potts

et al.113 Sourcing–provenance of stone tools114 and bricks115

has also been reported. And mobile XRF data from floor

tiles,69 mortars, and hydraulic cements116,117 has been evalu-

ated statistically to aid in site evaluation and phasing.

Soils, often examined from a geological or environmental

point of view, have been demonstrated to be of importance

for field archaeology. Some research has utilized quantitative

XRF data collected via mobile instrumentation to better

understand human activity patterns such as the location of

house structures and areas for food preparation or consump-

tion.118–120 Davis et al.121 were able to characterize the soil

geochemistry at a site in Idaho so as to predict lithostrati-

graphic membership. And while not applied to actual cultural

heritage samples to date, Hunt and Speakman propose

detailed protocols for quantitative archaeological soil studies

utilizing mobile EDXRF instrumentation.122

Research on archaeological glasses and enamels also

have been aided by the availability of mobile XRF instru-

ments. Accurate quantitative studies on glasses are fairly

easy to achieve utilizing the wide array of glass certified

standards produced by a number of sources. Samples of

interest include beads,123,124 amulets,123 tesserae,125,126

flasks,127 and enameled objects.128,129

Fourier transform infrared spectroscopy. Despite the bene-

fits of its ability to simultaneous characterize both inorganic

and organic species, the need for micro-sampling with trad-

itional salt plate-based FT-IR instrument designs makes this

technique less than ideal for many archaeometry studies.

Early mobile FT-IR instruments date to the 1980s130,131

with applications focused in environmental analysis.

Weiner and Goldberg132 reported use of a portable FT-IR

at an archaeology site in Israel in 1990. Small KBr pellets

were made of sediment and bone samples, a preparation

procedure noted by the authors as needing improvement as

it effected sample throughput with a mere 15 samples ana-

lyzed per day and was obviously destructive to samples.

With the development of alternate sampling devices

such as attenuated total reflectance (ATR) and fiber optic

reflectance probes, the opportunities to apply FT-IR to cul-

tural heritage analysis have broadened. Nel et al.133 used

mobile ATR FT-IR to characterize micro-samples of adhe-

sives on repaired archaeological pottery in a Melbourne

University collection. Although micro-destructive in

nature, this approach did no damage to the pottery itself

as only the adhesives were sampled. Research studies using

fiber optic Fourier transform mid-IR reflectance spectros-

copy (FORS) are more common with applications reported

for synthetic conservation treatments on plaster,134 plastic

components on museum objects,135 pigments,136,137 and

pigment mixtures.137 A significant advantage to FORS com-

pared to pellet-based FT-IR and ATR FT-IR is its

nondestructive nature. Nondestructive portable total

reflection FT-IR also has been applied to characterize bin-

ders and verify the use of an egg-based medium by the artist

on a triptych.136

Laser-induced breakdown spectroscopy. The first mobile

LIBS instrument was a man-portable suitcase design

reported by researchers at Los Alamos in 1996 for toxic

metals measurements in soils.138 By 2004, instruments had

shrunk to briefcase size,139 and finally arrived at a backpack

design140 in 2005 but still focused on mostly hazardous and

toxic materials analysis. An excellent review was recently

published on portable LIBS;141 including both prototype and

commercial units, considerable detail is included on instru-

ment components and design. The only application in the

field of archaeometry during this early instrument develop-

ment period was by Gobernado-Mitre et al. in 1997 for

online LIBS monitoring of limestone laser cleaning for an

historic building.142 In 2007 Fortes et al.143 expanded the

utility of mobile LIBS for historic building research to

include the elemental characterization of sandstone, lime-

stone, marble, and mortar.

Many of the reported uses of mobile LIBS for archaeom-

etry focus on metallic artifacts. A prototype instrument was

used by Orsorio et al.144 to characterize a Japanese metal jug.

The major elements as well as the thickness of the outer Cu

layer were determined; environmental contamination likely as

dirt also was identified on the object’s surface. Copper-based

alloy analysis with mobile LIBS includes studies on brooches

from an Italian archaeology excavation,145 fragments of bronze

statues,146 and Minoan bronze objects.147 Various approaches

to quantitation are presented in these studies. Mobile LIBS

studies of gold jewelry147 and Roman silver denarii (coins)148

have also been reported. And it is worth noting that compari-

sons of quantitative LIBS results to results from other elem-

ental techniques like XRF146,148 and LA-ICP-MS145 are found

in a number of studies.

