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Prologue

Since its inception as a modern discipline, archaeology has strived to produce

more quantifiable data to test its theories on how human cultures change and

transform. One particularly effective application for charting the transforma-

tion of objects of human ingenuity or of human beings themselves has been

through the analysis of the chemical composition of material culture. I refer

to both provenance studies that seek to identify the geological source mate-

rial of artifacts or ecofacts and to chemical characterization studies focused

on the alteration of a material through biological, environmental, or

manufacturing processes. The former include obsidian sourcing, clay sourc-

ing, metallic ore sourcing, or biological sourcing through isotopic signatures,

for example. The latter include applications such as identifying diagenic

processes on human bone, archaeochemical evidence for metallurgical

activities, or measuring heavy element contaminants in archaeobotanic

materials. Advances in technology in the twentieth century have propelled

the ability of archaeologists to measure and report with much greater preci-

sion than ever before on these transformations, creating the discipline of

archaeometry in the process.

Technical advances in instrumentation and techniques have always been a

driver in archaeometry. This is certainly the case with Laser Ablation Induc-

tively Coupled Plasma-Mass Spectrometry (LA-ICP-MS). Since its develop-

ment toward archaeological applications in the 1990s, LA-ICP-MS has come

into its own as one of the premier archaeological tools for nearly nondestruc-

tive multielement compositional analysis of objects (Giussani et al. 2009;

Gratuze et al. 1993: Resano et al. 2010; Speakman and Neff 2005). It builds

on earlier high resolution multielement techniques like Instrumental Neutron

Activation Analysis (INAA), with the same multielement capabilities and

low detection limits in the parts per billion or, in the case of solution, parts

per trillion range. It has high throughput capabilities of tens of samples

processed per day, and unlike INAA, it does not produce dangerous long-

term radioactive waste. It is cost-effective and has minimal impact on the

object of study.

LA-ICP-MS is not without its challenges, of course. Technique specific

issues include the stability of the instrument’s detector, accounting for
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doubly charged and oxide species, interferences, and limits of detection (see

Pollard et al. 2007 for detailed descriptions of these problems). Issues with

replicability and reproducibility can create problems for quantitative analy-

sis, especially in heterogeneous materials where difficulty in matrix matching

between the sample and standard may introduce errors. Likewise, the analy-

sis produces large amounts of data that may have varying degrees of accuracy

and precision across elements and matrices. The data must be evaluated for

quality, and unreliable data may be omitted from the analysis. There is a need

for curating large amounts of data long term and making them accessible to

other researchers.

Despite the challenges, LA-ICP-MS has become the most widely utilized

high resolution technique for multielement characterization in twenty-first

century archaeology. Numerous university and museum labs dedicated to

archaeological applications of LA-ICP-MS have sprung into being, and

many other multidisciplinary labs are in existence. There are certain

advantages to having laboratories dedicated to archaeological LA-ICP-MS,

including specialized method development, prioritization of archaeological

sampling, and the development of staff with technological know-how around

archaeological materials. One example of such a lab is The Field Museum’s

Elemental Analysis Facility, founded in 2005. Equipped with a quadrupole

LA-ICP-MS, a standard 213 nm laser, and an experimental adaptable cham-

ber 266 nm laser, the EAF serves archaeologists and collections from around

the world as well as the museum’s own vast archaeological collections

housed in the same building. Several of the chapters in this volume derive

from EAF-based research.

This volume highlights these advances in LA-ICP-MS applications in

archaeology, with reviews of how the technology works (Chap. 1) and

innovations in sample introduction including new adaptable laser cell and

profiling technologies (Chaps. 2–5). The latter chapters are dedicated to

exploring the application of the technique to a variety of material types,

from non-vitreous materials primarily of metallic origin (Chaps. 6–8) to

vitreous materials including glass and obsidian (Chaps. 9–14). The final

chapters explore the expansion of LA-ICP-MS to materials including

slag, garnet, stone, mineralized tissue, and lead glazes (Chaps. 15–19).

This work highlights the results of a 20-year history of Laser Ablation

ICP-MS in archaeology and its potential for future growth. Given the

state of the discipline, it is clear that LA-ICP-MS will continue to revolu-

tionize archaeology as the next generation of archaeologists takes it to new

frontiers.

Integrative Research Center, Social Sciences Patrick Ryan Williams

Field Museum of Natural History

Chicago, IL, USA
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Pollard M, Batt C, Stern B, Young SMM (2007) Analytical chemistry in archaeology.

Cambridge University Press, Cambridge

Resano M, Garcia-Riuz E, Vanhaecke F (2010) Laser ablation – inductively coupled

plasma mass spectrometry in archaeometric research. Mass Spectrom Rev 29:55–78

Speakman RJ, Neff H (eds) (2005) Laser ablation-ICP-MS in archaeological research.

University of New Mexico Press, Albuquerque, NM

Prologue vii



ThiS is a FM Blank Page



Contents

1 Instrumentation, Fundamentals, and Application of Laser

Ablation-Inductively Coupled Plasma-Mass Spectrometry . . . . 1

Mattias B. Fricker and Detlef G€unther

Part I Sample Introduction

2 Introduction to Solid Sampling Strategies . . . . . . . . . . . . . . . 23

Mark Golitko

3 Open-Cell Ablation of Killke and Inka Pottery from

the Cuzco Area: Museum Collections as Repositories

of Provenience Information . . . . . . . . . . . . . . . . . . . . . . . . . . 27

Mark Golitko, Nicola Sharratt, and Patrick Ryan Williams

4 Optimization of 2D LA-ICP-MS Mapping of Glass

with Decorative Colored Features: Application to Analysis

of a Polychrome Vessel Fragment from the Iron Age . . . . . . 53

Johannes T. van Elteren, Serena Panighello, Vid S. Šelih,
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Simone Cagno Department of Chemistry, University of Antwerp, Antwerp,

Belgium

Alison K. Carter Department of Anthropology, University of Illinois at

Champaign-Urbana, Urbana, IL, USA

Geoffrey Clark Archaeology and Natural History, School of Culture,

History, and Language, Australian National University, Canberra, Australia

Philippe Dillmann Laboratoire Archéomatériaux et Prévision de
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Instrumentation, Fundamentals,
and Application of Laser Ablation-
Inductively Coupled Plasma-Mass
Spectrometry

1

Mattias B. Fricker and Detlef G€unther

Abstract

Laser ablation-inductively coupled plasma-mass spectrometry

(LA-ICP-MS) is becoming a versatile and mature analytical technique

for quantitative major, minor, and trace element analysis and isotope ratio

determinations. A wide variety of solid and liquid samples can be

analyzed. Besides the fast growing application of this method as an

imaging technique, geology still is and has been the major driving force

for the development of LA-ICP-MS. In this review, the method, instru-

mentation, fundamental observations and quantification procedures are

explained. In addition, pros and cons of the technique are discussed and

some trends and new sampling strategies, with special focus on archaeo-

logical applications, are summarized.

1.1 Introduction

Laser Ablation-Inductively Coupled Plasma-

Mass Spectrometry (LA-ICP-MS) is currently

the technique of choice for trace elemental anal-

ysis of solid samples. In the 29 years since the

introduction of LA-ICP-MS in 1985 (Gray

1985), the fundamental principle of the technique

has not changed. In addition to many other

parameters, the performance of LA-ICP-MS

depends upon laser parameters (wavelength,

pulse width), the design of the ablation cell and

related aerosol transport, and the ICP-MS

operating conditions. The ablation cell is an air-

tight container, where samples and calibration

reference materials are placed. It incorporates a

window made of a material that is transparent at

the wavelength of the laser being used, through

which the laser beam is focused onto the sample

surface, typically with diameters of tens to

hundreds of μm. Each pulse of the high-energy

laser beam ejects particles of the sample and the

resulting laser generated aerosol is transported to

the ICP by a carrier gas flow (commonly He,

although Ar is also used). During the short resi-

dence time (μs-ms) in the plasma at over 6000 K,

the solid aerosol is vaporized, converted to

atoms, and ionized. The ion beam is then

extracted into the mass spectrometer interface,
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where the pressure is reduced from ambient to a

moderately high vacuum in two stages, by pass-

ing through a sampler cone and a skimmer cone.

In the high-vacuum chamber the ion beam is

shaped by ion optics, and photons as well as

negatively-charged and neutral particles are

separated by a photon stop or similarly function-

ing ion optics. Positive ions pass through various

kinds of analyzers, where ions with differing

mass to charge (m/z) ratios are separated and

then collected on a detector, where the ions are

either counted or a generated current is

measured.

The purpose of LA sampling is to generate an

aerosol that can be transported, vaporized,

atomized and ionized within the ICP. The ions

thus formed are then extracted into the interface,

separated by the analyzer and recorded by the

detector and associated electronics. For bulk

analysis of homogeneous samples the recorded

transient signal can be integrated for quantifica-

tion. When performing a line scan along a het-

erogeneous sample (such as a stalagmite, paint

layers, or bronze objects, for instance), the tran-

sient signal can be used to show variations which

correspond to concentration changes in the sam-

ple and provide insights into growth or the

manufacturing procedure. Parallel line scans

can be performed across an area of the sample

yielding the distribution of elements in two

dimensions, i.e. elemental imaging or mapping,

which is today one of the fastest growing

applications of LA-ICP-MS. Recording these

variations in transient signals requires an ablation

cell with a fast washout of the aerosol to mini-

mize mixing of aerosol from different positions

of the sample, allowing higher spatial resolution.

Most commercially available ablation cells are

relatively small, requiring cutting large samples

into smaller pieces in order for the sample piece

to fit into the ablation cell. For many samples,

cutting and resulting destruction is not possible,

thus a large ablation cell able to contain larger

samples in their entirety, is required. Analysis

without any ablation cell would be most ideal

for many applications, and some promising

approaches are discussed later in this chapter.

Research and development of LA-ICP-MS

during the last decade has produced a large num-

ber of applications, which is largely due to the

fact that using this technique, samples are

analyzed under atmospheric pressure, which

makes LA-ICP-MS easier to apply when com-

pared to secondary ion mass spectrometry

(SIMS), laser microprobe mass analysis

(LAMMA), or electron probe micro-analysis

(EPMA). All of these techniques require

low-pressure vacuum conditions, which limits

their applicability to some samples. However, it

must be mentioned that some of the figures of

merit for these techniques (limits of detection,

spatial resolution) are superior compared to LA-

ICP-MS. Furthermore, EPMA is often a comple-

mentary technique to LA-ICP-MS, as it allows

the determination of major elements very accu-

rately, a prerequisite of trace element

determinations (e.g. Dussubieux et al. 2008).

The ability to obtain quantitative determinations

of major and trace element composition in any

solid sample along with the ability to determine

isotope ratios with high accuracy and high preci-

sion are some of the key reasons for the success

of LA-ICP-MS. The technique is widely used in

many areas, but especially in earth sciences,

gemology, material sciences, and industrial qual-

ity control applications (Durrant 1999). Apart

from bulk- and microanalysis of archeological

objects, e.g. glass and ceramics (Barca

et al. 2007; Dussubieux et al. 2007; Gratuze

1999), and depth profiling (Pisonero et al. 2007;

Plotnikov et al. 2001), more advanced

applications such as analyses or fingerprinting

of gemstones and archeological objects such as

pottery and ceramics (Arnold et al. 2012;

Fontaine et al. 2010; Vaughn and Dussubieux

2011), isotope ratio determinations (Cottle

et al. 2009) and elemental imaging and/or line

scans (Bi et al. 2000; Campbell and Humayun

1999; Raab et al. 2009; Sinclair et al. 1998; Tre-

ble et al. 2003; Wirth et al. 2009), profiling

(Mattey et al. 2008), and mapping (Becker

et al. 2005; Treble et al. 2005; Woodhead

et al. 2007) are rapidly growing applications,

and provide valuable information for different

fields of research.
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1.2 Instrumentation

1.2.1 Inductively Coupled
Plasma-Mass Spectrometry

The most common sample introduction systems

used with ICP as an ion source are schematically

shown in Fig. 1.1. The two basic systems are used

for liquid samples or for solid samples or

combinations thereof. The six most common

mass analyzers used for ICP are also shown

schematically, and will be explained in more detail

in the following sections. Soon after ICP-MS was

introduced, reports of elemental analysis were

published with solution nebulization remaining

the dominant sample introduction device (Jenner

et al. 1990). The first coupling to laser ablation

(Gray 1985), and later overviews (Durrant 1999;

Hattendorf et al. 2003; Jackson et al. 1992; Russo

et al. 2002a) gave some indications of the versatil-

ity of this ionization source. ICP-MS has several

advantages in comparison to the longer established

method of ICP-Optical Emission Spectrometry

(ICP-OES), including lower limits of detection, a

wider linear dynamic range, access to isotopic

information, and simpler spectra. Due to the sen-

sitivity of this technique, analyte concentrations

can be diluted in solution ICP-MS (Longerich

2012), which reduces matrix effects and

contributes to the wide range of applications

reported in the literature.

The ion source, an argon plasma, vaporizes

introduced particles, converts molecules to

atoms, and ionizes these atoms, regardless of

whether sample enters as a gas, liquid, or solid.

The ion beam is then extracted through an inter-

face where the sample passes through a sampler

cone and a skimmer cone in two or three stages,

dropping from atmospheric pressure into a mod-

erate vacuum. A photon stop or equivalent

device, removes negatively charged ions,

neutrals and photons from the ion beam, which

is then shaped by the ion optics before entering

the mass analyzer. The mass filter (or analyzer)

separates these ions by their mass to charge

ratios, which are then counted by a single detec-

tor or multi collector.

The three most common types of mass

analyzers in inorganic mass spectrometry are

the quadrupole, the magnetic sector, and the

time of flight mass spectrometer (TOF-MS), as

shown in Fig. 1.1. The quadrupole is a low reso-

lution, fast sequential mass filter consisting of

four parallel rods, connected pair-wise to radio

frequency (RF) voltage and direct current

(DC) voltage. Depending on the applied

voltages, ions of only one mass to charge ratio

pass through the filter and are focused onto the

detector. All types of ICP-MS suffer from

interferences, as the mass analysers separate

ions based on their mass to charge ratios, most

often singly charged ions of an isotope of an

element. Several isobaric interferences occur

due to overlapping ions or the formation of poly-

atomic ions with a similar mass per charge ratio

(Hattendorf and G€unther 2001; Houk et al.

1980). A selection of some more common inter-

ference types are listed in Table 1.1, which occur

at low mass resolution (m/Δm¼300, quadrupole

ICP-MS). These interferences also occur during

LA, however, oxide formation is significantly

lower with dry aerosol introduction.

If alternative isotopes that do not suffer from

interference are not available, high resolution

(HR) ICP-MS can overcome most interferences.

The most widely used HR-ICP-MS instrumenta-

tion is based on various combinations of a mag-

netic field analyzer (MSA), and an electrostatic

analyzer (ESA, a kinetic energy analyzer) with

single, multiple or array detectors as shown in

Fig. 1.1. The sector field ICP-MS with a single

detector usually uses a magnetic field prior to the

ESA, which is known as reverse Nier-Johnson

geometry. Sector field ICP-MS with several

detectors (multi collector or MC) ICP-MS

(Nier-Johnson geometry) has also been used for

more precise isotope ratio measurements. This

instrument type records isotope signals simulta-

neously with high precision, and has found appli-

cation in geochronology and other analyses

requiring precise measurement of isotope ratios

(Halliday et al. 1998). Developments have been

made towards simultaneous detection of all

elements (from m/z 7 to 250) using a Mattauch-
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Herzog ESA-MSA sector field geometry

(Mattauch and Herzog 1934) in combination

with an array detector (Cromwell and

Arrowsmith 1996; Felton et al. 2011; Fricker

2012; Resano et al. 2012; Schilling et al. 2009).

The coupling of TOF-MS to the ICP ion source is

complicated due to the continuous ion beam

delivered to the ICP and the pulsed nature of

the TOF analyzer. However, reports using ICP-

TOF-MS have been published (Borovinskaya

et al. 2013; Feldmann et al. 2002; Gonzalez

et al. 2012; Guilhaus 2000; Mahoney

et al. 1996; Myers and Hieftje 1993; Tanner and

G€unther 2006) and commercially available and

custom built instruments are currently both in

use. The TOF-MS configuration is potentially

very interesting for the simultaneous sampling

of all isotopes and therefore very interesting for

direct solid analysis by laser ablation. However,

early TOF-MS instruments had significantly

lower sensitivity when compared to available

Fig. 1.1 Schematic representation (Fricker 2012) of the

most common optical emission and mass spectrometer

configurations used in combination with ICP as the pho-

ton emission or ion source: torch, load coil, plasma, and

interface (C). Aerosols generated from solution nebuliza-

tion (A) or from laser ablation (B) are transported (dotted
line) to the ion source (C). The ions (grey solid line) can

be separated using several types of analyzers (E–I) before

being converted to a suitable electrical signal by various

detectors. The quadrupole (E) and the single collector

(reverse Nier-Johnson) sector field (F) are sequential

MS, while G (multi collector, Nier-Johnson geometry)

and H (Mattauch-Herzog geometry) are simultaneous

MS. The time-of-flight (I) is a pulsed MS and while not

exhibiting simultaneous detection does simultaneously

sample the ions. ICP optical emission spectrometry is

represented by D which shows a multichannel system

Table 1.1 List of selected common interferences and

backgrounds in ICP-MS analysis (Fricker 2012) and

suggested alternative isotopes

Interference

form

Interference

example

Isotope of

interest Alternative

An++ 138Ba+ 69Ga+ 71Ga+

AnAr+ 23Na40Ar+ 63Cu+ 65Cu+

AnO+ 40Ar16O+ 56Fe+ 57Fe+

O2
+ 16O2

+ 32S+ 34S+

An+ 50Cr+ 50Ti+ 48Ti+

AnCl+ 40Ar35Cl+ 75As+ HR-ICP-

MS

Ar+, high

abundance

40Ar+, 80Ar+ 40Ca+,
80Se+

42Ca+,
78Se+

The formation of interferences needs to be evaluated for

each analysis, as interferences heavily depend on matrix

composition. Analyte (An) can be any element to be

detected
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quadrupole or sector field instruments. Recent

developments in TOF-MS have achieved limits

of detection comparable with quadrupole

ICP-MS (Borovinskaya et al. 2013).

1.2.2 Laser Ablation

The availability of ruby lasers first led to studies

which introduced solid aerosols instead of liquid

droplets into an ICP ion source. The early devel-

opment of laser ablation was carried out by cou-

pling LA to an ICP-Optical Emission

Spectrometer (Carr and Horlick 1982; Ishizuka

and Uwamino 1983; Thompson et al. 1981),

which was soon followed by LA-ICP-MS

(Arrowsmith 1987; Arrowsmith and Hughes

1988; Gray 1985). The laser is commonly used

as a micro-sampling device, with the laser beam

focused onto the sample surface using spot sizes

of between ~ten to a hundred or more μm
diameters. The high-energy laser pulse ablates a

small amount of sample, which is transported by

a carrier gas as a solid aerosol or gas phase via

transport tube into the ICP. In contrast to all other

laser-based techniques, in LA-ICP-MS, sampling

and aerosol ionization are physically separated

from each other. This is one of the major

advantages of this technique as 100 % aerosol

transport and 100 % vaporization within the ICP

allows quantitative analysis without using matrix

matched calibration materials.

The types of lasers used for LA-ICP-MS are

categorized (Table 1.2) by lasing source, the

wavelength of the emitted energy

(157–1064 nm), and the pulse duration (approxi-

mately nanosecond to femtosecond range). All

lasers used for ablation are pulsed lasers. The

most common types are solid state lasers (Nd:

YAG) and gas lasers (ArF excimer) both of

which have ns pulse widths. More recently

IR/UV fs Ti:sapphire solid state lasers have also

been applied for various applications.

Most solid state lasers, such as the Nd:YAG,

emit light in the near infrared (1064 nm) which can

be frequency doubled (532 nm), tripled, quadru-

pled (266 nm), or quintupled (213 nm). However,

each step of frequency multiplication results in the

loss of energy. Despite the lower energy output,

short wavelength lasers are now most often used,

as it has been shown that shorter wavelength LA

generates aerosols with nm particle sizes favorable

for ICP-MS due to more complete vaporization

within the plasma (Guillong and G€unther 2002).
Several reports of the superior qualities of UV LA

compared to IR LA have been published (Geertsen

et al. 1994; Jeffries et al. 1995, 1998; Shuttleworth

1996). The output energy of an ArF excimer laser

is sufficiently high (240 mJ) to enable the use of

beam homogenizing optics, leading to flat top laser

beam profiles that result in more controlled, homo-

geneous ablation, and flat bottomed ablation

craters. Despite the loss of energy through the

additional optical components used, fluencies of

more than 40 J/cm2 can be reached. The use of

a homogenized beam improved precision and

accuracy in various applications, particularly on

highly transparent samples (G€unther et al. 1997;

Heinrich et al. 2003). Another advantage of the

imaging optics is that the beam energy density

is independent of the crater size. The schematic

optical beam path of a 193 nm ArF laser ablation

system is shown in Fig. 1.2. Performing flat

top ablation leads to improved signal stability

over time, whereas a Gaussian profile crater

quickly reaches a critical depth from which little

or no aerosol leaves the crater site. The influence

of the aspect ratio (depth/diameter) and its signifi-

cant influence on the representative aerosol sam-

pling has been studied in detail by Mank and

Mason (1999).

The influence of carrier gas composition on

laser-generated aerosol transport has also been

Table 1.2 Wavelength of the first harmonic (bold type)

of various available lasers, and frequency multiplied

wavelengths

IR VIS UV

Ti:

sapphire,

~30–150 fs

760–820 nm 380–410 nm

(2nd), 265 nm

(3rd)

Nd:YAG,

<6 ns

1064 nm 532 nm

(2nd)

355 nm (3rd),

266 nm (4th),

213 nm (5th)

ArF,

15–20 ns

193 nm
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studied (Eggins et al. 1998; G€unther and

Heinrich 1999; Mank and Mason 1999). Eggins

et al. (1998) proposed the use of He which allows

a more efficient transport of smaller aerosol

particles resulting in a three- to fivefold increase

in sensitivity and a significant reduction in sur-

face deposition of ablated material around abla-

tion craters. Sensitivity enhancement has also

been observed by the addition of small amounts

of H2 to the carrier gas, upstream of the ablation

cell (Guillong and Heinrich 2007), which is

especially useful for elements with high ioniza-

tion potentials.

The quantitative analysis of trace

concentrations of rare earth elements in a variety

of minerals were reported by Jackson

et al. (1992), using a 1064 nm Nd:YAG laser.

Soon after this study, limitations to the accurate

quantitative determination of some analytes were

discovered when analyzing a wide variety of

elements, including highly volatile ones. This

phenomenon was dubbed elemental fractionation
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(Fryer et al. 1995), and later shown to originate

not only from non-stoichiometric sampling, but

also processes taking place during aerosol trans-

port (Koch et al. 2004), and incomplete vapori-

zation in the plasma (Guillong and G€unther

2002). Different types of fractionation are mainly

caused by the ablation process, and it has been

shown that a reduction in laser wavelength

towards vacuum ultraviolet (VUV) improves

the absorption of laser energy, leading to an

aerosol size which can be better transported and

vaporized within the ICP. For non-conducting

samples, the use of an 193 nm wavelength ArF

Excimer laser was shown to reduce elemental

fractionation due to improved absorption of the

laser by the sample.

This resulted in a more controlled ablation,

where controlled means that the rate of ablation

was slower and the resulting craters showed

reduced amounts of surrounding debris. More

homogeneous energy distribution also produced

fewer molten particles and flat bottomed craters.

Improved ablation behavior was demonstrated

on quartz samples when analyzing fluid

inclusions in mineral thin sections (G€unther

et al. 1997, 1998) and many other applications

(see Heinrich et al. 2003). Furthermore, the use

of He as carrier gas for transporting laser-

generated aerosols, first reported by Eggins

et al. (1998), led to improved transportation of

nm-sized particles and thus to more complete

vaporization in the plasma. Other laser systems

in the UV range (213 nm and 266 nm,

e.g. Jeffries et al. 1998) also became available.

The fundamental differences in particle size dis-

tribution produced by the three (266, 213, and

193 nm) UV laser wavelengths are reported by

Guillong et al. (2003), who showed the

advantages of the VUV wavelengths, particularly

improved particle size distribution. The impor-

tance of particle size distribution has led to stud-

ies investigating ICP-induced fractionation on

generated aerosol using various laser

wavelengths (Guillong and G€unther 2002). It

has been shown that incomplete vaporization of

large particles in the plasma can take place. For

example, Guillong et al. (2003) and Kuhn and

G€unther (2003) demonstrated that larger particle

sizes (sizes >150 nm) are not completely

vaporized within the ICP. This effect was

visualized by Aeschliman et al. (2003), who

observed incompletely vaporized particles pass-

ing through the plasma. As a result of these issues

with fractionation, today most of the laser

systems applied for non-conducting samples in

geology, medicine, and archaeology are excimer

lasers (193 nm) or solid state Nd:YAG lasers

operated at 213 nm.

Further developments in laser technology

have led to the introduction of femtosecond

(fs) lasers as a sampling tool. Studies utilizing

fs lasers for LA of metallic samples were first

published using Laser-Induced Breakdown Spec-

troscopy (LIBS) (Margetic et al. 2000). The first

application using LA-ICP-MS was Fe isotope

ratio determinations performed using a

196 nm fs LA system coupled to a Multi-

Collector (MC)-ICP-MS instrument (Horn

et al. 2006). The advantages of using fs lasers,

in particular when ablating conducting samples,

has been demonstrated by analyzing the stoichio-

metric composition of the aerosols formed during

ablation (Garcia et al. 2008, see also a review by

Koch and G€unther 2011). It has been shown that

the elemental composition of the various

particles sizes is not equal, which was already

known from nanosecond (ns) LA experiments.

However, the overall composition of all particle

sizes, when combined, represented the stoichi-

ometry of the ablated sample. Given the stoichi-

ometry and knowing that the transport efficiency

is comparably high (determined between 78 and

92 %) (Garcia et al. 2008; Wälle et al. 2009) and

the fact that fs-LA produces particles small

enough to be completely vaporized, it becomes

clear that fs-LA is advantageous. Studies on the

differences between ns and fs lasers, the expan-

sion of the laser plume and aerosol formation

(Koch et al. 2007, 2008a, 2010), transport and

transport efficiency of laser-generated aerosols

(Garcia et al. 2007, 2008), visualization of the

expansion of laser aerosols within the ablation

cell (Koch et al. 2008b) and within the transport

tubes (Koch et al. 2008a) have been extensively

reported. All studies revealed that the expansion

of the aerosols is significantly different between
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ns and fs lasers. However, the original particle

size formed during ablation is not so different

between ns (193 nm) and fs lasers (265 nm,

780 nm), which indicates that the improved stoi-

chiometry of the generated aerosol must be the

major improvement when applying fs lasers for

sampling.

In the last 20 years it has been shown that

UV-ns laser ablation is not suitable for stoichio-

metric sampling of conducting samples and/or

volatile elements. For example, Chen (1999),

Figg et al. (1998), and Outridge et al. (1996)

reported temporal changes of element ratios.

Fryer et al. (1995) introduced the term elemental

fractionation (EF) for these temporal changes in

elemental ratios. Later, EF indices were revised

(G€unther et al. 1999) with several other studies

investigating fractionation effects using ns and fs

LA (Horn et al. 2006; Jackson and G€unther 2003;

Košler et al. 2005; Kroslakova and G€unther

2007; Kuhn and G€unther 2003; Longerich

et al. 1996a) at different wavelengths (Russo

et al. 2000). It has been shown that EF can be

significantly reduced for non-conducting

samples by using 193 nm lasers when compared

to 266 nm Nd:YAG lasers.

The comparatively long pulse width of ns

lasers leads to partial heating of conducting

samples, which results in non-representative

sampling of volatile elements. Therefore, femto-

second lasers with pulse durations smaller than

1 picosecond have been reported to be more

suitable for LA-ICP-MS (Bian et al. 2005,

2006; Horn et al. 2006; Koch et al. 2007).

Major advantages of fs LA have been reported

for the analysis of metallic samples (Mozna

et al. 2006; Wiltsche and G€unther 2010). This

improvement is attributed to the short pulse

width of fs lasers, on the order of femtoseconds,

being sufficiently short to reduce heat effects in

the ablation zone (Koch and G€unther 2011;

Russo et al. 2002b), thereby decreasing elemen-

tal fractionation. However, the use of fs-LA for

the analysis of non-conducting materials did not

result in superior results as reported by Birbaum

(2011) and Glaus et al. (2010). More studies are

currently being performed to provide conclusive

information.

Further studies have focused on other aspects

of laser ablation, for instance the impact of dif-

ferent transport tube materials (Kovacs and

G€unther 2008) and the use of rectangular rather

than circular craters (Eggins et al. 1998). A more

recent fundamental study investigated the forma-

tion of gas phases during the ablation of carbon

containing materials (Frick and G€unther 2012),

as carbon is one of the most frequently used

internal standards for the analysis of tissue,

paints, and carbonates (Becker et al. 2008;

Feldmann et al. 2002).

1.2.3 Ablation Cells

The ablation cell is amongst the most important

parts influencing the performance of LA-ICP-MS

and several requirements are indispensable for a

routinely used ablation cell. An ablation cell

must be airtight, preventing atmospheric gases

from entering and extinguishing the ICP, as

well as preventing loss of carrier gas and aerosol.

Secondly, the carrier gas flowing through the cell

must transport as much of the laser-generated

aerosol as possible (ideally 100 %) to the ICP.

Finally, containment and mounting of at least

one sample and one external standard must be

possible.

However, generally a number of samples and

standards are mounted simultaneously, and it

must therefore be possible to position the abla-

tion cell while observing sample positioning.

Most commercially available ablations cells

meet these requirements, and a wide variety of

ablation cells have been developed. However, for

more demanding applications than bulk analysis,

such as elemental depth profiling (Pisonero

et al. 2007; Plotnikov et al. 2001) and/or imaging

(Woodhead et al. 2007) or the analysis of fluid

inclusions (Heinrich et al. 2003; Pettke

et al. 2012), these requirements, particularly for

aerosol washout, are more stringent.

The spatial resolution of transient signals

generated from line scans is determined by crater

diameter, scan speed, and aerosol washout time.

For bulk analysis of homogeneous samples the

washout time is less critical, as the entire signal
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of the sample is integrated to calculate elemental

concentrations. On the other hand, when

performing line scans on heterogeneous samples,

the transient signal should reflect the variation of

element concentration within the sample. There-

fore, a long washout (high dispersion) leads to

mixing of aerosol originating from different laser

pulses at different locations along the line scan,

resulting in distorted signals. As a consequence,

spatial information is lost and can only be made

available by using complex deconvolution

algorithms (Plotnikov et al. 2008). In addition,

long washout and mixing of the aerosol may lead

to cross contamination, which has a significant

influence on the accuracy of the analysis.

Early ablation cells were developed for

LA-Graphite Furnace-Atomic Absorption Spec-

trometry (GF-AAS) (Schrön et al. 1983) and LA-

ICP-Atomic Emission Spectrometry (AES) (Carr

and Horlick 1982; Ishizuka and Uwamino 1983;

Thompson et al. 1981) but are in principle similar

to those used for LA-ICP-MS. An early study by

Arrowsmith and Hughes (1988) reported a “cell

in the cell” approach in order to entrain and

transport laser-generated aerosol. This approach

was further developed by several groups (Garcia

et al. 2007; M€uller et al. 2009). M€uller and

colleagues suggested the use of an aerosol

mixing device, placed between the ablation cell

and the ICP for smoothing signal. The use of a

Volume-Optional Low Memory (VOLM) abla-

tion cell, which uses two cell volumes, has been

reported (Liu et al. 2007). These approaches are

based on a sample holder and an insert of a small

volume cylinder, which is moved together with

the laser beam to the location where LA is

performed. These cells can host a large number

of samples, show less surface contamination

between different samples and have reduced sig-

nal dispersion.

Fundamental studies on aerosol transport in

the ablation cell and transport tubing using pow-

der deposition have been reported (Bleiner and

G€unther 2001), and reproduced using gas flow

modelling studies. The authors report that when

using extremely small ablation cells, transport

efficiency was limited due to particle-wall

interactions. Bleiner and Altorfer (2005)

introduced the use of a rotating nozzle reducing

the dead volume in a large ablation cell, with the

inlet gas sweeping the entire cell volume. A

cyclonic flux cell, sweeping the carrier gas from

the ablation cell walls to the centre, has been

proposed (Monticelli et al. 2009). Tangential or

circular gas flows have also been reported by

Pisonero et al. (2006) using a High Efficiency

Aerosol Dispersion (HEAD) cell. This principle

was based on two volumes, in combination with

a Venturi-effect extraction. Some approaches to

ablation cell design are based on the geometry of

an enlarged transport tube resulting in a fast

washout for relatively large samples (Gurevich

and Hergenröder 2007). Small ablation cells

based on the same principle have also been

reported, providing shorter washout times

(Bi et al. 2000; Horstwood et al. 2003; Wang

et al. 2013).

Ultimately, the fast aerosol washout of in-tube

ablation can only be made shorter by using an

in-torch ablation such as reported by Tanner and

G€unther (2005, 2006; Tanner 2007), which had

severe limitations in sample handling,

prohibiting many applications in routine analy-

sis. It must be mentioned that such fast washout

cells are only applicable when simultaneous

detection of the signals becomes possible,

e.g. using an ICP-TOF-MS.

In addition to attempts to reduce washout

times using in-torch ablation, further work has

focused on ablation cell development for both

routine analysis and specialized applications.

Analysis of large samples is usually done by

cutting the sample, in order to fit it into the

small volume ablation cells that are currently

available. As the most common applications of

LA-ICP-MS have been analyses of geological

samples, e.g. minerals in rock thick or thin

sections; the volume of ablation cells has not

been very critical. These samples are in most

cases small enough (a few cm) to be hosted in

traditional ablation cells that have a volume of a

few hundred cm3, which includes the sample

holder and the effective aerosol transport

volume.

However, for many types of samples it is

simply impractical or impossible to employ
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destructive analysis, e.g. precious objects or

museum artefacts (see Chap. 4 for instance).

Therefore, ablation cell development has focused

on various so-called “open configurations.” An

early approach allowing high flexibility with

respect to object size was an open ablation cell

with a plasticine seal to prevent carrier gas

containing the laser-generated aerosol from

being lost (G€unther and Gäckle 1988) and

applied for LA-ICP-OES. This type of cell has

also been applied by Devos et al. (1999) for

analysing silver objects. Some limitations of

this general idea were later improved upon by

Wagner and Jędral (2011), using an ablation cell

without a bottom and applying adhesive

materials to attach the cell to a sample. Both of

these designs are not truly open, as they form an

airtight configuration using the sample as part of

the cell. The only open and so called “non-con-

tact” ablation cell has been reported by Asogan

et al. (2009). This ablation cell uses several con-

centric gas curtains to exclude atmospheric gases

from entering the carrier gas flow. The set-up

requires close proximity of the cell to the sample

surface and more importantly, it requires a very

flat and even sample surface so that the gas

curtain seals the inner cell completely. There-

fore, a wider application of this cell to different

archaeological artifacts is partially restricted to

very flat objects.

The literature on ablation cells is extensive,

and some very specialized cell designs have been

developed—one example is shown in Fig. 1.3

(Fricker 2012), which allows the analysis of

laminated sediments of stalagmite samples with

reduced sample destruction. Further examples

can be found in (Feldmann et al. 2002; Gonzalez

et al. 2012; M€uller et al. 2009, 2011; Reinhardt
et al. 2001, 2003).

The size and shape of archaeological samples

would benefit from a sampling approach without

any ablation cell. A first possible strategy has

been demonstrated using a Gas Exchange Device

(GED) (Dorta et al. 2013; Kovacs et al. 2010)

and was further optimized by Tabersky

et al. (2013). In these devices, the laser aerosol

is sampled in air and sucked into a gas exchange

device that exchanges atmospheric gases (air,

He) for Ar without affecting the laser-generated

aerosol. The exchange process allows flow rates

of 0.8 L/min, which is a commonly used flow rate

in LA-ICP-MS. This approach allows removing

the ablation cell completely (see Fig. 1.4). Pre-

liminary studies showed a 20–30 % reduction in

sensitivity when using such a device. The use of a

plume entrainment device, introduced by

Tabersky et al. (2013), significantly improves

aerosol sampling in combination with a GED.

This open ablation GED configuration is most

valuable for archaeological objects, since no

sample preparation, cutting or contact with a

sample is required. Quantitative results have

been reported for various gold objects and steel

samples and the results indicated that a closed

Fig. 1.3 Perspective view

of a low dispersion high

capacity laser ablation cell

as described in Fricker

(2012)
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cell configuration and the “in air” ablation proce-

dure using the GED provide very similar results.

Another more recently introduced approach of

interest for archeometrical studies is the concept

of a portable laser ablation system (pLA), as

introduced by Glaus et al. (2012, 2013). The

system weighs 16 kg and can be transported to

samples outside the laboratory. The sampling

strategy is based on a diode pumped laser abla-

tion system coupled to a sampling device (see

Fig. 1.5). The aerosol generated by the laser is

sucked from the ablation site via a diaphragm

pump onto a filter. A rotating filter plate can

host up to 12 filters, which can be stored and

finally analyzed in the laboratory. The samples

can be processed by complete digestion of the

Fig. 1.4 Laser ablation-GED-ICP-MS setup for direct

laser sampling in air followed by online ICP-MS

measurements of the laser-generated aerosols as

described in Kovacs et al. (2010) and further advanced

and reported by Tabersky et al. (2013). Reproduced with

permission of the Royal Society of Chemistry

Fig. 1.5 Portable laser ablation system (Glaus

et al. 2013). The figure shows the sampling head

connected to the diode pumped solid laser (not shown)

via fiber optics, which can be placed on any object. The

generated aerosols are pumped via a diaphragm pump to a

filter collector (Figure is reproduced with permission of

the Royal Society of Chemistry)

1 Instrumentation, Fundamentals, and Application of Laser. . . 11



filter and solution nebulization ICP-MS or

MC-ICP-MS. Alternatively, the filter can also

be analyzed by LA-ICP-MS. This sampling strat-

egy allows access to elemental composition of

the ablated sample and/or isotope

determinations. One requirement is that filter

blanks are also collected. To do so, environmen-

tal air at the sampling site is sampled for a similar

period as the aerosol collection. This strategy has

been tested and validated on pigments and on

copper objects. The limits of detection are an

order of magnitude above those commonly

obtained using a normal LA-ICP-MS setup.

However, limits of detection below 1 mg/kg

were achieved for most elements, and are there-

fore still below the detection limits of other direct

sampling techniques such as X-ray Fluorescence

(XRF) and Laser-Induced Breakdown Spectros-

copy (LIBS). This portable instrument configura-

tion can also be used in the lab in combination

with the GED, does not require the filter collec-

tion step, and allows the direct measurement of

samples of all sizes and geometries. A thorough

validation of the pLA-GED-ICPMS technique

demonstrated that this approach allows trace ele-

ment determinations within 10–20 % of accepted

values when using reference materials (Glaus

et al. 2012; Tabersky et al. 2013).

1.3 Quantification

Quantification in LA-ICP-MS is most often

based on the calculation scheme proposed by

Longerich et al. (1996b). Element concentrations

are calculated using external and internal

standardization (see Eq. 1.1). To correct for

instrumental drift, the external standard signal

intensities are interpolated between two external

standards analyzed before and after the analyses

of the unknown samples. All intensities are back-

ground corrected using a “gas background”

acquired with the laser not firing on the sample.