A multi-technique approach including mobile LIBS with

mobile Raman spectroscopy and XRD was used by

Westlake et al.149 to characterize wall painting fragments

from the Bronze Age, Roman period, and Byzantine period
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to explore variations in the painting materials and tech-

niques across time. Portable LIBS was noted to be easier

to use in the field compared to portable Raman but was

micro-destructive to the samples and provided less spatial

resolution.

A particularly interesting application of mobile LIBS for field

archaeology was for submarine measurements in the

Mediterranean Sea.150 Solid objects examined included metal-

lic alloys, ceramics, rocks, wood, and bones to fully evaluate

the utility of the instrument. A fiber optic cable was used to

deliver the laser pulse with an air flux to remove seawater

from the sample surface during analysis. The main instrument

housing was located on a ship’s deck with the fiber optic cable

deployed over the ship’s side in the control of a researcher in

dive gear. The researchers concluded that mobile LIBS shows

considerable promise for the characterization of objects at

underwater archaeological sites, although immersion depth

does affect the signal for some elements.

Less commonly reported spectroscopic techniques. A handful

of other mobile techniques have been applied to archae-

ology and art. Verri et al.151 report on a multi-instrument

study using a portable fluorimeter, portable time-resolved

fluorimeter, and a portable spectrophotometer capable of

both fluorescence and reflectance measurements to char-

acterize wall paint replicas. The reference samples exam-

ined in the study were previously characterized using a

number of chromatographic and spectroscopic techniques

through a project coordinated by The Getty Conservation

Institute. A study using both in situ steady-state lumines-

cence measurements and luminescence lifetime measure-

ments was used by Romani et al.152 to study organic

pigments on pages of The Book of Kells. Gil et al.153 con-

ducted in situ measurements with portable visible spectros-

copy together with micro-sampling to document wall

painting blue pigments in deteriorating churches in south-

ern Portugal. Changes in the painters’ material choices

across four centuries were noted together with changes

in the appearance of some paints from their original

colors. The application of a novel portable micro-fading

spectrometer for lightfastness measurements was reported

by Lerwill at al.;154 paint samples from the studio materials

of JMW Turner were studied. And lastly, a mobile hyper-

spectral imaging spectrometer was used to study an

Alberto Burri painting at the Ex-Seccatori del Tabacco

museum in Perugia, Italy.155 A number of pigments were

identified via the two-dimensional instrument output and

corresponding false color images; results were confirmed

through single-point measurements with a portable FT-IR

spectrometer.

Combined Approaches

As discussed previously, an important goal in this research

field is maximizing the useful information that is gathered

while minimizing the (risk of) damage. Combining several

analytical techniques during in situ research seems a

straightforward approach. When considering this, we

should be clear on what we mean by ‘‘useful information’’.

The results from two analytical techniques can be confirma-

tory: if they both point out the same result, the rationale

behind using a second analytical technique might be that

one technique confirms the results of the other, which

strengthens the accuracy of the obtained results. On the

other hand, often two techniques may also provide compli-

mentary information: when one technique does not yield

useful information, another method may be of use. Third, if

two techniques seem, at first sight, to provide contradict-

ory information, it is the analyst’s task to try to identify

possible reasons.

When using multiple techniques on the same artifact,

typically thorough site preparation is needed. In addition

to the practical details such as safe positioning of and

access to the artifact itself, electricity for equipment, etc.,

also clear plans have to be established on a prioritized

timeline for the investigation. Typically, the access time to

the artifact is limited, e.g., during closing hours of the

museum, and one can choose to perform the different

studies simultaneously or one after the other. Also, health

issues have to be taken into account, for instance when

working with X-rays. Moreover, if several analysts have to

work in a small space, safety of the artwork has to be

ensured. A good practice is to limit the number of people

who are involved on site. Moreover, each analytical tech-

nique might require specific experimental conditions which

can hamper the practical organization when working sim-

ultaneously (e.g., working in darkness for Raman spectros-

copy, keeping a safety perimeter when using X-rays,

vibration issues when working on a scaffolding).