This “gas background” is commonly acquired for

a period of 30 s prior to the acquisition of the

analyte signal. Matrix effects and aerosol trans-

port, that is the ratio of the sensitivity (signal per

unit concentration) in the external calibration

material and the sample is corrected using a

“naturally” occurring internal standard

(e.g. Ca), which must be known in both the

sample of interest and the calibration material.

The concentration of the internal standard in the

unknown sample can be determined using an

alternative analytical technique, most commonly

Electron Probe Micro-Analysis (EPMA). In

some cases it is also possible to estimate the

internal standard concentration from the stoichi-

ometry of the sample. A variant internal

standardization procedure uses normalization to

100 % oxide weight. Background-subtracted

intensities are used to calculate concentrations

using Eq. (1.1).

CSMP
X ¼ CSMP

IS � ISMP
X

ISMP
IS

� IESIS
IESX

� CES
X

CES
IS

ð1:1Þ

Where:

CX
SMP Concentration of analyte x in sample

CIS
SMP Concentration of internal standard in

sample (obtained from independent

measurements)

IX
SMP Signal of analyte x in sample

(BG-subtracted, abundance-normalized)

IIS
SMP Signal of internal standard in sample

(BG-subtracted, abundance-normalized)

IIS
ES Signal of internal standard in external

standard (BG-subtracted, abundance-

normalized, linearly interpolated)

IX
ES Signal of analyte x in external standard

(BG-subtracted, abundance-

normalized, linearly interpolated)

CX
ES Concentration of analyte x in external

standard (certificate of ES)

CIS
ES Concentration of internal standard in

external standard (certificate of ES).

For bulk quantification the background-

subtracted mean signals (SG) are used in

Eq. (1.1), whereas for imaging quantification or

depth profiling each data point, or integration

over a few data values, of the SG interval

(background-subtracted) is quantified individu-

ally to obtain a concentration profile. In cases
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where the presence of spikes (related to the sam-

ple) limits data quality, it is also possible to use

the median instead of average signals, which is

more robust against outliers than the mean.

Ongoing discussions on estimating limits of

detection (LOD) using either the normal distri-

bution (ND) or Poisson distribution (PD) have

led to the use of different formulas. The LOD in

LA-ICP-MS, and in any elemental analysis tech-

nique, is a function of the uncertainty (standard

deviation) of the background (blank) measure-

ment, the estimated uncertainty in a theoretical

sample with zero concentration of the analyte,

and the instrument sensitivity along with its

estimated uncertainty. Due to the very low

backgrounds (a few counts) for many analytes

in ICP-MS, a large portion of the uncertainty in

the background is from Poisson counting statis-

tics. Thus in some analytical situations an esti-

mate of background uncertainty derived from

Poisson statistics alone can be a good approach.

As it is common in LA-ICP-MS to have close to

or zero background signal for heavy isotopes, it

is important to employ suitable statistics to esti-

mate the standard deviation of the background.

This is important for several reasons, including

the non-Gaussian distribution obtained when

considering a small number of events. For zero

or close to zero counts the standard deviation of

the background follows, to a large extent,

counting statistics, i.e. a Poisson distribution.

The two major ablation schemes are considered

(bulk and bore). “Bore” considers each data point

during drilling into a sample or during scanning

on a surface, which means n is equal to one. The

calculation schemes for LOD estimation are

listed in Fig. 1.6.

The quantification scheme shown above is

based on one single external standard and signif-

icantly different from the procedure from solu-

tion nebulization ICP-MS, where many standard

solutions, including matrix matched ones, can be

prepared to establish the calibration function.

The lack of suitable calibration materials for

LA-ICP-MS is one of the major limitations of

this technique since the material has to fulfill

certain requirements. The ablation behavior of

the sample of interest and the calibration material

should be similar, which means that similar

amounts of aerosol should enter the ICP for com-

plete vaporization (Kroslakova and G€unther

2007). Furthermore it is required that the calibra-

tion material should be homogeneous on the

scale of ablation, which is between 5 and

200 μm. This is rather difficult to achieve by

mixing powders or adding solutions to powder

samples. Therefore, various approaches to pro-

duction of in-house prepared calibration

materials have been reported based on fusion

(Jochum et al. 2011). Due to problems with

homogeneity when using alternative preparation

techniques, glasses of the NIST series 61� are

currently the most frequently applied calibration

materials in LA-ICP-MS when analyzing

non-conducting samples, due to the large number

of elements present in various concentrations and

the spatial homogeneity of those elements.

Exceptions have been reported by Eggins and

Shelley (2002). However, a variety of other

glass standards (e.g. MPDING, USGS

Fig. 1.6 Calculation

schemes for the limits of

detection estimation. DT

refers to dwell time

1 Instrumentation, Fundamentals, and Application of Laser. . . 13



GSA-GSE) are also available. For conducting

samples more calibration materials (e.g. brass,

bronze, copper) are available and need to be

more closely matrix matched for quantification,

as the ablation process using ns lasers can cause

severe fractionation effects hampering

quantification.

1.4 Summary and Outlook

Laser ablation-inductively coupled plasma-mass

spectrometry (LA-ICP-MS) is a very promising

techniques for elemental analysis and has gained

a lot of attention during the last decade in a wide

variety of applications. Current commercially

available laser technology has been tested on a

variety of samples and matrix types and it can be

concluded that the precision and accuracy of the

technique has significantly improved over time.

The introduction of VUV ns lasers has reduced

particle size distribution and helped to improve

the transport efficiency of generated aerosols.

Reduction in laser pulse widths with femtosec-

ond lasers has further extended the applications

of the technique, especially for conducting

samples such as metals. The last decade has

shown that a number of applications provide

accurate quantitative data using non-matrix

matched calibration for quantification.

Major improvements for archaeological

samples can be seen in the development of sam-

ple size and geometry independent sampling

strategies using a newly implemented gas

exchange device into LA-ICP-MS. Sampling

the aerosol in air and sucking the laser-generated

aerosols directly into the ICP-MS will enable

analysis of large and valuable samples without

any further sample preparation and without direct

contact to the sample, which is in most cases a

requirement to obtain access to the samples.

The use of small, mobile laser ablation units

(diode pumped pulsed laser at 532 nm) with

glass-fiber optics is another alternative laser abla-

tion system for archaeological applications. Such

a portable laser can be taken into the field for

sampling the laser-generated aerosol onto a filter

for subsequent analysis in the laboratory. Such a

system provides access to samples which are

difficult to move (e.g. museums objects) and

can be used directly in the field.
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Mark Golitko

Abstract

This chapter provides a brief introduction to basic concepts of solid

sample introduction by laser ablation as used in archaeology. Major

methodological advances presented in the chapters in Part I of the volume

are briefly highlighted, as are projected future trends in solid sampling by

laser ablation.

2.1 Solid Sampling Strategies

Laser Ablation (LA) as a sample introduction

method has gained popularity in archaeology

for a number of reasons. Besides requiring very

limited sample preparation in comparison to liq-

uid introduction, laser ablation allows highly

targeted analysis of particular phases or

components of a sample, but with lower limits

of detection than other micro-sampling

techniques like Electron Probe Micro-Analysis

(EPMA) or Scanning Electron Microscopy with

Energy Dispersive Spectrometry (SEM-EDS),

often allowing for measurement of larger num-

bers of elements. In the case of homogenous

materials such as obsidian (see Chap. 10), LA-

ICP-MS also allows minimally destructive char-

acterization with precision comparable to true

bulk techniques such as Instrumental Neutron

Activation Analysis (INAA) or X-ray Fluores-

cence Spectrometry (XRF). In the case of more

heterogeneous sample matrices such as ceramic

paste (e.g., Dussubieux et al. 2007; Stoner and

Glascock 2012) or fluorite (Goemaere

et al. 2013), researchers have utilized LA-ICP-

MS to analyze numerous ablation lines or craters

and thereby generate an averaged “pseudo-bulk”

characterization (see also Chaps. 3, 8, 16, and

17), albeit with slightly more error than might be

achievable using true bulk analysis methods such

as INAA or ICP-MS with liquid sample

introduction.

The chapters in this section highlight attempts

to expand the utility of ICP-MS with Laser Abla-

tion sampling, both by redesign of the basic laser

unit itself, and by employing the time-resolved

analysis capabilities of laser sampling. One limi-

tation of LA-ICP-MS to date has been object

size. As Fricker and G€unther detail in Chap. 1,

cell design has consequently been an area of very

active development, and the first paper (Chap. 3)

in this section by Golitko and colleagues is a case
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study highlighting the advantages and limitations

of so-called “open-cell” lasers. These systems

have been developed in order to allow ablation

of very large objects that cannot fit into tradi-

tional enclosed cells without destructive sam-

pling. Although LA-ICP-MS is technically

speaking a destructive analytical method, in that

ablation vaporizes a portion of sample, it has

been enthusiastically adopted by museums and

in other research programs where minimal

destruction (i.e., not visible to the naked eye)

and simultaneous measurement of large numbers

of elements to very low detection limits is either

desirable or essential.

In their case study, Golitko and colleagues

analyze ceramics in museum collections, the

study of which requires both limited object dam-

age, and measurement of as many elements as

possible, often down to <1 ppm. While

generating data comparable to that obtained

using a commercially available closed-cell laser,

their study highlights some of the difficulties that

remain in the application of open-cell systems.

These include higher limits of detection than

when using smaller volume enclosed chamber

lasers, difficulties in generating an adequate and

reliable seal between the open-cell and object,

and much slower sample throughput than when

using a closed-cell design. Consequently, the

applicability of open-cell laser systems at present

seems limited to situations in which one or only a

few objects need to be studied. Studies requiring

analysis of large numbers of objects will hope-

fully become feasible in the future as open-cell

and other more size-flexible ablation systems are

refined and improved.

The open cell systems reported to date (see

Chaps. 1 and 3) also lack another principal

strength of most LA systems—the ability to

focus on and chemically characterize discrete

areas or components of archaeological samples

using motorized sample stages and high-

magnification cameras. For instance, the capabil-

ity to raster over flat surfaces with minimal depth

penetration has been utilized previously for com-

positional studies of thin pottery slips and glazes

(e.g. Oka et al. 2009; Speakman 2005), allowing

for distinction between paints, slips, and glazes

and underlying ceramic paste. Other papers in

this volume highlight the unique ability of LA-

ICP-MS to provide spatially resolved chemical

information that can push analysis beyond what

is possible by bulk techniques or other micro-

sampling techniques, for instance the analysis of

slag inclusions in iron by L’Héritier and

colleagues (Chap. 14) and raster ablation of

lead glazes on Panamanian Majolica ceramics

by Iñañez and colleagues (Chap. 19).

Publications elsewhere have documented the

utility of LA-ICP-MS for temper analysis in

ceramics, particularly when materials such as

obsidian (Palumbi et al. 2014) or volcanic tephra

(Neff and Sheets 2005) were incorporated by

ancient potters.

These prior studies largely deal with subtle

chemical variations across a basically similar

sample matrix, a condition not always met with

multi-phase objects such as composite glasses. In

Chap. 4, van Elteren and colleagues report a

novel approach to rastering, applying simulation

of ablation conditions to optimize settings prior

to actual analysis of the surface of ancient

glasses. This approach allows for a minimally

destructive yet comprehensive study of

differences in composition that can be related

back to colorants, opacifiers, and sands used in

the production of glass. Doing so allows the

analyst to “get it right” the first time, and limits

further damage that might occur during

re-analysis.

Laser ablation also allows for the opposite

approach, namely depth-profiling by drilling

craters down into objects. Within limits, this

allows for a minimally-destructive analysis of

the internal composition of these objects, and

the study by Sarah and Gratuze (Chap. 5) tests

this method on silver coins. Coins and other

metallic objects can be heavily impacted by sur-

face corrosion—in the case of silver, surficial

copper enrichment is a particular problem—and

obtaining an appropriate sampling of unaltered

ore previously required destructive sectioning

(e.g., Notis et al. 2007) or removal of corrosion

products by chemical means. Because the abla-

tion signal can be time resolved (and thus depth-

resolved), it is relatively straight forward to

determine when the laser has passed through a

corrosion layer into unaltered alloy.
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Additionally, elements providing potential prov-

enance information such as Pd, Au, Pt, or Os are

detectable by LA-ICP-MS (see Chap. 7), but may

be present at concentrations below the detection

limits of other methods such as XRF. LA-ICP-

MS depth profiling may thus both open up the

possibility to analyze unaltered alloy composi-

tion in valuable ancient coinage, and provide

information of archaeological utility that cannot

be obtained with any other technique currently

available.

These improvements in cell design and appli-

cation will no doubt be further augmented by

ongoing improvements in laser design itself.

The historical development of LA units has

witnessed a steady drop in laser wavelength,

from early units operated in the 1000 nm range,

to modern ArF and excimer lasers operating at

193 nm (see Chap. 1). The majority of studies

reported in this volume utilize either 266 or

213 nm frequency-multiplied Nd:YAG lasers.

Shorter wavelength lasers produce smaller and

more evenly distributed particle sizes upon abla-

tion, which result in less fractionation once ion-

ized in the plasma (Guillong et al. 2003). This is

particularly important in allowing use of

non-matrix matched standards for quantification.

Another area of development is pulse-frequency.

Most lasers currently utilized in archaeology are

pulsed at a scale of nanoseconds, but some newer

models pulse on the order of femtoseconds. In

principal, more rapid pulsing allows for reduced

fractionation, but to date, the mechanism of abla-

tion with these lasers is not well understood

(Diwakar et al. 2014). It is anticipated that issues

with short pulse times will be overcome, and that

short wavelength femtosecond laser units will

eventually become standard equipment for

archaeological applications.

References

Diwakar PK, Gonzalez JJ, Harilal SS, Russo RE,

Hassanein A (2014) Ultrafast laser ablation ICP-MS:

role of spot size, laser fluence, and repetition rate in

signal intensity and elemental fractionation. J Anal

Atom Spectrom 29:339–346

Dussubieux L, Golitko M, Williams PR, Speakman RJ

(2007) LA-ICP-MS analysis applied to the characteri-

zation of Peruvian Wari ceramics. In: Glascock MD,

Speakman RJ, Popelka-Filcoff RS (eds) Archaeolog-

ical chemistry: analytical technique and archaeolog-

ical interpretation. American Chemical Society,

Washington, DC, pp 349–363

Goemaere E, Honings J, Jungels C, Golitko M, Degryse P,

Schneider J (2013) Discerning geological and geo-

graphical sources of Belgian Upper Paleolithic

fluorites by rare earth elements and Sr-isotopic geo-

chemistry. J Archaeol Sci 40:2892–2901

Guillong M, Horn I, G€unther D (2003) A comparison of

266 nm, 213 nm and 193 nm produced from a single

solid state Nd:YAG laser for laser ablation ICP-MS. J

Anal Atom Spectrom 18:1224–1230

Neff H, Sheets P (2005) Applications of tephra analysis

by LA-ICP-MS. In: Speakman RJ, Neff H (eds) Laser

ablation-ICP-MS in archaeological research. Univer-

sity of New Mexico Press, Albuquerque, NM, pp

117–124

Notis M, Shugar A, Herman D, Ariel DT (2007) Chemical

composition of the Isfiya and Qumran coin hoards. In:

Glascock MD, Speakman RJ, Popelka-Filcoff RS

(eds) Archaeological chemistry: analytical technique

and archaeological interpretation. American Chemical

Society, Washington DC, pp 258–274

Oka RC, Dussubieux L, Kusimba C, Gogte V (2009) The

impact of “imitation” industries and Imperial

restrictions on Chinese ceramic commercial exports

in the Indian Ocean Maritime Exchange,

ca. 1200–1700 CE. In: McCarthy B, Salzman

Chase E, Cort LA, Douglas JG, Jett P (eds) Scientific

research on historic Asian ceramics: Proceedings of

the Fourth Forbes Symposium at the Freer Gallery of

Art. Archetype Publications, Washington, DC, pp

175–185

Palumbi G, Gratuze B, Harutyunyan A, Chataigner C

(2014) Obsidian-tempered pottery in the Southern

Caucusus: a new approach to obsidian as a ceramic-

temper. J Archaeol Sci 44:43–54

Speakman RJ (2005) Chemical characterization of Mesa

Verde and Mancos Black-on-white pottery pigments

by LA-ICP-MS. In: Speakman RJ, Neff H (eds) Laser

ablation-ICP-MS in archaeological research. Univer-

sity of New Mexico Press, Albuquerque, NM, pp

167–186

Stoner W, Glascock MD (2012) The forest or the trees?

Behavioral and methodological considerations for

geochemical characterization of heavily-tempered

ceramic pastes using NAA and LA-ICP-MS. J

Archaeol Sci 39:2668–2683

2 Introduction to Solid Sampling Strategies 25

http://dx.doi.org/10.1007/978-3-662-49894-1_7
http://dx.doi.org/10.1007/978-3-662-49894-1_1


Open-Cell Ablation of Killke and Inka
Pottery from the Cuzco Area: Museum
Collections as Repositories of Provenience
Information

3

Mark Golitko, Nicola Sharratt, and Patrick Ryan Williams

Abstract

Museum collections are often invaluable repositories of information for

archaeologists, as they contain large numbers of intact, well provenanced

objects. However, the utility of such collections for chemical analysis is

often limited by the inability to perform destructive analysis on them. We

report here on the analysis of Killke (AD 1000–1400) and Inka

(AD 1400–1532) ceramics from the Cuzco area of Peru housed in the

Field Museum of Natural History South American collections using a

specially modified open-cell laser to generate compositional data from

complete intact vessels in a minimally destructive manner. These data are

compared to measurements performed using a conventional laser cell on

Killke and Inka sherds from the same collections and regional raw mate-

rial samples. We discuss both the utility and shortcomings of the open-cell

system as a means of ceramic analysis, as well as implications for

archaeological understanding of prehistoric ceramic production and econ-

omy in the Cuzco area.

3.1 Introduction

Chemical source studies of archaeological

ceramics rely on several lines of evidence to

establish place of production. Ideally, one can

measure the chemical composition of ceramics

known to have been produced in a particular

location, then compare archaeological specimens

of unknown production location to these

ceramics to establish with great certainty where

the archaeological ceramics were produced (e.g.,

Joyce et al. 2006). In the case where a survey of

raw materials has been conducted, the

M. Golitko (*)

Department of Anthropology, University of Notre Dame,

621 Flanner Hall, Notre Dame, IN 46556, USA

e-mail: mgolitko@nd.edu

N. Sharratt

Department of Anthropology, Georgia State University,

33 Gilmer Street, Suite 335, Atlanta, GA 30303, USA

e-mail: nsharratt@gsu.edu

P.R. Williams

Integrative Research Center, Social Sciences, Field

Museum of Natural History, Chicago, IL 60605, USA

e-mail: rwilliams@fieldmuseum.org

# Springer-Verlag Berlin Heidelberg 2016

L. Dussubieux et al. (eds.), Recent Advances in Laser Ablation ICP-MS for Archaeology, Natural
Science in Archaeology, DOI 10.1007/978-3-662-49894-1_3

27

mailto:mgolitko@nd.edu
mailto:nsharratt@gsu.edu
mailto:rwilliams@fieldmuseum.org


composition of clays potentially used in the past

can provide another valuable line of evidence for

establishing production provenance (e.g.,

Golitko 2011; Golitko and Bosquet 2011; Neff

and Bove 1999; Sharratt et al. 2009; Vaughn and

Neff 2004). Often, archaeologists are forced to

rely on the so-called “criterion of abundance”

(Rice 1987: 177)—the assumption that the most

frequently represented compositional profile at a

particular archaeological site or set of proximate

sites is associated with local production, and that

less well represented chemical profiles represent

imports from more distant places of production.

Clearly, the last solution is far from optimal,

as ethnographic and historical accounts of high

volume ceramic producers and exporters abound,

suggesting that in many prehistoric cases, the

majority of ceramics at any given site may have

been imported from more distant places of pro-

duction. Museum collections—which often con-

tain ethnographically collected, well

provenanced ceramics—provide a valuable

repository of information against which to com-

pare prehistoric sherds. However, it is desirable

to limit any damage to objects in museum

collections, making the application of techniques

such as Instrumental Neutron Activation Analy-

sis (INAA), X-ray Fluorescence Analysis (XRF),

and petrography to such ceramics problematic.

While these techniques are in principal non-de-

structive—in other words, no material is physi-

cally removed, atomized, or otherwise lost

during actual measurement—most require highly

destructive sample preparation via powdering,

polishing, or other physical destruction or alter-

ation of the sample. Recent non-destructive

applications of portable X-ray Fluorescence

(PXRF) to ceramic analysis have shown some

promise (Forster et al. 2011; Frankel and Webb

2012; Goren et al. 2011), but are limited both by

calibration issues (related to density variability in

un-powdered ceramics that make comparison

with standards difficult) and high detection limits

for most elements that allow for the measurement

of 10–20 elements at most (Speakman

et al. 2011). Unlike analysis of other kinds of

materials such as metal alloys, obsidian, or

glass (see other chapters in this volume), there

is no a priori way to know which elements in

clays and ceramics will prove effective for

establishing provenance, and as such, ceramic

sourcing requires application of a technique that

can measure a large number of major, minor, and

trace elements (Harbottle 1976).

Many researchers, both at museums and else-

where, have therefore turned to Inductively Cou-

pled Plasma-Mass Spectrometry with Laser

Ablation (LA-ICP-MS) as a minimally-

destructive alternative to other methods of chem-

ical characterization (e.g., Beck and Neff 2007;

Eckert and James 2011; Fitzpatrick et al. 2006;

Golitko 2011; Golitko and Terrell 2012; Niziolek

2013; Vaughn et al. 2011). LA-ICP-MS, while

technically a destructive technique, in practice

removes such a small amount of material from

a sample as to leave no visible damage.

Advantages of LA-ICP-MS include sensitivity,

ability to analyze a wide array of elements, and

rapidity of analysis. While ceramics are rela-

tively heterogeneous, and LA-ICP-MS measures

only a small amount of material, several studies

have shown that it can produce reliable charac-

terization of the paste fraction of ceramic matrix

(e.g., Dussubieux et al. 2007; Stoner and

Glascock 2012).

However, most laser ablation systems require

that the sample to be analyzed fit within a rela-

tively small chamber (typically ~6–10 cm maxi-

mal diameter), sometimes requiring destructive

sub-sampling of any objects to be measured. As a

result, a number of research groups have devel-

oped open-cell laser systems during the last three

decades (Arrowsmith and Hughes 1988; Devos

et al. 1999; Glaus et al. 2012; Wagner and Jędral

2011). Rather than enclosing the sample to be

analyzed in a chamber, these systems typically

function by sealing a chamber with one open side

onto the object surface or in some cases, allow

ablation without any direct contact at all between

the ablation cell and sample surface (Asogan

et al. 2009; Kovacs et al. 2010).

We report on the results of analyzing Killke

and Inka style ceramic vessels from the Cuzco

region of Peru—the heartland of the Inka

empire—housed in the Field Museum’s South

American collections using a specially modified
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NewWave Micro 266 open-cell laser that allows

for the analysis of large vessels with damage no

greater than that produced by a conventional

laser ablation unit. These analyses are compared

to data generated on sherds from the same

collections using a NewWave UP213 closed-

cell system. We address both the utility and

drawbacks of the open-cell laser, and assess its

performance relative to the closed-cell laser.

Finally, we briefly review some of the results of

our study as they pertain to the provenience

potential of the studied ceramics by comparing

them to a large number of clay samples collected

in the Cuzco region.

3.2 Open-Cell Ablation

Typical laser ablation units produced commer-

cially by manufacturers such as NewWave,

Cetac, and others, utilize relatively small

enclosed chambers in which samples are placed

for ablation. The laser passes through a thin

window and is focused at the sample surface. A

gasket or seal of some sort prevents external

atmosphere from entering, and carrier gas (usu-

ally Ar or He) is introduced into the chamber to

sweep ablated material towards the ICP-MS.

Establishing a reliable seal is critical, as atmo-

spheric gases can interfere with ablation and

introduce background noise, but also promote

fractionation effects. Both the shape of the cham-

ber (e.g., square, circular, bottle-shaped, etc. . .)
and the flow dynamics of the carrier gas can

impact the stability and magnitude of measured

signal intensity resulting from ablation (Bleiner

and Bogaerts 2007). Commercially available

ablation chambers are typically relatively small,

however, and as a result, it is often necessary to

destructively sample objects to fit them into the

ablation chamber. Consequently, a number of

laboratories have developed larger cells for anal-

ysis of a variety of archaeological and historical

materials—see Sarah and Gratuze (Chap. 5) and

Baron and Gratuze (Chap. 17) in this volume for

descriptions of these chambers.

Another approach that has been utilized to

eliminate the need for destructive sampling of

large objects for ablation is the development of

open-cell designs. Some such systems utilize a

small mobile cell with an ablation window on

one side and an open aperture on the other that

can be sealed to the surface of the object to be

analyzed (Devos et al. 1999; Wagner and Jędral

2011). Several other approaches have been

attempted to date as well. Asogan et al. (2009)

and Arrowsmith and Hughes (1988) report cells

that utilize an outer annular gas flow ring (typi-

cally Ar) to create a “gas-sleeve” that prevents

ambient atmosphere from reaching the ablation

surface of the object. An inner flow of He or Ar

serves as carrier gas. Kovacs et al. (2010) remove

even this gas-sleeve and ablate directly at atmo-

spheric pressure, subsequently replacing oxygen

with argon via a gas-exchange device before

introducing the sample aerosol into the

ICP-MS. Glaus et al. (2012) have utilized a dif-

ferent approach, using a portable laser to ablate

material onto filter papers first. These filter

papers are then themselves ablated in a labora-

tory and fed into an ICP-MS for elemental

measurements. This approach eliminates the

need to bring the object to the lab, but does

require the application of ablated standards onto

filters using the same method as for sample abla-

tion. All three of these approaches eliminate the

need to have any direct contact between an abla-

tion cell and the object surface.

The unit housed at the Field Museum of Nat-

ural History Elemental Analysis Facility (EAF)

is of the first type, utilizing a small cell with an

open aperture on one side. Ablation is achieved

using a NewWave Micro 266 laser ablation unit

modified by Richard Cox (Université du Québec

à Chicoutimi) to an open-cell configuration

(Fig. 3.1). The laser unit is supported on an

adjustable hydraulic jack that allows it to be

raised or lowered. Analyzed objects are similarly

supported on a mechanical jack system that
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allows the object to be raised and lowered,

moved laterally in both X- and Y-directions,

and to be slightly tilted to level the chamber

window relative to the laser aperture. The cell

itself is a 4 cm diameter plastic cylinder with a

window sealed on top and a flange on bottom.

Helium is introduced into the cell via an injector

nozzle on one side and collected through an

aperture and connected hose on the opposite

side of the cell (Fig. 3.2).

Fig. 3.1 The Field

Museum’s open-cell laser,

a New Wave Micro

266 laser modified to seal

to large objects. An Inka

style ceramic vessel

(FM2765) is positioned for

analysis

Fig. 3.2 Schematic cross-

section of the EAF

open-cell chamber shown

positioned for analysis on a

ceramic vessel
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3.3 Samples

3.3.1 Analyzed Ceramics

Our analysis was undertaken on ceramics

contained in the Field Museum collections from

the Cuzco area (Fig. 3.3) of the south-central

Peruvian Highlands as part of a larger scale anal-

ysis of ceramic production and distribution in the

heartland of the Inka Empire both during the Late

Intermediate period (LIP—AD 1000–1400) and

the Classic Inka phases (AD 1400–1532) (Bauer

2004). The analyzed Killke (LIP) and Inka

ceramics were drawn from two Field Museum

of Natural History collections, the Montez and

Collier collections (Bauer 1999). The Montez

collection contains 1258 individual catalog num-

bers, the majority recorded as from Cuzco. Many

are Inka in style, but the collection also contains

Killke style vessels. Some of the Killke ceramics

in the Montez collection are attributed to specific

sites in the Cuzco area, and three of the vessels

have handwritten tags that were likely with the

objects when they arrived in Chicago (Bauer and

Stanish 1990), and indicate that the vessels came

from three sites in the Urubamba Valley;

Ollantaytambo, San Salvador and Pisac.

Ollantaytambo and San Salvador vessels were

not sampled as part of this study.

The Collier collection also includes both

Killke and Inka ceramics (Bauer 1999). It was

acquired by the Field Museum following an

archaeological expedition to Peru in 1946 by

curator Donald Collier. The principal focus of

the expedition was an intensive study of the

Virú Valley, 20 miles south of Trujillo, and

most of the 186 catalogued materials are from

there. However, Collier also made a brief visit to

Cuzco, where he collected ceramics at sites

including Sacsahuaman and Qoripata. In total,

we selected 42 separate vessels for analysis

(Table 3.1)—32 of these were broken in transport

and ablated as small fragments using a closed-

cell laser, while ten of these were intact vessels

Fig. 3.3 Geological map of the Cusco region with ceramic collection locales and clay sampling points shown
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Table 3.1 Inca and Killke style sherds and vessels analyzed by both closed-cell and open-cell LA-ICP-MS

ANID FMNH# Site Style Form Laser

Chemical

group

CSC001 241810 Sacsahuaman (SW1 C2-5) Kilke

Series

Painted body sherd Closed-cell Group 1

CSC002 241810 Sacsahuaman (SW1 C2-5) Kilke

Series

Painted rim Closed-cell Group 1

CSC003 241810 Sacsahuaman (SW1 C2-5) Kilke

Series

White painted rim Closed-cell Group 1

CSC004 241810 Sacsahuaman (SW1 C2-5) Kilke

Series

Painted body sherd Closed-cell Group 1

CSC005 241810 Sacsahuaman (SW1 C2-5) Kilke

Series

Painted rim Closed-cell Group 1

CSC006 241810 Sacsahuaman (SW1 C2-5) Kilke

Series

Plain body sherd with

lug

Closed-cell Group 1

CSC007 241810 Sacsahuaman (SW1 C2-5) Kilke

Series

Painted body sherd Closed-cell Group 1

CSC008 241810 Sacsahuaman (SW1 C2-5) Kilke

Series

Painted body sherd Closed-cell Group 1

CSC019 241814 Qoripata Inca Decorated body sherd Closed-cell Group 1

CSC020 241814 Qoripata Inca Decorated body sherd Closed-cell Group 1

CSC023 241814 Qoripata Inca Decorated neck Closed-cell Group 1

CSC025 241814 Qoripata Inca Decorated body sherd Closed-cell Group 1

CSC027 241812 Qoripata Inca Decorated body sherd,

flower motif

Closed-cell Group 1

CSC028 241812 Qoripata Inca Decorated plate Closed-cell Group 1

CSC029 241812 Qoripata Inca Decorated plate Closed-cell Group 1

CSC030 241812 Qoripata Inca Decorated shallow

bowl

Closed-cell Group 1

CSC031 241813 SW 1934 Killke

Series?

Decorated base/body Closed-cell Group 1

CSC032 241813 SW 1934 Inca Decorated plate Closed-cell Group 1

CSC035 241811 CZ35 Kencha-Kencha at

mouth of Pillan River b/w

San Sebastian and San

Geronimo

Killke

Series

Decorated body sherd Closed-cell Group 1

CSC037 241811 CZ35 Kencha-Kencha at

mouth of Pillan River b/w

San Sebastian and San

Geronimo

Killke

Series

Decorated body sherd Closed-cell Group 1

CSC038 241811 CZ35 Kencha-Kencha at

mouth of Pillan River b/w

San Sebastian and San

Geronimo

Killke

Series

Decorated body sherd

(bowl?)

Closed-cell Group 1

CSC039 241811 CZ35 Kencha-Kencha at

mouth of Pillan River b/w

San Sebastian and San

Geronimo

Killke

Series

Decorated base Closed-cell Group 1

CSC040 241811 CZ35 Kencha-Kencha at

mouth of Pillan River b/w

San Sebastian and San

Geronimo

Killke

Series

Decorated body sherd Closed-cell Group 1

(continued)
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that could only be sampled using an open-cell

system. While both Inka and Killke style

ceramics are typically painted with black, tan,

and white pigments, we focused on ablating

either broken cross-sections (closed-cell), or

else unpainted bases (open-cell) to ensure that

only paste was sampled. Several of the vessels

and sherds we analyzed had previously been

analyzed by Bray et al. (2005) using INAA and

assigned to local Cuzco area production—as this

included both broken sherds and whole vessels,

we have no particular reason to suspect that the

ten samples analyzed using the open-cell should

differ significantly compositionally from the

32 analyzed using the closed-cell laser,

suggesting that the same compositional profiles

should be identifiable in both datasets.

3.3.2 Cuzco Area Clay Survey

Ethnohistoric data indicate that imperial Inka

ceramic production occurred at workshops in

the area between San Sebastian and San

Table 3.1 (continued)

ANID FMNH# Site Style Form Laser

Chemical

group

CSC041 241811 CZ35 Kencha-Kencha at

mouth of Pillan River b/w

San Sebastian and San

Geronimo

Killke

Series

Decorated body sherd Closed-cell Group 1

CSC042 241811 CZ35 Kencha-Kencha at

mouth of Pillan River b/w

San Sebastian and San

Geronimo

Killke

Series

Decorated body sherd Closed-cell Group 1

CSC026 241814 Qoripata Inca Decorated base Closed-cell Group 2

CSC033 241813 SW? Inca Decorated rim Closed-cell Group 2

CSC034 241813 SW? Inca Decorated body sherd Closed-cell Group 2

CSC036 241811 CZ35 Kencha-Kencha at

mouth of Pillan River b/w

San Sebastian and San

Geronimo

Killke

Series

Decorated rim Closed-cell Group 2

CSC021 241814 Qoripata Inca Decorated body sherd Closed-cell Group 3

CSC024 241814 Qoripata Inca Decorated rim Closed-cell Group 3

CSC022 241814 Qoripata Inca Decorated body sherd Closed-cell Unassigned

CSC009 2637 Cusco area Kilke

Series

Decorated vase Open-cell Group 1

CSC010 2633 Cusco area Kilke

Series

Decorated pitcher Open-cell Group 1

CSC011 2809 Cusco area Kilke

Series

Decorated pitcher Open-cell Group 1

CSC012 2789 Cusco area Kilke

Series

Decorated pitcher Open-cell Group 1

CSC013 2805 Cusco area Kilke

Series

Decorated pitcher Open-cell Unassigned

CSC014 2763 Pisac Kilke

Series

Decorated pitcher Open-cell Group 1

CSC015 3139 Cusco area Inca Open-cell Group 2

CSC016 2765 Cusco area Inca Decorated bowl Open-cell Unassigned

CSC017 2618 Cusco area Inca

Colonial

Decorated arriballoid Open-cell Group 1

CSC018 2622 Cusco area Inca Decorated pitcher

(large)

Open-cell Group 2
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Jeronimo, today modern suburbs of the city of

Cuzco (Bauer 1999). Consequently, our analysis

also draws on a geological survey of the broader

Cuzco region undertaken by two of the authors

during 2007. The survey spanned approximately

300 km2 and encompassed the Vilcanota/

Urubamba River Valley (including the Sacred

Valley), the Cuzco Basin, the Oropesa Basin,

the Lucre Basin, the Maras plain, and the Prov-

ince of Paruro (Fig. 3.3). Our survey utilized a

combination of culturally biased and systematic

sampling, as adopted in other clay surveys in the

Andes (Sharratt et al. 2009; Vaughn and Neff

2004), and included large clay sources that are

used today in industrial production of bricks and

tiles. Local potters also indicated the location of

smaller deposits. However, we sought to docu-

ment the range of clays available to potters dur-

ing the LIP and Late Horizon, not just ascertain

sources in use today. We therefore made exten-

sive use of geological maps to identify other

potential locales of clay in the region and to

ensure that we sampled all of the geological

formations present in the area.

The Cusco area encompasses four major geo-

graphical and topographic areas, the Cordillera

Oriental, Altiplano-Cordillera intermediate zone,

the Altiplano, and the northeastern edge of the

Cordillera Occidental. The archaeological sites

included in this study are located either on the

Altiplano or the Altplano-Cardillera Oriental

intermediate area, and those in the immediate

vicinity of Cusco are located on Quaternary geol-

ogy (Qplh-v) surrounded by areas of Cretaceous

geology (Kis-m and KsP-c units on Fig. 3.3).

These geographical regions are comprised of a

series of synclines and anticlines formed during

the Andean orogeny (beginning during the Cre-

taceous) uplifting and folding numerous geo-

graphical units, primarily shales, sandstones,

gypsum, and limestones dating between the

Siluro-Devonian and the Miocene. Igneous

rocks are present as intrusives, including the

massive plutonic rocks of the Andahuaylas-

Yauri Batholith (Pp-c on Fig. 3.3). In some

places, basalts and dacites belonging to the

Mitu Group outcrop (Ps-c, present around

Pisac), as well as andesitic volcanic rocks of the

Quaternary Rumicolca formation (included

under Qplh-v on Fig. 3.3), on which a number

of the study sites are located. These later rocks

were used as building material in the Cusco area

in Prehispanic times (Caillaux et al. 2011).

Fifty-six clay samples were collected and

analyzed as fired briquettes. These briquettes

were produced by mixing homogenized and

powdered clay with ultra-pure deionized water.

After a period of drying, the briquettes were fired

to 900 �C for 1 h to completely solidify them.

Repeated studies have demonstrated that within

this temperature range, there is no significant loss

of elemental content via volatilization from clays

(Cogswell et al. 1996; Kilikoglou et al. 1988;

Schwedt and Mommsen 2007).

3.4 Method

Methodological details for both closed-cell and

open-cell ablations can be found in Table 3.2. To

compare the performance of the two chambers,

we repeatedly analyzed a quality assurance stan-

dard, New Ohio Red Clay (NORC) (Glascock

1992; Kuleff and Djingova 1998) with both

lasers during analysis of all samples. A number

of comparison samples that had previously been

measured using the closed-cell UP213 laser were

also ablated using the open-cell Micro 266 unit—

these included five samples from the Cuzco

ceramic collections, several ceramic samples

and clay briquettes previously analyzed at the

EAF, and a commercially purchased green glass

wine bottle. The later pieces were included to

span a wider range of concentrations than were

present in the Cuzco ceramics, and to examine

the impact of material type on instrument

response in the case of the glass bottle.

3.4.1 Closed-Cell Ablation

Closed-cell ablation of clay samples and ceramics

was performed at the EAF using an Analytik Jena

(formerly Varian) quadrupole ICP-MS (Elliot

et al. 2004) coupled to a NewWave UP213 laser

ablation system. Analysis parameters were identi-

cal to those utilized in previous published studies of
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Andean ceramics generated at the same laboratory

(Dussubieux et al. 2007; Sharratt et al. 2009;

Vaughn et al. 2011). The laser was run at an energy

output of 0.2 mJ and a pulse frequency of 15 Hz.

Ten 100 μm spots were ablated per specimen and

resulting signalswere averaged after blank subtrac-

tion. A helium carrier gas at a flow rate of 0.50 l/

min was used to transport ablated material to the

argon plasma. The ICP-MS was set to peak-

jumping mode with three scans of the measured

mass range per replicate and nine replicates per

analysis—the first three of these replicates were

omitted to account for surface contamination and

allow the signal to stabilize. Isotopes of 57 major,

minor, and trace elements were measured (see

Table 3.3 for a full listing), although P and Cl

were omitted from consideration as they ionize

inefficiently and measure with poor precision.