For the ease of data interpretation, it is of the utmost

importance to document the exact spot where the analysis

took place, and it is a good practice to try to investigate the

same spot with the different analytical techniques. Although

this might seem straightforward, during interpretation it has

to be taken into account that the techniques have different

lateral resolution and penetration depth. All team members

should fully understand the research questions on hand, so

that they know exactly what needs to be studied.

Some research teams have a whole series of mobile ana-

lytical techniques available, and they can bring an array of

instruments on site for direct analysis of artwork.156,157

This approach has proven to be very helpful for the analysis

of important artwork.158,159 Despite this approach being

very effective, bringing specialists on site to coordinate

the work is often limited to the topmost important art-

work, and time on site is always limited. On a smaller

scale, a combined method approach using a smaller

number of in situ techniques has been used for the analysis

of Egyptian wall paintings,30 panel paintings,25 a majolica tile

floor,94 Roman fresco fragments,160 and gemstones.44

Typically, this research is started with macrophotography
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and digital microscopy, and then combinations are made of

a molecular spectroscopic technique (Raman spectros-

copy) with an elemental spectroscopic approach (XRF).

There has been a single instrument that combined both

XRF and Raman analysis,161 but there is no convincing

advantage to house both techniques in a single instrument

compared to using two separate spectrometers. As noted

early in this review, a number of studies utilizing combined

XRF-XRD instruments for archaeometric studies have

been reported and take advantage of a common radiation

source.80,82 In the case of combining Raman spectroscopy

with LIBS, the advantage is comparatively straightfor-

ward,162 as ideally both techniques can partially use the

same optics. This approach was successfully applied in

several cases for the direct analysis of cultural heritage

materials,163–166 and the approach can even be combined

with laser cleaning of stone artifacts, such as historical

buildings. However, compared to a mobile Raman instru-

ment, the combined LIBS-Raman setup is significantly

larger and heavier.

Conclusions

In this review, an overview is given of recent studies of

cultural heritage materials using mobile instrumentation.

The terminology is defined and then the major issues are

discussed, depending on the techniques that are deployed.

X-ray fluorescence and Raman spectroscopy are by far the

most used mobile techniques in the field of art analysis.

Their applications, advantages, and disadvantages are dis-

cussed. We also describe some applications of Fourier

transform infrared spectroscopy, laser-induced breakdown

spectroscopy, and other lesser used mobile spectroscopy

techniques. Finally, some ideas on using combined method

approaches are provided.

As demonstrated by the increasing number of publica-

tions and citations in this field, mobile instruments are play-

ing a vital role in art and archaeology analysis. Instrument

manufacturers are supporting this trend through improve-

ments to current devices – smaller size, lower cost,

improved capabilities – and adaptation of other devices to

new mobile platforms. The archaeologists, art conserva-

tionists, chemists, and others using these practical and

powerful instruments have much to look forward to as

forge ahead to learn more about the chemistry behind cul-

tural heritage objects.
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91. A. Duran, A. López-Montes, J. Castaing, T. Espejo. ‘‘Analysis

of a Royal 15th Century Illuminated Parchment Using a

Portable XRF–XRD System and Micro-Invasive

Techniques’’. J. Arch. Sci. 2014. 45: 52–58.

92. F. Bardelli, G. Barone, V. Crupi, F. Longo, D. Majolino, P.

Mazzoleni, V. Venuti. ‘‘Combined Non-Destructive XRF

and SR-XAS Study of Archaeological Artefacts’’. Anal.

Bioanal. Chem. 2011. 399: 3147–3153.

93. M. Uda, M. Nakamura, S. Yoshimura, J. Kondo, M. Saito, Y.

Shirai, S. Hasegawa, Y. Baba, K. Ikeda, Y. Ban, A. Matsuo, M.

Tamada, H. Sunaga, H. Oshio, D. Yamashita, Y. Nakajima, T.

Utaka. ‘‘Amarna Blue’’ Painted on Ancient Egyptian Pottery’’.

Nucl. Instrum. Methods Phys. Res., Sect. B. 2002. 189:

382–386.

94. L. Van de Voorde, M. Vandevijvere, B. Vekemans, J. Van

Pevenage, J. Caen, P. Vandenabeele, P. Van Espen, L. Vincze.