These elements are measured to assess qualita-

tively whether these anions are present at high

concentrations or not, which might impact the

summation approach to calibration utilized to cal-

culate final concentrations (see below).

Three standard reference materials were run

before and after each batch of 4–5 samples—

NIST610 and 612 glass standards, and NIST

standard clay 679 (Brick Clay). Concentrations

for NIST679 were taken from the certification

sheet provided, while values for NIST glasses

published in Pearce et al. (1997) were assumed.

While updated concentrations have since been

published for the NIST glass standards

(Jochum et al. 2011), the EAF has continued

to use the 1997 published values to retain con-

sistency with earlier analyses. Concentrations

were calculated by comparison of silica

normalized signal counts to a linear regression

line of silica-normalized signal for NIST610,

612, and 679 collected on the same day against

certified or reported concentrations for those

three Standard Reference Materials (SRMs).

These silica normalized concentrations were

then converted to parts per million

concentrations by summing all measured

elements as oxides to 100 % (see Gratuze

et al. 2001; Speakman and Neff 2005).

Table 3.2 Details of method employed for both closed- and open-cell ablation

Closed-cell Open-cell

LA system NewWave UP213 NewWave UP266

Type ND:YAG (5th harmonic) ND:YAG (4th harmonic)

Wavelength 213 nm 266 nm

Carrier gas He He

Flow rate 0.5 l/min ~2 l/min

Energy 0.2 mJ ~1.3 mJ

Fluence ~2.5 J/cm2 ~17 J/cm2

Pulse frequency 10 Hz 10 Hz

Spot size 100 μm 100 μm
# Spots 5 (standards), 10 (samples) 5 (standards), 10 (samples)

Cell dimension Maximal 52 mm � 52 mm 3.6 cm � 2 cm

ICP-MS Analytik Jena (Varian) Quadrupole Analytik Jena (Varian) Quadrupole

Plasma gas Ar Ar

Mode Peak jumping Peak jumping

# Isotopes measureda 57 57

Calibration

External standards NIST610, NIST612, NIST679 NIST610, NIST679

Calibration strategy Oxide-summed internal standardized Oxide-summed internal standardized

Internal standard 29Si 29Si

Calibration curve Linear Linear

Quality assurance standard New Ohio Red clay New Ohio Red clay
aSee Table 3.3 for a complete listing
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3.4.2 Open-Cell Ablation

Whole vessels were ablated using the EAF open-

cell laser. The laser was run at 100 % energy

output, but settings were otherwise identical to

those used with the 213 nm laser. He carrier gas

flow was adjusted for each sample to achieve

maximal signal strength. The chamber was posi-

tioned against the bottom of the vessels, which

are both unpainted and relatively flat in the case

of the Inka and Killke style ceramics analyzed.

The chamber flange was then sealed to the vessel

surface using Duck# brand poster-putty. While

this material adheres reasonably well to both the

plastic flange and the ceramic vessel surface, it

does tend to leave a slight discoloration on the

surface of the ceramic that disappears after sev-

eral months. Additionally, it often proved diffi-

cult to establish a reliable seal with the sample,

particularly for vessels with dusty or friable

surfaces. It was sometimes necessary to make

several attempts to produce a reliable seal, and

even then at times the integrity of the seal pro-

gressively degraded such that the magnitude of

background signal increased and stability

decreased over the course of an analysis,

introducing a source of uncontrolled error. Com-

parison samples analyzed using both chambers

were affixed to a flat plastic sheet, to which the

open-cell was then sealed—this resulted in a far

more robust seal that did not degrade during the

course of ablation.

Standards (NIST610, NIST679, and NORC)

were placed directly on the sample surface within

the chamber and analyzed (five ablation spots)

before and after ten ablations of the object sur-

face. Calibration was performed by the same

method as utilized for data generated with the

closed-cell. The EAF open-cell design produces

an initial sharp peak in signal followed by a

continuous attenuation as ablation proceeds,

and as such, we initially included data from the

first three measured replicates, but as this proved

to introduce large amounts of error, we subse-

quently processed data in an identical manner as

for closed-cell ablation, removing the first three

replicates from consideration. This did however

result in relatively low signal to background

ratios for many elements, introducing another

potential source of error. We additionally

observed that movement across the sample sur-

face sometimes resulted in highly variable signal

strength, an effect which has been noted in other

open-cell ablation systems using an injector noz-

zle when ablation is performed outside of the

immediate area of gas flow against the sample

surface (Bleiner and Bogaerts 2007).

Unlike most laser ablation units, which utilize

pure quartz windows, the window provided with

the EAF unit is coated with a polarizing film.

After test measurements revealed unusually

high concentrations of Zr, Sn, and Hf in samples

measured with the open-cell laser, we performed

a test ablation on the window using the closed-

cell 213 nm laser. Signal counts per second

measured on the window compared to a blank

(Fig. 3.4) suggest that a number of elements are

present at measurable concentrations in this film

or within the window material itself. While in

principal the laser is focused beyond the window,

the presence of a polarizing film suggests that the

laser should interact with the surface and there-

fore the potential exists for material present on

the window surface to enter the cell atmosphere.

How much this impacts measurement is also a

function of how concentrated a particular ele-

ment is in any sample being measured—compar-

ative overlays of signal counts for ablation of

NIST610 glass and NIST679 ceramic, for

instance, suggest that while NIST610 (trace

elements at ~500 ppm) measures well above

both the blank and concentrations in the cell

window, for some elements, elemental

concentrations in NIST679 and other ceramics

might be overwhelmed by background noise.

While the actual amount of any given element

that might enter the open cell during ablation is

unknown and may differ from that actually pres-

ent in the cell window, relatively high

concentrations of Zr, As, Se, Cd, Ag-Sb, Au, Hf

and Pb may impact measurements on ceramic

samples using the open-cell.
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3.5 Comparison of Chamber
Performance

3.5.1 Limits of Detection

Limits of detection (LODs) for the regular and

open-cells were compared by measuring ten

blanks in a chamber containing only NIST610

glass. NIST610 was then ablated, and the major

element concentrations were summed to 100 %

and used to calculate minor and trace

concentrations for measured blank replicates.

Limits of detection were taken as three times

the standard deviation for these ten blank

measurements. In order to test the impact of

seal quality on background, the performance of

the open-cell was assessed in two

configurations—with the chamber sealed to a

flat plastic surface, and with the chamber sealed

onto a ceramic vessel.

In both configurations, limits of detection

(Fig. 3.5) were generally higher for the open-

cell than for the closed-cell for most elements,

with the exception of Cu, Sn, and Pb. The lower

LODs for these three elements may reflect the

shorter wash-out time characteristic of large vol-

ume open-cell chambers (Wagner and Jędral

2011). LODs for the open-cell either sealed to a

ceramic vessel or to a flat plastic backing were

generally comparable, although interestingly,

were in some cases lower when sealed to a

ceramic vessel. Whether this results from

differences in gas flow and wash-out because of

slightly different chamber geometry, or from

differences in the quality of seal produced is

unknown.

3.5.2 Precision

Figure 3.6 shows estimated precision—percent

relative standard deviation (1-σ) between

repeated measurements of NORC and NIST610

using both the open- and closed-cell lasers,

arranged from highest to lowest precision for

closed-cell measurements of NORC. NIST610

glass is taken to represent the base level of

precision achievable on a highly homogenous

sample matrix with elemental concentrations

generally well above detection limits. Percent

relative standard deviations between ten

measurements of NIST610 are generally below

4 % for the majority of elements (and below 1 %

for some) using both chambers, although values

measured on the open-cell are slightly higher in

general than those obtained using the closed-

Fig. 3.4 Results of two ablations of the open-cell quartz

window compared to a blank measurement showing the

presence of significant concentrations of many elements

in the coating applied to the window. Signal counts for

ablations of NIST610 and NIST679 are shown for com-

parison. Counts per second are displayed on a logarithmic

scale
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cell. The only exceptions are elements that are

near detection limits (Mg, K, Ti, Fe), and Hf,

which is present at high concentration in the cell

window as noted.

Repeated measurements of NORC are

presented as an estimate of error when measuring

ceramic samples. In general, deviations between

measurements of NORC are marginally greater

using the closed-cell and were actually lower for

some elements such as Sn and Cu, perhaps

reflecting the faster wash-out rate achieved with

the open cell. However, for other elements, the

open-cell system performed substantially worse

than the closed-cell, particularly for Zr, As, Cd,

Hf, Ag, Au, and Bi, elements that are present at

very low concentrations in ceramic samples and

standards, and at relatively high concentrations

in the cell window as noted. For elements which

do not present these problems, precision appears

generally comparable between the two chambers.

Fig. 3.5 Limits of detection measured for minor and

trace elements for closed-cell and open-cell laser

chambers, with the later sealed either to a flat plastic

backing or directly to the surface of a ceramic vessel.

Concentrations are displayed on a logarithmic scale

Fig. 3.6 Precision estimated from repeated measurements of New Ohio Red Clay (NORC) and NIST610 standard

glass using both closed-cell and open-cell lasers
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3.5.3 Fractionation

Fractionation—differential elemental removal

and entrapment in the ablation plume—results

from a variety of factors including differences

in ablation efficiency, transport efficiency, and

ionization efficiency (Chen 1999; Eggins

et al. 1998; Jackson 2001; Speakman and Neff

2005). The amount of fractionation can vary

dramatically between different material types,

and is dependent on laser wavelength, gas flow,

ablation time, and other specifics of chamber and

laser specification.

Previous studies have indicated that ablation

using shorter wavelength lasers generally results

in reduced fractionation. Longer wavelength

laser such as the 266 nm unit utilized in this

study produce ablated particle size distributions

weighted towards heavier particles relative to

shorter wavelength (193 or 213 nm) lasers.

These heavier, larger particles tend to more read-

ily settle back to the sample surface as they

interact with the carrier gas in the chamber,

tend to be transported less efficiently to the

plasma, and are less efficiently ionized in the

plasma (Alexander et al. 1998; Arrowsmith and

Hughes 1988; Gonzalez et al. 2002; Guillong and

G€unther 2002). Additionally, these heavier

particles may subsequently interact with the

laser after ablation (plasma ablation), preferen-

tially leading to deposition of more refractory

elements on the sample surface, while less

refractory elements are preferentially transported

to the plasma (Eggins et al. 1998). Furthermore,

differences in sample opacity can significantly

impact ablation efficiency (Gaboardi and

Humayun 2009) and induce fractionation, an

effect which is also impacted by laser wave-

length. In particular, for more opaque materials

such as NIST610 glass, Guillong et al. (2003)

found that 213 nm lasers produce far less frac-

tionation than 266 nm lasers.

Additionally, differences in chamber design

can contribute to fractionation (e.g., Eggins

et al. 1998). The closed-cell UP213 laser used

in the present study introduces carrier gas in a

laminar fashion across the sample surface, while

the open-cell uses an injector nozzle to introduce

a jet of gas incident upon the sample surface at

approximately a 45� angle. The later arrange-

ment might exacerbate plasma ablation as

heavier particles are driven back down more

rapidly towards the ablation crater rather than

being swept towards the plasma. Chamber vol-

ume and shape can also result in different sized

particles taking very different trajectories from

the time of ablation and entrapment until they

reach the exit opening and are transported to the

ICP-MS for ionization (Bleiner and Bogaerts

2007).

To assess the degree to which fractionation

occurs using the two lasers, we calculate the

Fractionation Index (FI—Fryer et al. 1995;

Guillong et al. 2003) for samples and

corresponding standards for both chambers.

This index is defined as the ratio of the average

of the second half of the ablation signal

normalized to an internal standard element

divided by the internal standardized average sig-

nal for the first half of the ablation. While prior

applications of this index have utilized Ca as an

internal standard, we here utilize Si, as we use

this element as our internal standard for purposes

of calibration. An FI of close to one indicates that

little fractionation occurs—any signal variability

or attenuation occurs at the same rate in both a

given element and the internal standard element.

Conversely, values less than or greater than one

indicate that fractionation occurs during ablation.

Large differences in the degree of fractionation

between samples and standards suggest that close

matrix-matching is necessary to generate a reli-

able calibration. The FI was calculated by taking

the ratio of the average Si-normalized signal for

the third-fifth measured replicates to the

Si-normalized signal for the sixth-ninth

replicates, i.e., for ~20–40 seconds and 40–-

60 seconds of ablation. The FI was calculated

for all measured standards and a Cusco ceramic

sample (CSC033) that was measured using both

the open-cell and closed-cell.
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FI results for the closed-cell UP213 laser

(Fig. 3.7) suggest that during ablation of

NIST679 and NORC, some fractionation does

occur, particularly for Na, Zr, Ag, Au, and

Bi. For NIST610 standard glass, little fraction-

ation is evident, with only K, Ti, and Fe—all of

which are present in very low concentrations and

measure with poor precision—showing any sig-

nificant deviation from unity. CSC033 likewise

demonstrates little evidence for fractionation for

the majority of elements. FIs deviate more sub-

stantially from unity for analysis performed

using the open-cell Micro 266 laser (Fig. 3.8),

even for NIST610 standard glass. In part, the

elements that appear most impacted may reflect

some degree of input from the cell window (As,

Cd, In, Hf, Au, and Bi), but fractionation appears

to be greater for most measured elements than

for ablation performed using the 213 nm laser.

3.5.4 Accuracy and Comparability
of Open- and Closed-Cell
Ablation Results

We report accuracy measured on Ohio Red clay

in comparison to values published in Kuleff

and Djingova (1998), summarizing repeat

Fig. 3.7 Fractionation Index (relative to Si) calculated

for NIST standards 610 (glass) and 679 (ceramic), New

Ohio Red Clay (NORC), and pottery sample CSC033

from measurements obtained using the closed-cell

213 nm laser

Fig. 3.8 Fractionation Index (relative to Si) calculated

for NIST standards 610 (glass) and 679 (ceramic), New

Ohio Red Clay (NORC), and pottery sample CSC033

from measurements obtained using the open-cell 266 nm

laser
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measurements from ten laboratories using INAA

and ICP-AES (Table 3.3). It should be noted that

the methods used to analyze Ohio Red clay at

other laboratories reported in the literature are all

bulk methods, rather than the spot analysis

employed at the EAF. NORC contains inclusions

visible under magnification in the laser chamber,

which are avoided during analysis, and conse-

quently, our values and reported values by bulk

analysis may not always match for every ele-

ment. For instance, published values for Ca, Zr,

and Hf (comparing only the closed-cell for Hf)

are particularly divergent, possibly because ear-

lier studies sampled larger proportions of large

zircon grains and calcium-rich particles in the

NORC matrix. For other measured elements,

both our closed-cell and open-cell results are

within methodological error ranges of published

values.

Despite issues with fractionation, signal to

background ratios, and precision, for most

elements, the open-cell Micro 266 laser appears

to produce comparable results to those obtained

using the closed-cell UP213 system. Comparison

of measurements for Cuzco ceramics and NORC

indicates no significant deviations between

measurements for most elements (Fig. 3.9,

Table 3.3). Exceptions include Na, Hf, Bi, and

Ag, all elements for which a substantial degree of

fractionation, poor precision and potential

impact from the cell window were noted.

Direct comparison on an element by element

basis for all comparison samples similarly

demonstrates a high level of linear correlation

for most elements, including Na (Fig. 3.10, r2

values reported in Table 3.3). The measured

piece of glass did not deviate in any significant

way from lines established using ceramics and

clays, suggesting that for most elements, frac-

tionation on the basis of material type or opacity

does not prohibit good calibration of results.

Most elements for which problems have already

been noted correlated poorly between the two

laser chambers, and were omitted from further

analysis, as was Pb—although Pb values

correlated reasonably well between the two

lasers, anomalously high values were measured

in some Cuzco area samples using the open-cell.

While Pb is sometimes used in white paints,

and can leach into the underlying ceramic matrix,

Fig. 3.9 Comparison of concentrations for all measured

elements in New Ohio Red Clay (NORC) and five Cusco

area ceramic vessels using the open-cell (X-axis) and

closed-cell (Y-axis) lasers. The dashed line represents a

1:1 ratio between measurements for the two chambers.

Elements that diverge significantly between the two

chambers in some or all comparison samples are labeled.

Concentrations on both axes are displayed on a logarith-

mic scale
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there is little textual or archaeological evidence

that lead-based paints were used on Inka or

Killke ceramics (P. VanValkenberg, personal

communication), lead glazing was introduced

only during the colonial period (see Chap. 19),

and only one of the vessels sampled in the current

study had white paint applied. That particular

sherd (CSC003) was not one of the samples run

by both methods, and measurements on its cross-

section using the closed-cell do not exhibit ele-

vated Pb concentrations. While studies of

Aguada tri-color ceramics (fourth to twelfth

centuries AD) from the Catamarca region of

Argentina have identified use of lead-based

white paints there (Bertolino et al. 2008), studies

of earlier ceramics from elsewhere in the Andes

(Nasca, northern Peru, first to seventh centuries

AD, and Diaguita and Aconagua cultures, central

Chile, ~AD 1200) identified Ca and Ti as the

primary constituents of white paints applied to

their surfaces (Dinator and Morales 1990;

Vaughn et al. 2005). Most of the vessels included

in our study were decorated with red, brown, or

black paints likely produced using Fe and Mn. Pb

is however present at relatively high levels in the

open-cell window (Fig. 3.4), likely explaining

high Pb concentrations in some open-cell

measurements, and consequently, only

44 elements were retained for statistical analysis

(see Tables 3.3 and 3.4).

3.6 Preliminary Results of Analysis
of Cuzco Area Ceramics
and Clays

3.6.1 Ceramics Analyzed
by Closed-Cell Ablation

All chemical measurements were logged (base

10) to normalize their distribution and minimize

scaling differences between high- and

Fig. 3.10 Results of comparison measurements for

selected elements with open-cell results on the X-axis

and closed-cell values on the Y-axis, with linear least-

squares regression lines displayed. Circles represent

ceramic samples, and crosses in circles glass. All

concentrations are in parts per million
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low-concentration elements. An R-Q mode

(Baxter 1992; Neff 1994, 2002) principal

components analysis (PCA) based on the corre-

lation matrix for the combined dataset of

ceramics (run with both chambers) and clays

was then performed to allow for identification

and display of patterning in the dataset. R-Q

mode analysis allows simultaneous display of

patterning on both matrix rows (samples) and

columns (elements), allowing for concise display

of relationships between samples and how ele-

mental patterning relates to sample patterning, as

well as correlations between elements. Elemental

correlations can be particularly important for

hypothesizing about what mineralogical and geo-

logical factors may account for differences

between identified distinct chemical groupings.

This type of graph is known as a biplot, and is

commonly utilized in archaeological ceramic

analysis as both a means of pattern recognition

and data display (e.g., Arnold et al. 2000;

Glascock et al. 2004).

Both hierarchical cluster analysis and exami-

nation of PCA biplots suggests the presence of a

three group structure in the sherds analyzed by

closed-cell ablation. The bulk of the analyzed

ceramic samples fall into a single chemically

homogenous group termed Group 1, while

Groups 2 and 3 are much smaller, containing

four and two sherds respectively (see Table 3.4

for summary statistics). CSC022 is classified as a

chemical outlier, and may represent a fourth

chemical type present among the analyzed sherds

and vessels. Display of the results on the first,

second, and third principal component axes

(Figs. 3.11 and 3.12) shows much of the pattern-

ing present in the data. As can be noted, Group

2 is distinguished from sherds in Group 1 largely

due to higher concentrations of Rare Earth

Elements, but also some transition metals (Fe,

Zn) and actinoids (Th, U). Group 3 sherds are

distinguished by lower Li, Mg, Co, and Ca

concentrations, and elevated Na concentrations.

All three chemical groups appear to overlap with

locally available clays, suggesting that all

recognized chemical types could have been pro-

duced from raw materials available in the

broader Cuzco area.

Fig. 3.11 R-Q mode biplot of principal components

1 (48 % of total data variance) and 2 (9.8 % of total

data variance) showing the three group structure

identified among the sherds analyzed using closed-cell

ablation, with clay samples and pots measured with the

open-cell Micro 266 laser projected against the 90 %

confidence ellipses for chemical Groups 1 and 2
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Chemical Groups 1 and 2 identified in the

current study may be identical to the two Cuzco

linked compositional profiles identified by Bray

et al. (2005) in their INAA study of ceramics

drawn from the same Field Museum collection.

The two chemical signatures identified in that

study were principally differentiated by REE

concentrations as well as some transition metals

(principally Cr), possibly reflecting the addition

of basaltic tempers to some vessels and andesitic

tempers to others (Ixer and Lunt 1991). While

our analysis in principal avoided larger temper

grains, it is possible that smaller grains were

ablated and may account for the identification

of two distinct compositional profiles. Alterna-

tively, some of the chemical differences noted by

Bray and colleagues may also be reflected in the

fine-fraction of the Cuzco area ceramics. Our

identification of a third and possibly fourth

chemical profile among the Collier and Montez

collection ceramics likely represents new previ-

ously unidentified production regimes in the

broader Cuzco region.

3.6.2 Open-Cell Analyses

The ten vessels analyzed using our open-cell

system appear to match up compositionally to

those analyzed by closed-cell ablation, and over-

lap with both Groups 1 and 2 on both principal

components plots. This overlap is also evident on

bivariate plots, for instance La and U

concentrations (Fig. 3.13). However, the degree

of dispersion evident for the samples analyzed

using the open-cell laser is greater than for those

analyzed using the closed-cell laser (Table 3.3),

suggesting that the reduced precision noted for

some elements may have an impact. Even so,

most vessels measured using the open-cell are

assignable to Groups 1 (6) and 2 (2), while vessel

CSC016 consistently plots with unassigned sherd

CSC022, suggesting that they represent the same

chemical paste type (see Table 3.4). One other

vessel measured with the open-cell, CSC013,

remains unassigned due to anomalously high Sr

content (4764 ppm).

Fig. 3.12 R-Q mode biplot of principal components

1 (48 % of total data variance) and 3 (8.4 % of total

data variance) showing the three group structure

identified among the sherds analyzed using closed-cell

ablation, with clay samples and pots measured with the

open-cell Micro 266 laser projected against the 90 %

confidence ellipses for chemical Groups 1 and 2
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3.6.3 Comparison to Cuzco Area Clays

Detailed comparison of clays to ceramics is possi-

ble only for Group 1 ceramics at present.

Mahalanobis distance based probabilities of

group membership were calculated for all clay

samples relative to Group 1 ceramic samples

using the first 12 principal components (~91 %

of total data variance). In general, membership

probabilities were relatively low, with no clay

sample exceeding a 7 % membership probability.

In part, this may reflect changes in composition in

prepared pastes relative to raw clays due to tem-

pering, levigation, or other clay processing (e.g.,

Kilikoglou et al. 1988) that was not undertaken for

the geological samples included in this analysis,

but may have been by ancient potters. However,

comparison of group membership probabilities for

clays relative to Group 1 suggests a reasonable

similarity to clays available within and along the

edges of the Cusco basin. In particular, most clays

with high membership probabilities in Group

1 were collected from areas associated with the

Cretaceous fluvial, lacustrine, and eolian

Huancané, Lucre, and Puraro Formations

(Fig. 3.3—collectively grouped as KsP-c),

suggesting derivation of the clays used to produce

them from those units. This similarity suggests that

Group 1 ceramics, whether Killke or Inka stylisti-

cally, were produced from clays collected very

near to the archaeological contexts from which

they were recovered.

Unfortunately, the small number of samples

included in Groups 2 and 3 prohibit such robust

comparison to analyzed clays at present. All such

ceramics identified to date were collected at the

sites of Qoripata and San Sebastian/San

Geranimo, and may have been produced in that

area of the southwestern Cuzco Basin (Table 3.1).

However, further analysis of larger numbers of

archaeological specimens will be required to

identify potential extraction locations for the

clays used to produce Group 2 and 3 vessels.

3.7 Conclusion

Analysis of Cuzco-area Killke and Inka style

ceramics drawn from the Field Museum Montez

and Collier collections by both conventional

Fig. 3.13 Bivariate plot of logged (base 10) La and U

concentrations showing the three group structure

identified among the sherds analyzed using closed-cell

ablation, with clay samples and pots measured with the

open-cell Micro 266 laser projected against the 90 %

confidence ellipses for chemical Groups 1 and 2
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closed-cell ablation and using a modified open-

cell laser chamber suggests that the later method

holds great promise for incorporating museum

collections into archaeological studies of ancient

ceramic production and distribution. However,

there are some problems that were identified

with the Field Museum open-cell system that

should be corrected by future modifications.

Issues related to the coating applied to the win-

dow of the EAF open-cell are easily fixed. How-

ever, we also experienced difficulties producing

a reliable seal between the open-cell and some

vessel surfaces, or else to a progressive degrada-

tion of seal integrity over time, leading to

leaching of atmospheric gases into the chamber.

This resulted in substantial increases in analysis

time, making it unfeasible at present to run more

than three or four vessels per day. It is likely that

some of the reduced precision we observed in

open-cell measurements as compared to those

performed using a closed-cell result from incon-

sistent chamber atmosphere, particularly for

elements with low signal to background ratios.

Additionally, introduction of oxygen into the

ablation atmosphere can increase fractionation

and further impact measurement using the

open-cell (Košler et al. 2002).

We are currently testing several solutions to

this issue, including different types of sealants,

and the containment of samples within large vac-

uum bags which are then pumped down to low

pressure. As previously discussed, the recent

development of open-cells that are not physically

sealed to the sample surface (Asogan et al. 2009;

Kovacs et al. 2010) represents another potential

means of analyzing materials such as ceramic

vessels that often have irregular or dusty/friable

surfaces.

Additionally, we observed inconsistent signal

strength as the chamber was moved relative to

the inflow of He from the injector nozzle,

resulting in poor signal to background ratios for

some measurements. The introduction of a micro

jet-pump for gas-extraction from the chamber

such as that utilized by Asogan et al. (2009)

would allow for more uniform extraction and

mixing of ablated material from the chamber

and the introduction of a steady gas flow to the

plasma. Alternatively, it might be necessary to

alter the shape of the chamber to an elongated or

bottle shaped design, both of which have been

shown to improve performance (Bleiner and

Bogaerts 2007).

Despite these issues, the data generated using

the open-cell laser compared favorably to those

generated using the closed-cell, suggesting that

with methodological improvements, the EAF

open-cell laser system will prove a viable

means of incorporating collections objects into

archaeological ceramic sourcing studies in the

future. In the present preliminary study of

ceramic production in the Cuzco area during

both the Late Intermediate and Inka periods, we

were able to link samples analyzed using the

open-cell laser to chemical profiles identified

among the samples analyzed using the closed-

cell, and to link both to potential clay extraction

locations along the edges of the Cuzco Basin.
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de la Composition de la Céramique pour la transition

Mesolithique-Neolithique dans L’Europe du Nord-

Ouest. In: Hauzeur A, Jadin I, Jungels C (eds) 5000

ans avant J.-C.: la grande migration? Le Néolithique
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Optimization of 2D LA-ICP-MS Mapping
of Glass with Decorative Colored
Features: Application to Analysis
of a Polychrome Vessel Fragment
from the Iron Age

4

Johannes T. van Elteren, Serena Panighello, Vid S. Šelih,
and Emilio F. Orsega

Abstract

2D elemental mapping of glass surfaces by LA-ICP-MS is an interesting

technique to elucidate past technologies, establish provenance or under-

stand deterioration processes of ancient, polychrome glass by visualiza-

tion of the elemental distribution of the glass surface. However, selection

of the appropriate LA-ICP-MS conditions for generation of high-quality

elemental maps with the highest spatial resolution, lowest signal-to-noise

ratio and shortest analysis time is normally a trial-and-error process.

In this chapter a computational-experimental strategy is described to

optimize the LA-ICP-MS conditions for 2D elemental mapping of poly-

chrome glass by finding the best balance between fluence, beam diameter,

repetition rate, scanning speed, gas flow rate and acquisition time. To aid

in the initial selection of the optimal LA-ICP-MS conditions for spatial

resolution and analysis time, a digital image of the glass was subjected to

virtual 2D mapping, using existing software which simulates the actual

LA-ICP-MS mapping process. To verify whether these initial conditions

would result in an acceptable signal-to-noise ratio during the actual LA-

ICP-MS mapping process, they were used to experimentally determine

the detection limits for each element via a simple line scan on a “blank”
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glass, and consequently predict the noise floor in the maps. This strategy

was successfully validated (using a modern murrina) and applied to a

polychrome glass from the Iron Age yielding more insight into its

elemental composition and the mineral sources involved.

4.1 Introduction

The raw materials for manufacturing of ancient

glass were siliceous sand with sodium or potas-

sium compounds used as fluxes. In the Egyptian

area of Wadi-El-Natrun, an evaporitic source of

sodium (natron) was used as flux since the early

fourth millennium BC (Turner 1956; Shortland

2004; Shortland et al. 2006). In the Bronze Age

the most used sources of sodium were plant

ashes. From the early first millennium BC, to the

end of the first millennium AD, almost all glass

was natron-based. During the ninth century AD

natron flux was progressively replaced by soda or

potash plant ashes (Henderson 1985, 2000; Free-

stone et al. 2002; Tite et al. 2006; Freestone

2006; Barkoudah and Henderson 2006; Aerts

et al. 2003; Henderson et al. 2004; Mirti

et al. 2009). Other minerals from different

sources were added to the glass melting batch

to serve as chromophores and opacifiers. Their

main occurrence is shown in the timetable in

Fig. 4.1 and their effect on the colouring of

glass is shown in Table 4.1. For several centuries

manganese and antimony compounds were

employed alternately or together to decolourize

transparent glasses (Baxter et al. 2005; Jackson

2005; Sayre 1963; Silvestri et al. 2008).

Elemental analysis is the primary tool to char-

acterize ancient glass samples concerning their

raw materials, decolourizers, chromophores and

opacifiers, and to confirm hypotheses about the

mineral sources of the added compounds. The

data obtained can then be related to other groups

of glasses in order to resolve assumptions about

their primary and secondary provenance and

Fig. 4.1 Timeline of the use of opacifiers, fluxes and

decolourizers in the production of glass from the Bronze

Age to the Islamic Age (Turner and Rooksby 1961; Sayre

and Smith 1967; Henderson and Warren 1983; Henderson

1985; Nicholson and Henderson 2000; Mass et al. 2002;

Shortland 2002; Tite et al. 2008; Lahlil et al. 2010a)
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production period. A large variety of multi-

elemental techniques exist for the microanalysis

of glass and glazes: SEM-EDXS (e.g., Lahlil

et al. 2010b), PIXE-PIGE (e.g., Šmit

et al. 2012), EPMA (e.g., Arletti et al. 2010;

Alberta et al. 2011), TEM (e.g., Mata

et al. 2002; Lombardo et al. 2013), micro-XRF

(e.g., Naes et al. 2008), SIMS (e.g., Rutten

et al. 2009) and LA-ICP-MS (e.g., Duwe and

Neff 2007; Pérez-Arantegui et al. 2008;

Robertshaw et al. 2010). Often a combination of

techniques is used to investigate elemental com-

position or distribution (e.g., Sokaras et al. 2009;

Carmona et al. 2010; Šmit et al. 2013). They all

have specific advantages and limitations such as

spatial resolution, range of detectable elements,

the feasibility of quantitative analysis, detection

limits, dynamic range, required sample prepara-

tion, cost and accessibility (Behrends and

Kleingeld 2009). In spite of the fact that LA-

ICP-MS has a comparatively low native lateral

resolution, and leads to sometimes serious dam-

age to the sample, the technique is very versatile

with a very large dynamic range (analysis of

concentrations from ng g�1 to % w/w), and the

potential for imaging on scales from several μm
to tens of mm (Woodhead et al. 2007).

Compared to the commonly available

contenders such as SEM-EDXS and micro-XRF,

LA-ICP-MS has a lower lateral resolution than

SEM-EDXS but is far superior with regards to

obtainable detection limits, whereas LA-ICP-MS

is relatively comparable to micro-XRF but with

better accuracy, precision, sensitivity and analy-

sis speed (Naes et al. 2008). With recent technical

and instrumental improvements and improved 2D

mapping protocols and data deconvolution

approaches lateral resolutions �1 μm have been

demonstrated for LA-ICP-MS (Van Malderen

et al. 2015; Wang et al. 2013).

Although 2D mapping by LA-ICP-MS is

destructive to the sample, often many fragments

of sufficiently small dimensions are available

from museums or other sources on which this

invasive sampling is allowed. Moreover, the

mapping may be very informative in the study

of mechanisms and effects of weathering and

corrosion on ancient (and modern) glass, glaze

and ceramic surfaces. Several papers have

reported on the use of LA-ICP-MS for visualiza-

tion of the elemental distribution of glass surfaces

using depth profiling (Panighello et al. 2015), 2D

mapping (Rusk et al. 2011; Šelih and Van Elteren

2011; Wagner and Jedral 2011) or 3D mapping

(Van Elteren et al. 2013). One of the difficulties

of high-quality 2D elemental mapping by LA-

ICP-MS is the selection of appropriate mapping

parameters; this chapter will look into ways to

improve upon this situation as will be explained

in the background section below.

Table 4.1 Principal ancient chromophoric elements and their relative colouring effects based on oxidizing or reducing

melting conditions (Henderson 2000; Shortland 2002; Verità et al. 2002)

Element/compound

Colour

Oxidizing conditions Reducing conditions

Cobalt Blue (Co2+)

Copper Aquamarine (Cu2+) Uncoloured (Cu+) or Red (Cu+/Cu�)
Manganese Violet (Mn3+)

Manganese (high concentration) Black (Mn3+)

Iron Yellow (Fe3+) Light blue (Fe2+)

Iron (high concentration) Very dark green or Black (Fe3+ + Fe2+)

Lead antimonate Opaque yellow

Calcium antimonate Opaque white

Lead stannate Opaque yellow

Tin oxide Opaque white

Sulphur-iron Amber-yellow (Fe3+�S2�)
Sulphur-iron (high concentration) Brown or Black (Fe3+�S2�)
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4.2 Background

Selection of the appropriate LA-ICP-MS

conditions (fluence, beam diameter, repetition

rate, scanning speed, gas flow rate and acquisi-

tion time) for generation of high-quality 2D ele-

mental image maps is complex due to the mutual

effects of the LA-ICP-MS conditions on the

quality of the maps in terms of spatial resolution

and signal-to-noise ratio within a given time

frame for analysis (Fig. 4.2). While it is possible

to increase the resolution by decreasing the beam

diameter, this invariably increases the analysis

time and potentially the signal-to-noise ratio

when trace level concentrations are to be

measured.

Since decorative coloured features in glass are

determined by the presence of chromophoric

elements (especially heavy metals in the form

of ions or compounds, see Table 4.1), a digital

image of the glass gives a rough representation of

the chromophoric elemental distribution, and as

such may be used for virtual mapping to simulate

the 2D LA-ICP-MS elemental mapping process.

Virtual mapping software has been previously

developed (Triglav et al. 2010); the conceptual

model behind the software can be explained in a

simple way by illustrating what happens from

ablation to detection during a single line scan

on a sample with two rectangular objects

(Fig. 4.3). When a laser beam with diameter

D (μm) traverses the surface of the sample with

a scanning speed S (μm s�1), and the laser firing

at an optimal fluence and a repetition rate R (s�1),

the amount of material sampled per pulse is

directly proportional to the cross-sectional area

A (μm2) of the laser beam and the object. Since

the ablation cell volume V (l) is relatively large

and the gas flow rate F (l s�1) has an upper limit,

the washout of aerosol particles from the abla-

tion cell is controlled by their residence time

σ (¼ V/F) in the cell, resulting in an exponential

washout of the particles from the cell expressed

by A � exp(�t/σ) for each pulse, assuming aero-

sol ablation under turbulent conditions. Thus,

the aerosol concentration leaving the ablation

cell is represented, as a function of time, by

superimposition of tailing peaks as a result of

exponential washout of subsequent pulses.

When this continuous time-related concentration

signal is presented to the ICP-MS instrument,

discrete measurement takes place as a function

of the acquisition time T (s). The software

translates this 1D model into a virtual 2D

mapping tool, with the understanding that maps

consist of many parallel lines.

Fig. 4.2 The influence of LA-ICP-MS parameters (ovals) on the delicately balanced quality criteria (rectangles) for

2D elemental mapping by LA-ICP-MS
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With this 2D mapping tool the quality of the

maps can be accurately predicted by virtual

mapping of a digital image of the polychrome

glass sample as a function of the LA-ICP-MS

conditions (see Fig. 4.2). However, the predicted

quality can only be assessed in terms of 2D

spatial resolution and analysis time as signal-to-

noise ratios are based on actual elemental

concentrations and can only be investigated

experimentally. To get a handle on these signal-

to-noise ratios we performed a simple line scan

on a “blank” glass to retrieve the detection limits

for each element as they are a direct indicator for

the expected noise floor in the elemental maps. In

an iterative process the software-optimized LA-

ICP-MS conditions for spatial resolution and

analysis time can be experimentally verified and

fine-tuned with regards to acceptable noise

levels. This is undertaken prior to actual elemen-

tal image mapping of the glass, thereby

preventing unnecessary damage to the glass and

yielding the best possible maps in the shortest

amount of time. The predictive capabilities of

this computational-experimental strategy were

demonstrated by actual LA-ICP-MS elemental

image mapping of a modern murrina—a slice

of a group of parallel glass canes melted together,

whose cross section reveals multiple layers of

colours and shapes. Application of this approach

served to generate 2D elemental image maps

with a high spatial resolution and a low noise

floor for a polychrome glass vessel fragment

from the Iron Age. In all cases 54 elements

were quantified in the image maps using a

so-called sum normalization calibration proce-

dure by summating the 54 elements in each

pixel as their oxides to 100 % w/w (Šelih and

Van Elteren 2011).

4.3 Materials and Methods

4.3.1 Archaeological Glass Sample

The example presented in Fig. 4.4 is an opaque

polychrome glass vessel fragment from the Iron

Age (fifth century BC) from the museum of Adria

(Northern Italy). More information on the prove-

nance of the sample can be found in Panighello

et al. (2012). It presents a blue bulk with opaque

yellow and turquoise decorations. The body part

is translucent and shows the presence of bubbles

Fig. 4.3 Illustration of the LA-ICP-MS mapping process in 1D upon virtual ablation of two rectangular objects
assuming a homogeneous density distribution; we assume that the background has a density distribution of zero
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and devitrification crystals. This vessel was made

using the “core-forming technique.” Before the

invention of glass-blowing around the first cen-

tury AD, this was the most common method for

the manufacture of glass vessels. This technique

involved “the shaping of a clay core, which was

then dipped into molten glass. Decoration was

then trailed onto the surface of the vessel, often

in contrasting colours. These trails of glass could

then be combed into close-set zigzag patterns and

either left in relief or, more commonly, flattened

by marvering. Finally, a rim-disc, foot-ring or

handles could be added. On cooling, the core

was carefully scraped out” (Harden and Tatton-

Brown 1981). Stylistically, this vessel falls

within Harden’s Mediterranean Group I,

aryballos form 2 (Harden and Tatton-Brown

1981). This group denotes the first of three suc-

cessive industries which manufactured large

amounts of core-formed vessels traded in the

Mediterranean context. According to the most

probable hypothesis this industry was developed

mainly on Rhodes Island (Walton et al. 2009),

following the migration of craftsmen from the

Near East.

4.3.2 Sample Handling and Glass
Calibration Standards

For mapping purposes the archaeological artifact

was securely mounted on a glass slide with

double-sided tape, next to a reference glass

(NIST SRM 610) serving as an external standard

with nominal elemental concentrations of

ca. 500 μg g�1 (for published and consensus

values see http://georem.mpch-mainz.gwdg.de).