‘‘Study of a Unique 16th Century Antwerp Majolica Floor in

the Rameyenhof Castle’s Chapel by Means of X-Ray

Fluorescence and Portable Raman Analytical

Instrumentation’’. Spectrochim. Acta B. 2014. 102: 28–35.

95. E. Angelini, S. Grassini, S. Corbellini, G.M. Ingo, T. de Caro, P.

Plescia, C. Riccucci, A. Bianco, S. Agostini. ‘‘Potentialities of

XRF and EIS Portable Instruments for the Characterization

of Ancient Artefacts’’. Appl. Phys. A: Mater. Sci. Process.

2006. 83(4): 643–649.

96. Y. Hayakawa. ‘‘Portable XRF Analysis of Japanese Historical

Objects’’. Adv. X-Ray Anal. 2004. 47: 36–41.

97. M. Alfeld, K. Janssens, J. Dik, W. de Nolf, G. van der Snickt.

‘‘Optimization of Mobile Scanning Macro-XRF Systems for

the In Situ Investigation of Historical Paintings’’. J. Anal. At.

Spectrom. 2011. 26: 899–909.

98. D. Fontana, M.F. Alberghina, R. Barraco, S. Basile, L.

Tranchina, M. Brai, A. Gueli, S.O. Troja. ‘‘Historical

Pigments Characterisation by Quantitative X-Ray

Fluorescence’’. J. Cult. Herit. 2014. 15(3): 266–274.

99. L.G. Cecil, M.D. Moriarty, R.J. Speakman, M.D. Glascock.

‘‘Feasibility of Field-Portable XRF to Identify Obsidian

Sources in Central Peten, Guatemala’’. In: M.D. Glascock,

R.J. Speakman, R.S. Popelka-Filcoff (eds) ACS Symposium

Series. Washington, D.C., USA: American Chemical

Society, 2007, pp. 506–521.

100. N. Craig, R.J. Speakman, R.S. Popelka-Filcoff, M.D. Glascock,

J.D. Robertson, M.S. Shakley, M.S. Aldenderfer. ‘‘Comparison

of XRF and PXRF for Analysis of Archaeological Obsidian

from Southern Peru’’. J. Arch. Sci. 2007. 34: 2012–2024.

101. E. Frahm, B.A. Schmidt, B. Gasparyan, B. Yeritsyan, S.

Karapetian, K. Meliksetian, D.S. Adler. ‘‘Ten Seconds in the

Field: Rapid Armenian Obsidian Sourcing with Portable XRF

to Inform Excavations and Surveys’’. J. Arch. Sci. 2014. 41:

333–348.

102. A.J. Nazaroff, K.M. Prufer, B.L. Drake. ‘‘Assessing the

Applicability of Portable X-Ray Fluorescence Spectrometry

38 Applied Spectroscopy 70(1)



for Obsidian Provenance Research in the Maya Lowlands’’.

J. Archaeol. Sci. 2010. 37(4): 885–895.

103. F.P. Romano, G. Pappalardo, L. Pappalardo, S. Garraffo, R.

Gigli, A. Pautasso. ‘‘Quantitative Non-Destructive

Determination of Trace Elements in Archaeological Pottery

Using a Portable Beam Stability-Controlled XRF

Spectrometer’’. X-Ray Spectrom. 2006. 35(1): 1–7.

104. F. Forouzan, J.B. Glover, F. Williams, D. Deocampo. ‘‘Portable

XRF Analysis of Zoomorphic Figurines, ‘‘Tokens,’’ and Sling

Bullets from Chogha Gavaneh, Iran’’. J. Archaeol. Sci. 2012.

39: 3534–3541.

105. R.A. Ikeoka, C.R. Appoloni, P.S. Parreira, F. Lopes, A.M.

Bandeira. ‘‘PXRF and Multivariate Statistics Analysis of Pre-

Colonial Pottery from Northeast of Brazil’’. X-Ray

Spectrom. 2012. 41(1): 12–15.

106. A. Gianoncelli, G. Kourousias. ‘‘Limitations of Portable XRF

Implementations in Evaluating Depth Information: An

Archaeometric Perspective’’. Appl. Phys. A: Mater. Sci.

Process. 2007. 89(4): 857–863.

107. T. Nagae, H. Mifune. ‘‘XRF Analysis of the Seated Shaka

Nyorai Statue of Kaniman-ji at Kyoto’’. ISIJ Int. 2014. 54:

1117–1122.