For establishing the elemental detection limits a

synthetic “blank” glass (DLH6, P&H

Developments Ltd.), prepared according to the

coprecipitated gel technique (Hamilton and

Hopkins 1995), was used with a base composi-

tion of 72 %w/w SiO2, 2 %w/wAl2O3, 12 %w/w

CaO and 14 % w/w Na2O. To validate the

computational-experimental strategy for 2D

LA-ICP-MS mapping a modern murrina from

Murano, Venice (Italy) was used, both for LA-

ICP-MS elemental oxide mapping and mapping

simulation based on a digital image of the

object. The murrina was embedded in epoxy

resin in which carbon powder was mixed in for

better visibility of the glass structures. Hence,

in the polished block (Fig. 4.5a) the translucent

parts of the glass are black and the dark blue

colour of the outer rim of the murrina is

obscured by the black background colour.

4.3.3 LA-ICP-MS Instrumentation
and Mapping Conditions

A quadrupole ICP-MS (Agilent 7500ce, Palo

Alto, USA) interfaced with a LA system (New

Wave Research UP 213, Fremont, USA) was

used to quantify elements present in the glass

by rastering with the laser beam over the surface.

The laser ablation device contained a frequency-

quintupled Nd:YAG laser (wavelength, 213 nm;

Fig. 4.4 Digital image of the polychrome glass vessel

fragment; the rectangle indicates the area (5 mm � 5mm)

which was mapped
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pulse width, 4 ns) with a motorized stage and

a laser ablation chamber. Laser ablation took

place in a so-called SuperCell™ (New Wave

Research). Helium was used to transport the

ablated material from the ablation chamber to

the inductively coupled plasma (ICP); argon

was added as a make-up gas before the torch of

the ICP. The mass spectrometer was set up in

time-resolved analysis mode, measuring one

point per mass (TRA(1)), and acquiring

54 masses. Measurement of the background

gases (He/Ar mixture) served to establish a gas

blank signal for all masses.

Each map consisted of many parallel line

scans, with no space between adjacent scans,

which were acquired and saved individually by

a remotely triggered ICP-MS line scan sequence

routine. The individually collected line scans

with time-resolved data for each element

(in cps) were saved and later converted into ele-

mental oxide concentrations (in % w/w) (see

Sect. 4.3.4). To test the LA-ICP-MS conditions

for mapping of the murrina (Fig. 4.5a), three

sets of LA-ICP-MS conditions were selected

(Table 4.2) and the imaginary quadrants (Q1–

Q3) mapped; quadrant Q4 served as a visual

reference. As can be seen from Fig. 4.5b the

Fig. 4.5 Digital image of the modern murrina used for

virtual and experimental LA-ICP-MS image mapping

(a) and damage induced by LA scanning of the quadrants

Q1–Q3 of the glass using three different sets (Table 4.2)

of LA-ICP-MS conditions (b); quadrant Q4 served as a

visual reference in the elemental image maps

Table 4.2 Operating conditions of the LA-ICP-MS

instrument for 2D mapping purposes

Laser ablation New Wave Research UP 213

Wavelength 213 nm

Pulse length 4 ns

Spot size 100 (Q1), 55 (Q2), 25 (Q3) μm
Fluence ca. 7 J cm�2

Repetition rate 10 Hz

Scanning speed 9 (Q1), 16 (Q2), 36 (Q3) μm s�1

Grid spacing 100 (Q1), 55 (Q2), 25 (Q3) μm
He flow rate 0.95 l min�1

Make-up Ar flow rate 0.75 l min�1

ICP-MS Agilent 7500ce

Rf power 1500 W

Sampling depth 6.5 mm

Isotopes measured

(54 masses in total)

7Li, 9Be, 11B, 23Na, 24Mg, 27Al,
29Si, 31P, 39K, 43Ca, 45Sc, 47Ti,
51V, 53Cr, 55Mn, 57Fe, 59Co, 60

Ni, 63Cu, 66Zn, 69Ga, 75As, 82Se,
85Rb, 88Sr, 89Y, 90Zr, 93Nb, 95

Mo, 107Ag, 111Cd, 115In, 118Sn,
121Sb, 137Ba, 139La, 140Ce, 141

Pr, 146Nd, 147Sm, 153Eu, 157Gd,
159Tb, 163Dy, 165Ho, 166Er, 169

Tm, 172Yb, 175Lu, 197Au, 208Pb,
209Bi, 232Th, 238U

Acquisition time/

pixel

11.11 (Q1), 3.44 (Q2),

0.69 (Q3) s

Measurement mode Time-resolved, TRA(1)

Plasma gas flow rate 15 l min�1

Auxillary gas flow

rate

1 l min�1

Total analysis time/

map

2.8 h

Reference to conditions for mapping of the quadrants

(Q1–Q3) of the modern murrina (Fig. 4.3a)
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damage to the surface of the murrina is very

dependent on the LA-ICP-MS conditions

selected (fluence and repetition rate were kept

constant for mapping of the quadrants), resulting

in minimal damage to Q3 (25 μm/36 μm s�1) and

destructive damage to Q1 (100 μm/9 μm s�1) and

Q2 (55 μm/16 μm s�1); ablation of Q3 can be

regarded as a kind of dulling of the surface.

4.3.4 Quantification and Image
Analysis

The individual line scans making up the elemen-

tal maps were sequentially stitched together into

a 2D CSV file using an in-house macro. This

macro converts the response of the line scans

into 2D matrices with pixels conveying their

content (cps/element). Since the content of

often tens of thousands of pixels needs to be

converted into % w/w for each element, a custom

quantification routine (in Microsoft® Office

Excel 2003, Microsoft Corporation, Redmond,

WA, USA) was used based on summating

54 elements as their oxides to 100 % w/w. Simi-

lar approaches have been successfully applied

before, using an array of glass standards or a

single standard (Gratuze et al. 2001; van Elteren

et al. 2009; Liu et al. 2008; Šelih and van Elteren

2011). Since the use of a single standard greatly

reduces the analysis time and simplifies process-

ing of the pixels, NIST SRM 610 was used for

calibration purposes to generate quantitative

data, similar to earlier published work (Šelih

and van Elteren 2011). In short, the sum normal-

ization calibration approach converts the raw sig-

nal intensity Ii (in cps) of the elemental oxide

i (1 to n) in each pixel into an unnormalized

concentration ci(unnorm) (in % w/w):

ci unormð Þ ¼ Ii
Ii,N610=ci,N610

ð4:1Þ

with Ii,N610 and ci,N610 the raw signal intensity

(in cps) and the elemental oxide concentration

i (in % w/w) in NIST SRM 610, respectively.

From Eq. (4.1) it is clear that after cumulation

and normalization to 100 % w/w the normalized

elemental oxide concentrations ci(norm) (in %

w/w) can be retrieved:

ci normð Þ ¼ 100� ci unnormð Þ
Pn

i¼1ci unnormð Þ ð4:2Þ

This sum normalization approach not only yields

accurate data, but for mapping of large surfaces

the procedure is also not very susceptible to

defocusing issues as a result of surface uneven-

ness (Šelih and Van Elteren 2011). However, it

should be stressed that for small beam diameters

it is difficult to keep the laser focused (in the

order of the beam diameter) for extended periods

of time (many hours); we found out that a beam

diameter �12 μm yielded elemental image maps

of varying quality. Processing of the elemental

oxide concentrations (in % w/w) into elemental

maps (in.JPEG format) was achieved by Origin

7.5 SR4 (OriginLab Corporation, Northampton,

MA, USA) and Sigmaplot (Systat Software Inc.);

in general 256 shades of gray (8-bit image) were

used for image analysis whereas for visual pre-

sentation pseudocolours were applied (from dark

blue to bright red). The 8-bit elemental maps

were imported into the image analysis software

ImageJ (National Institute of Health, USA) for

detailed digital analysis of the glass artefacts,

using a simple calibration which links the shades

of gray (256 brightness levels from 0 [black] to

255 [white]) to the oxide concentrations. With a

tracing tool areas on the glass artefact were

selected for localized elemental analysis.

4.3.5 Software for Virtual LA-ICP-MS
Mapping

To aid in the selection of appropriate LA-ICP-

MS mapping conditions, finding the best balance

between spatial resolution, analysis time and

signal-to-noise ratio, a previously developed

LA-ICP-MS mapping software package (Triglav

et al. 2010) was used (upon request available

from one of the authors [elteren@ki.si]). After

uploading a digital image in the software (the

pre-Roman glass shown in Fig. 4.4) it is

subjected to permutations simulating the LA-
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ICP-MS mapping action (see the screenshot in

Fig. 4.6). The virtual LA-ICP-MS conditions

(beam diameter, repetition rate, scanning speed,

flow rate and acquisition time) can be freely

selected; laser fluence cannot be selected as opti-

mum coupling to the target material occurs in a

fairly narrow fluence range (Phipps et al. 2006;

Xu 2002). The virtual map generated is based on

a computational approach comprising the follow-

ing steps:

1) scaling of the digital image to its actual size

(5 mm � 5 mm in this case),

2) creating of the LA-ICP-MS pixel grid and

averaging of the RGB 0�255 content of the

photographic pixels,

3) determining the distortion of each pulse

caused by exponential washout from the abla-

tion cell,

4) gathering of the appropriate number of pixels

(¼R � T) to generate the final virtual map in

pseudocolours.

Since the computational approach does not

take into account the elemental concentrations

it is essential to investigate how the noise levels

in the maps are related to the trace elemental

concentrations for selected sets of LA-ICP-MS

conditions. Although the software is kitted out

with a noise generator, in this work on glass

mapping it was found more convenient to inves-

tigate the anticipated noise in the elemental

Fig. 4.6 Screenshot of the LA-ICP-MS software for

virtual 2D mapping; in this instance a digital image of

the pre-Roman glass shown in Fig. 4.4 has been uploaded

in the software and the resulting virtual image map for the

optimized LA-ICP-MS conditions is shown

4 Optimization of 2D LA-ICP-MS Mapping of Glass with Decorative Colored. . . 61



image maps by establishing multi-elemental

detection limits via simple line scanning of the

“blank” glass DLH6 and determining the con-

centrations via the sum normalization approach.

The detection limits were calculated based on

three times the standard deviation of the noise

in this “blank” glass.

4.4 Results and Discussion

4.4.1 Validation of the Combined
Computational
and Experimental Strategy

Experimental Murrina 2D Mapping Details A

modern murrina (Fig. 4.5a) was subjected to

three sets of LA-ICP-MS mapping conditions

(Table 4.2), and the actual LA-ICP-MS elemen-

tal image maps were compared to the findings

of the computational-experimental strategy. This

allowed us to prove that the computational-

experimental strategy is suited to optimize the

LA-ICP-MS conditions for generation of high-

quality multi-elemental 2D image maps of deco-

rative features in glass artefacts. The sample was

divided into four imaginary quadrants (each of

3.2 mm � 3.0 mm) of which three were virtually

and experimentally mapped, each with a differ-

ent set of LA-ICP-MS conditions but equal anal-

ysis times (2.8 h). Square pixels were considered,

implying that D (beam diameter) ¼ S (scanning

speed) � T (acquisition time). Based on the

LA-ICP-MS conditions in Table 4.2 the relative

theoretical elemental sensitivity values (in signal

[cps] per concentration [% w/w]) are 1:0.30:0.06

for Q1:Q2:Q3. The relative experimental ele-

mental sensitivity values (averaged over

54 elements upon ablation of NIST SRM 610)

are 1:0.38 � 0.05:0.12 � 0.04, which is rela-

tively close to the theoretical values. Deviations

are possible due to the fact that scanning speeds

are different, resulting in different degrees of

collateral damage to the glass surface and hence

slight sensitivity variations.

Evaluation of Experimental 2D Map

Quality After ablation of the quadrants, 54 ele-

mental oxide maps were generated under the

three sets of LA-ICP-MS conditions. In Fig. 4.7

a small selection of the 54 elemental oxide maps

is presented as composite maps of three different

elemental maps (Q1, Q2 and Q3) for some major,

minor and trace elements and the digital image

(Q4). It can be seen that the image sharpness

increases from Q1 to Q3, although for the trace

elements it is obvious that the small pixel size in

Q3 causes the noise floor for the trace elements to

rise so much that unintelligible maps with inac-

curate elemental oxide concentrations are

obtained (visible from variations in colour

patterns in the three quadrants). Additionally, it

is clear that retrieving accurate and precise data

from the narrow, white, wavy patterns for Q1 is

challenging due to the large pixelation; As2O3

and PbO concentrations in these areas are

measured with a precision of ~60 % for Q1 com-

pared to ~20 % for Q2. The LA-ICP-MS

conditions used for mapping of quadrant Q2

seem to be the best compromise for yielding

appropriate spatial resolution and adequate

signal-to-noise ratios.

Technological Fabrication Information

Extracted from the Maps The compositional

data extracted from all 54 maps (based on the

measurement of Q2) reveal the following

(concentrations � standard errors): (1) the

opaque, white, wavy patterns are associated

with lead arsenate (10.8 � 0.8 % w/w As2O5

and 30.6 � 2.8 % w/w PbO), which is a weak

(opaline) opacifier; (2) the yellow spot in the

murrina centre is produced by colloidal disper-

sion of cadmium sulphide (measured as CdO

[0.31 � 0.16 % w/w]), with a minor part of

selenium-cadmium sulphide, under reducing

conditions; the reducing agent is zinc metal pow-

der that oxidizes to zinc oxide (9.1 � 2.1 %w/w);

the latter acts also as a stabilizer in this glass poor

in lime (1.3 � 0.3 %w/w); (3) the dark blue outer

edge is due to the presence of cobalt oxide

(0.31 � 0.08 % w/w), with a minor contribution

of copper oxide (0.0020 � 0.0005 % w/w);
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(4) the translucent bulk glass matrix consists of

SiO2 (66.1 � 4.1 % w/w), Na2O (21.3 � 3.6 %

w/w), CaO (7.9 � 1.8 % w/w), B2O3

(1.3 � 0.3 % w/w), K2O (1.6 � 0.2 % w/w) and

Al2O3 (0.81 � 0.12 % w/w). These data indicate

that the murrina is a silica-soda-lime glass where

boron has been added as a fluidifying agent.

4.4.2 Computational
and Experimental Strategy

VirtualMurrinaMapping Details To investigate

whether the best LA-ICP-MS conditions can be

singled out by a computational–experimental

strategy as well, we uploaded not only the digital

image of the murrina (Fig. 4.5a) in the software

but also its negative image to emphasize both

high and low concentrations in similar parts of

the glass. E.g., the translucent part of the murrina

contains high main elemental concentrations but

most other elements are expected to be present at

trace levels; thus, uploading the (positive) digital

image of the murrina will yield an image map

with a low contribution of the main elements

since the black in the image is associated with a

zero RGB brightness value. However, the nega-

tive of the digital image will appropriately

address this issue. In Fig. 4.8, the results of

the virtual 2D maps of the murrina (both of the

positive and negative digital image) for the three
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Fig. 4.7 Selected composite elemental oxide image maps

after actual 2D LA-ICP-MSmapping of three quadrants of

the murrina (Fig. 4.5a) using three different conditions

(Table 4.2); the visual image in the fourth quadrant serves

as a reference. Lower image densities are mapped onto

“cool” colours and higher densities onto “hot” colours.

Low density images are shown in blue or violet, and high
density images appear as orange or red
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different quadrants are shown. As expected, the

virtual 2D maps increase in quality from quad-

rant Q1 to Q3, with quadrant Q1 also showing

too large pixelation for accurate and precise mea-

surement on the white, wavy patterns, in agree-

ment with the actual LA-ICP-MS mapping

results. Since the LA-ICP-MS conditions used

for virtual mapping of quadrant Q3 yield the

best virtual map, they seem the most obvious

choice for experimental mapping. However, due

to introduction of instrumental noise associated

with the small pixel size (25 μm � 25 μm),

especially for trace level concentrations, these

conditions might not be indicative for the best

possible elemental image maps.

Evaluation of Virtual Map Quality To envisage

how these conditions might influence the noise

floor of the 2D maps, the “blank” glass DLH6

was measured in single line scan mode to retrieve

the concentrations of 54 elemental oxides

according to the sum normalization procedure.

In Fig. 4.9 the detection limits for 50 elemental

oxides (except the base compositional elemental

oxides SiO2, Al2O3, CaO and Na2O) are

presented as three times the standard deviation

of the noise in the “blank” glass (in % w/w) for

the three different LA-ICP-MS conditions. As a

general trend the detection limits increase from

Q1 to Q3; averaged over all the elemental oxides

the detection limit ratios are 1:3.3:40 for Q1:Q2:

Q3. For prediction of the anticipated noise in the

actual LA-ICP-MS elemental image maps, using

Fig. 4.9, we can assume that the main elements

(Ca, B, As, Pb, Zn and Co) have concentration

levels well above their detection limits for all

three LA-ICP-MS conditions. This suggests that

all these elements can be measured satisfactorily

in all three quadrants, as is confirmed by the

actual elemental oxide image maps in Fig. 4.7.

For the trace elements Ba, Cr and Nb, the LA-

ICP-MS conditions for quadrant Q3 have ele-

mental oxide detection limits of 3.59 � 10�3,

4.50 � 10�3 and 2.47 � 10�3 % w/w, respec-
tively. Knowing that the actual concentrations

of BaO, Cr2O3 and Nb2O5 in the bulk of the

murrina (measured on the outer rim of quadrant

Q2) are 5 � 10�3 � 2 � 10�3, 9 � 10�4

� 3 � 10�4 and 9 � 10�5 � 3 � 10�5 % w/w,
respectively, it is clear that the LA-ICP-MS

conditions for Q3 cannot produce reliable 2D

maps, as proven in Fig. 4.7. The LA-ICP-MS

conditions for Q2 fare much better, with elemen-

tal oxide detection limits of 1.26 � 10�4 % w/w

BaO, 3.62 � 10�4 % w/w Cr2O3 and

6.30 � 10�5 % w/w Nb2O5, which are all

below the actual measured concentrations in

the murrina. Thus, our computational-

experimental strategy has faithfully predicted

the LA-ICP-MS conditions for Q2 to yield

Fig. 4.8 Composite 2D image maps after virtual LA-

ICP-MS mapping of the three quadrants of the murrina
(Fig. 4.5a) using three different conditions (Table 4.2) for

the positive (top) and negative (bottom) digital image;

the visual image in the fourth quadrant serves as a refer-

ence. For the explanation of colours see Fig. 4.7
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the best quality elemental image maps.

Although pre-knowledge on elemental oxide

concentrations has been used in the prediction,

in general we may assume that concentrations

of ca. 10�4 % w/w are borderline cases and

LA-ICP-MS conditions yielding detection

limits below 10�4 % w/w are better excluded.

Something that cannot be predicted is the ele-

mental heterogeneity, although this will only

give rise to more noise in the maps and not

necessarily to unintelligible maps.

4.4.3 Application to 2D Mapping of a
Pre-Roman Glass

The computational-experimental strategy

described above was used to predict the best

possible LA-ICP-MS conditions for experimen-

tal 2D mapping of the pre-Roman glass shown

in Fig. 4.4. These optimal conditions were as

follows: laser beam, 65 μm (square); grid

spacing, 65 μm; repetition rate, 10 Hz; scanning

speed, 32 μm s�1; acquisition time/pixel, 2 s (the

remaining standard conditions can be found in

Table 4.2). The resulting 2D map upon virtual

ablation of the pre-Roman glass is shown in

Fig. 4.6 and illustrates that a high-quality map

can be obtained in a relatively short analysis time

(3.3 h).