108. M. Ferretti, C. Polese, C.R. Garcia. ‘‘X-Ray Fluorescence

Investigation of Gilded and Enamelled Silver: The Case

Study of Four Medieval Processional Crosses from Central

Italy’’. Spectrochim. Acta B. 2013. 83–84: 21–27.

109. G.E. Gigante, S. Ridolfi, D. Ferro. ‘‘Diagnostic Investigations

and Statistical Validation of EDXRF Mapping of the Burial

Monument of Pope Sixtus IV by Antonio Pollaiolo (1493)

in the Vatican’’. J. Cult. Herit. 2012. 13(3): 345–351.

110. M. Uda, A. Ishizaki, R. Satoh, K. Okada, Y. Nakajima, D.

Yamashita, K. Ohashi, Y. Sakuraba, A. Shimono, D. Kojima.

‘‘Portable X-Ray Diffractometer Equipped with XRF for

Archaeometry’’. Nucl. Instrum. Methods Phys. Res., Sect.

B. 2005. 239(1–2): 77–84.

111. A. Heginbotham, J. Bassett, D. Bourgarit, C. Eveleigh, L.

Glinsman, D. Hook, D. Smith, R.J. Speakman, A. Shugar, R.

Van Langh. ‘‘The Copper CHARM Set: A New Set of

Certified Reference Materials for the Standardization of

Quantitative X-Ray Fluorescence Analysis of Heritage

Copper Alloys’’. Archaeom. 2015. 57(5): 856–868.

112. D. Ogburn, B. Sillar, J.C. Sierra. ‘‘Evaluating Effects of

Chemical Weathering and Surface Contamination on the In

Situ Provenance Analysis of Building Stones in the Cuzco

Region of Peru with Portable XRF’’. J. Arch. Sci. 2013.

40(4): 1823–1837.

113. P.J. Potts, F. Bernardini, M.C. Jones, O. Williams-Thorpe, P.C.

Webb. ‘‘Effects of Weathering on In Situ Portable X-Ray

Fluorescence Analyses of Geological Outcrops: Dolerite

and Rhyolite Outcrops from the Preseli Mountains, South

Wales’’. X-Ray Spectrom. 2006. 35(1): 8–18.

114. P. Grave, V. Attenbrow, L. Sutherland, R. Pogson, N. Forster.

‘‘Non-Destructive pXRF of Mafic Stone Tools’’. J. Arch. Sci.

2012. 39(6): 1674–1686.

115. L. Bonizzoni, A. Galli, M. Gondola, M. Martini. ‘‘Comparison

Between XRF, TXRF, and PXRF Analyses for Provenance

Classification of Archaeological Bricks’’. X-Ray Spectrom.

2013. 42: 262–267.

116. M.K. Donais, B. Duncan, D. George, C. Bizzarri.

‘‘Comparisons of Ancient Mortars and Hydraulic Cements

through In-Situ Analyses by Portable X-Ray Fluorescence

Spectrometry’’. X-Ray Spectrom. 2010. 39: 146–153.

117. M.K. Donais, D. George. ‘‘Using Portable XRF to Aid in

Phasing, Locus Comparisons, and Material Homogeneity

Assessment at an Archaeological Excavation’’. In: A. Shugar,

J. Maas (eds) Handheld XRF for Art and Archaeology.

Leuven, Belgium: Leuven University Press, 2012, pp.

349–377.

118. E.G. Coronel, D.A. Bair, C.T. Brown, R.E. Terry. ‘‘Utility and

Limitations of Portable X-Ray Fluorescence and Field

Laboratory Conditions on the Geochemical Analysis of

Soils and Floors at Areas of Known Human Activities’’.

Soil Sci. 2014. 179(5): 258–271.

119. E.G. Coronel, S. Hutson, A. Magnoni, C. Balzotti, A. Ulmer,

R.E. Terry. ‘‘Geochemical Analysis of Late Classic and Post

Classic Maya Marketplace Activities at the Plazas of Coba,

Mexico’’. J. Field Archaeol. 2015. 40(1): 89–109.

120. R.K. Gauss, J. Bátora, E. Nowaczinski, K. Rassmann, G.

Schukraft. ‘‘The Early Bronze Age Settlement of Fidvár,
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