LA-ICP-MS Mapping of the Iron Age Poly-
chrome Glass Preliminary observations of the

glass sample by optical and electron microscopy

detected a highly inhomogeneous texture, both

on the external surface and on the broken section

indicated in Fig. 4.4. The glass bulk showed a

very rough general texture and a wide-scale dis-

tribution of crystalline aggregates and bubbles in

the glass. These features can considerably affect

the precision of the elemental quantification

by a microanalytical technique such as

LA-ICP-MS. From the elemental mapping

results (Fig. 4.10) this glass can be classified as

a soda-lime-silica glass, based on its contents

(concentrations � standard errors): silica

(70.0 � 6.8 % w/w), soda (17.0 � 3.9 % w/w)
and lime (7.0 � 1.4 % w/w), and low potash

(0.50 � 0.02 % w/w) and magnesia content

(0.54 � 0.01 % w/w). Moreover, it presents a

very low level of heterogeneously distributed

phosphorous oxide (0.041 � 0.004 % w/w).

Low K2O, MgO and P2O5 contents correspond

to the use of natron as the fluxing agent (Verità

et al. 2002; Shortland et al. 2006; Reade

et al. 2009; Shortland and Schroeder 2009). Par-

ticular elemental maps from Fig. 4.10 were com-

piled (see Fig. 4.11) to highlight correlations

between elements and their association with the

features of the artefact concerning chromophores,

opacifiers and their mineral sources.

Fig. 4.9 Detection limits for the elemental oxides based on three times the standard deviation of the noise in the

“blank” glass DLH6 (400 pixels) upon LA-ICP-MS single line scanning under three different conditions (Table 4.2)
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Analysis of Chromophores and Opacifiers The

Co and Cu maps (Fig. 4.11a) show that the deep

blue features can be attributed to the presence of

CoO (0.088 � 0.021 % w/w) and CuO

(0.55 � 0.22 % w/w). The application of ele-

mental mapping proves to be particularly suit-

able for the analysis of opaque glasses. The

opacity of glass is due to the presence of a dis-

persion of crystals in the glass matrix (Henderson

2000). The 2D maps in Fig. 4.11b indicate that

the opaque turquoise and yellow decorations

contain opacifiers based on antimony.

Antimony-based opacifiers were used from the

beginning of glass production in the Near East

and Egypt around 1500 BC (Tite et al. 2008). The

opacity and colour of the yellow glass can be

attributed to the presence of lead antimonate

(Pb2Sb2O7; measured as Sb2O5 [3.2 � 1.3 % w/

w] and PbO [30.0 � 6.0 % w/w]). White calcium

antimonate opacifier (Ca2Sb2O7 or Ca2Sb2O6;

measured as CaO [6.8 � 0.4 % w/w] and Sb2O5

[3.2 � 1.2 % w/w]) and aquamarine-blue copper

oxide (2.5 � 0.6 % w/w) are responsible for the

turquoise hue. Calcium was not intentionally

added to the glass batch since lime was a natural

component of the sand. Lead is present in strong

excess in the yellow glass and in a more limited

amount in the turquoise glass (2.3 � 1.1 % w/w).
This element, with its low concentration and

heterogeneous distribution in the blue glass

(0.8 � 0.5 % w/w), found also in some other

Iron Age glasses (Arletti et al. 2010), probably

entered the batch with the cobalt mineral. The

presence of lead in the turquoise glass may have

led to the formation of a small amount of lead

antimonate, or more probably it completely

dissolved in the batch, without contributing to

its opacity (Arletti et al. 2008). Figure 4.11c

also shows the 2D maps rendered as 3D maps

for Sb and Pb with linear scaling, convincingly

demonstrating their distribution in the glass and

the potential of LA-ICP-MS for elemental

mapping of glass.

Mineral Sources Elemental image maps also

allow us to speculate on the composition of the

ores used as the sources of chromophores and

opacifiers based on the correlation between the

Fig. 4.10 LA-ICP-MS elemental oxide image maps

of the Iron Age glass. Since the elemental oxide

concentrations in all maps are scaled from 10�6 to

10�2 % w/w, a logarithmic scale was applied for visual-

ization of all elemental oxides simultaneously. For the

explanation of colours see Fig. 4.7
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elements. The study of the mineral sources for

chromophores and opacifiers is rather complex

and it is often difficult to state useful associations

between elements. Several studies have

investigated the nature and origin of the cobalt

ores used for blue coloured glass (Henderson

1985; Gratuze and Picon 2006; Gratuze

et al. 1992, 1996; Gratuze 1997; Shortland

et al. 2006; Towle et al. 2001). They were based

on the analysis of the elements associated with

cobalt, such as aluminium, copper, manganese,

iron, nickel, zinc, arsenic, antimony and lead.

From the elemental oxide maps in Fig. 4.11d

it seems that in the dark blue glass cobalt is

Fig. 4.11 Selected elemental oxide image maps of the

Iron Age glass highlighting: (1) the correlations with the

blue colourations (a) and the opaque and yellow
decorations in 2D (b) and 2D rendered in 3D (c); (2) the

provenance of some elements (d and e). For the explana-
tion of colours see Fig. 4.7. All maps (a)–(e) had logarith-
mic scaling as in Fig. 4.10, except the 2D maps rendered

in 3D in (c) which had linear scaling
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associated with copper and some impurities

such as gallium and uranium. Cobalt may

occur in combination with copper in

heterogenites (mixtures of minerals as

mindigite 2Co2O3∙CuO∙3H2O and trieuite

2Co2O∙CuO∙6H2O) (Brady et al. 2002), so that

the presence of copper could be related to the

addition of this kind of ore as a colouring agent.

However, we cannot exclude that copper has

been added to the glass batch independently to

modify the cobalt blue hue, probably in the form

of brass, as suggested by a % w/w Cu/Zn ratio of

about 7, the same as one would expect in brass.

This could also explain the correlation of cobalt

and copper with Ga2O3 (0.0023 � 0.0011 % w/
w), which is usually present in trace amounts in

zinc. Uranium, as UO2 (0.0019 � 0.0011 % w/

w), might originate from the ores of copper

and/or cobalt. The elemental oxide maps of the

turquoise decoration in Fig. 4.11e show that cop-

per is associated with tin, lead and traces of

indium and bismuth, although the occurrence of
115In is most likely an interference caused by 115

Sn (natural abundance, 0.34 %) upon measuring

higher levels (ca. 0.01 % w/w in this case) of 118

Sn (natural abundance, 24.44 %). The presence

of copper, lead and tin suggests that two distinct

possible materials could be identified as sources

of copper: (1) an ore containing all these three

elements (Santopadre and Verità 2000) and

(2) slags from the working of bronze (Peake

and Freestone 2012). Antimony appears to be

associated with traces of silver, arsenic and

nickel, while lead correlates with traces of cad-

mium, arsenic and molybdenum. This suggests

that the possible sources of lead and antimony

could be sulphide ores containing galena (PbS)

and stibnite (Sb2S3), respectively. The correla-

tion of silver with antimony might be related to

the use of cupellation litharge as a source for lead

antimonate in the decorations (Mass et al. 2002).

This could also explain the presence of lead in

the turquoise decoration. However, according to

Rehren and Shortland (Rehren and Shortland

2003; Shortland et al. 2000), litharge as the

source for antimony would be rather unlikely.

4.5 Conclusion

By evaluating the computational-experimental

strategy for elemental image mapping of a mod-

ern murrina, it is evident that prediction of the

LA-ICP-MS conditions for optimal 2D elemental

image mapping prior to actual mapping can be

carried out efficiently and effectively. The steps

to be taken are as follows: (1) make a digital

image of the polychrome glass sample; (2) upload

this image in the free virtual mapping software;

(3) plug in numbers for the relevant LA-ICP-MS

parameters and “play” with them to obtain the

best image with the shortest analysis time and the

highest spatial resolution; (4) use these virtually

optimized parameters to make a line scan on a

reference glass (NIST610) and a “blank” glass;

(5) calculate the elemental detection limits to

predict the noise floor in the elemental maps.

When set up properly this process should take

no longer than ca. 1 h but might save many

hours of analysis time or even prevent one from

choosing the wrong LA-ICP-MS parameters; one

should also be aware that the mapping process

cannot be repeated again on the same glass sur-

face, and therefore choosing optimal parameters

in advance is particularly valuable. The LA-ICP-

MS optimization strategy was successfully

applied for quantitative multi-elemental mapping

of a polychrome glass vessel fragment from the

Iron Age. The purpose of this test was to show

how elemental mapping can contribute to the

overall information retrieval on elemental distri-

bution and homogeneity in the glass surface to

gain insight into the presence of chromophores,

opacifiers and their associated ores in an easy

way, i.e. by visual inspection of the maps.
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Santopadre P, Verità M (2000) Analyses of the production

technologies of Italian vitreous materials of the

Bronze Age. J Glass Stud 42:25–40

Sayre EV (1963) The intentional use of antimony and

manganese in ancient glasses. In: Matson FR, Rindone

GE (eds) Advances in glass technology, Part 2. Plenum

Press, New York, NY, pp 263–282

Sayre EV, Smith RW (1967) Some materials of glass

manufactory in antiquity. In: Levey M

(ed) Archeological chemistry: 3rd symposium on

archeological chemistry, Atlantic City, New Jersey.

University of Pennsylvania Press, Philadelphia, PA,

pp 279–312
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LA-ICP-MS Analysis of Ancient Silver Coins
Using Concentration Profiles 5
Guillaume Sarah and Bernard Gratuze

Abstract

This chapter presents the main features of depth profile analysis for silver

coins using LA-ICP-MS. The first section contains general information

about ancient silver coins and their characteristics. Next, we discuss the

implications of these characteristics for the analysis of these objects,

followed by a presentation of the possibilities and limitations of the

analytical methods used to date. The next section deals with previous

attempts to analyze depth-heterogeneous materials using depth profile

LA-ICP-MS analysis (DP-LA-ICP-MS). Finally, we present some aspects

of the development and validation of LA-ICP-MS for the analysis of

ancient silver coins.

5.1 Introduction

As of 2005, although Laser Ablation-Inductively

Coupled Plasma-Mass Spectrometry (LA-

ICP-MS) had already been applied successfully

to various archaeological samples, the use of this

technique had not yet been attempted for the

characterization of ancient silver coins. It was

then discovered that due to the presence of a

surface layer on silver coins whose composition

is not representative of the entire alloy, typical

LA-ICP-MS analysis with an accumulation of

signal during a determined duration cannot be

applied. The only way to provide reliable results

for the analyst and the historian is to use the

progressive penetration of the laser by coupling

it with a time-resolved measurement of the sig-

nal, in order to represent the evolution of the

composition of the alloy dependent on ablation

time–a concentration profile, an approach which

has since been experimentally validated. It is

now considered the most relevant approach for

analysis of ancient silver coins, as it yields accu-

rate and reliable results. Experiments have been

carried out both on ancient coins and modern

alloys by LA-ICP-MS and other techniques to

study the composition and the structure of

ancient silver-based alloys and to validate LA-

ICP-MS protocol. Furthermore, the concentra-

tion profile approach for the analysis of ancient
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Férollerie, 45071 Orléans Cedex 2, France

e-mail: guillaume.sarah@cnrs-orleans.fr;

gratuze@cnrs-orleans.fr

# Springer-Verlag Berlin Heidelberg 2016

L. Dussubieux et al. (eds.), Recent Advances in Laser Ablation ICP-MS for Archaeology, Natural
Science in Archaeology, DOI 10.1007/978-3-662-49894-1_5

73

mailto:guillaume.sarah@cnrs-orleans.fr
mailto:gratuze@cnrs-�orleans.fr


objects has since been applied to other materials

such as gold-based coins, which in some cases

revealed the unexpected presence of a similar

surface-enrichment layer.

5.2 Background

5.2.1 Ancient Silver Coins

The analysis of archaeological artifacts, and

especially of precious objects such as ancient

coins, requires both a good understanding of

their inner structure and the use of a minimally

or non-destructive method of characterization.

Unlike modern samples whose manufacturing

process is known precisely, there is no certainty

as to the metallurgical, mechanical and chemical

processes involved in the production of ancient

coins. It is also noteworthy that the sum of these

processes, combined with potential subsequent

alteration of the coin, be it during circulation or

burial, entails changes in the composition and

structure of the alloy, especially on the surface.

These preliminary observations are the basis for

development of any methodology for the analysis

of ancient coins.

The term “silver” is conventionally used

by numismatists for very diverse alloy

compositions. It can sometimes refer to very

pure silver with trace elements at very low

concentrations. However, in many cases another

metal, usually copper, is alloyed to the silver.

Copper concentration can range from a few per-

cent to tens of percent; in some cases copper can

become the main element of the alloy, and the

coin can still look exactly like pure silver visu-

ally (Arles and Téreygeol 2011). “Billon” refers

to debased silver coins whose fineness ranges

from about 50 % to as low as 25 % silver con-

tent. The structure of the alloy and its alteration

depends on the nature and quantity of the metal

added to the silver. It is therefore nearly impos-

sible to predict the inner structure of a silver coin

prior to its analysis. Along with the major

elements of the alloy, ancient silver coins also

contain minor and trace elements at very low

concentrations. These components are usually

not a deliberate addition by the ancient metallur-

gist or moneyer, but were part of the silver or

other metal of the alloy. Determining the concen-

tration of these minor and trace elements can

help distinguish coins containing metal of differ-

ent origins, and can sometimes be used to link the

metal with its extraction source. An effective

method for analysis of silver coins should there-

fore not only enable the precise determination of

the fineness of the coin, but also the concentra-

tion of other elemental components of the alloy,

some of them at very low levels.

Ancient silver coins are especially likely to

present variations in their composition

depending on depth. Complex physical and

chemical phenomena such as the oxidation of

copper in the alloy entail changes in both struc-

ture and composition. This is known as “silver

surface enrichment” or “surface enrichment”.1 It

results from the combination of phenomena

occurring during the production, circulation,

and finally deposition of the coin. Our under-

standing of this phenomenon is however not yet

sufficient to allow its estimation without studying

a cross-section, resulting in the destruction of the

coin. A silver-enriched layer can be observed in

Fig. 5.1, a Scanning Electron Microscopy (Back-

Scattered Electron mode) image of the cross-

section of a silver coin. The surface layer,

whose composition has changed over time,

presents cavities from which oxidized copper

was leached. The elongated shape of these

cavities, as well as the eutectic and copper-rich

phases under this layer, result from the hammer-

ing of the blank during the production of the

coin.

Silver surface enrichment is a major impedi-

ment to the analysis of silver coins, as it can

cause a significant overestimation of the silver

content if not taken into account. The depth of

this layer can range from a few micrometers to

hundreds of micrometers. Although debased

coins are more likely to present a thick surface-

1 For a review of the causes of silver surface enrichment,

see Arles (2009), Beck et al. (2004), Carter (1964a, b,

1977), and Condamin and Picon (1972).
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enriched layer, this is by no means systematic,

and coins from the same hoard that have been

subjected to the same burial conditions can pos-

sess very different internal structures. The main

problem for the analyst aiming to characterize

the alloy in its original state–that is, when the

coin was struck–is to get rid of this surface layer,

whose composition differs from that of the inte-

rior, without causing visible damage.

5.2.2 Analysis of Ancient Silver Coins:
Different Approaches and Their
Limitations

The first analyses of silver coins were destructive

chemical analyses. They entailed the destruction

of the whole object or of a substantial sample for

analytical purposes. This is obviously unsatisfac-

tory for precious ancient objects such as coins,

so this type of analysis has been abandoned.

Later, and particularly from the 1960s onwards,

the development of spectrometric and nuclear

methods gave rise to non-destructive analytical

techniques applicable to ancient coins.

Experiments were then carried out both to under-

stand the silver surface enrichment phenomenon

and to improve these non-destructive techniques

for analysing silver coins (Condamin and Picon

1964, 1972; Hall 1960, 1961). Two main

approaches have been widely implemented—

surface methods and bulk methods.

The presence of an altered superficial layer

can cause a significant overestimation of the sil-

ver content if a method which only takes the

surface of the coin into consideration is used.

This was noted as early as the 1960s by

researchers using surface analytical methods

such as X-Ray Fluorescence/milliprobe analysis

(XRF), and later Particle Induced X-Ray Emis-

sion (PIXE) (Cowell 1998; Guerra and

Barrandon 1998; Hall 1960; Klockenkämper

et al. 1999; Linke et al. 2003). Researchers first

attempted to solve the surface enrichment prob-

lem by “cleaning” a small area of the sample,

usually on the face or the edge of the coin, and

performing repeated analyses in order to remove

the silver-enriched surface layer and to reach the

unaffected core alloy (Cowell 1998; Carter

1964a, 1977; Schweizer 1972). This preparation

of the samples obviously yielded better results,

but the repeated process of cleaning and analysis

was time consuming. Furthermore, it soon

became apparent that “analysis on an abraded

section on the edge of the coin should in theory

discount surface effects, such as corrosion or

surface enrichment, and should measure the

unaltered alloy; in practice, however, it is a

Fig. 5.1 Scanning

Electron Microscopy

image (Back Scattered

Electron mode) of the

cross-section of a silver

coin presenting silver

surface enrichment

(CNRS–IRAMAT)
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delicate and sometimes perhaps an impossible

task, within the limitation of acceptable aesthetic

damage, to obtain even an approximately correct

result from these tiny coins, particularly when

they are debased” (Metcalf 1983; see also Linke

and Schreiner 2000). Although they are to this

day the most widespread analytical tools avail-

able for coin analysis, surface methods such as

XRF should therefore only be used to distinguish

coins of very different compositions, or to iden-

tify the major components of the alloy, but

not to determine their precise and complete

composition.

The second of the main approach that has

been used to analyze silver coins is nuclear bulk

analysis (Barrandon 1980; Barrandon et al. 1988;

Gordus 1967; Meyers 1969). Such analyses pro-

vide an average content of the coin as a whole for

all detectable elements. Although the bulk anal-

ysis of silver coins is more reliable than surface

analysis, the presence of a modified superficial

layer can still cause a significant difference

between the results and the actual content of the

original unaffected alloy (Guey and Condamin

1961). In this case, the geometry of the coin is

crucial: the thickness of the silver-enriched layer

on each face of the coin and the overlapping of

these layers at the edge can have a significant

impact on measured composition (Condamin and

Picon 1964). Moreover, bulk analysis only

provides a single value for each element and

gives no indication as to the thickness and con-

tribution of the silver surface enriched layer to

the measured bulk composition.

In addition to the major limitations caused by

the silver surface enrichment phenomenon, both

surface and bulk analytical methods, when

applied to ancient silver coins, only enable iden-

tification of a limited number of trace elements,

as their detection limits are often too high for

many elements of interest. Because of these

limitations of traditional methods of analysis,

we endeavoured to test another approach, seek-

ing to get rid of the silver surface enrichment

problem and to measure the minor and trace

elements that are potentially useful for prove-

nance studies. The successful use of LA-ICP-

MS for the characterization of archaeological

objects and modern multi-layer samples strongly

recommended it for the task of analysing ancient

silver coins.

5.3 LA-ICP-MS for the Analysis
of Depth-Heterogeneous
Materials

LA-ICP-MS is a particularly suitable method for

the analysis of a wide range of solid samples. It

requires no sample preparation and allows for the

determination of major, minor and trace elements

with good accuracy and low detection limits.

This technique has been applied in archaeometry

beginning in the early 1990s to analyse vitreous

materials, stone, and ceramics (Gratuze 1999;

Gratuze et al. 1993; Neff et al. 2003; Speakman

et al. 2002), and more recently to gold coins,

especially for provenance purposes (Dussubieux

and van Zelst 2004; Gratuze et al. 2004). The

micro-samples resulting from laser ablation are

small enough to be invisible to the naked eye

(Fig. 5.2), but can also be large enough to be

representative of the entire object. Later analysis

of depth-heterogeneous materials such as ancient

silver coins was to yield even more interesting

results, as it was discovered that the progressive

penetration of the laser into the sample could be

coupled with time-resolved acquisition of the

signal—concentration profiles representing the

evolution of the composition of the coin

depending on the duration of the analysis,

corresponding to the progression of the laser

into the sample, could be obtained using this

technique. This allows for identification of the

surface enrichment layer, and for only the part

of the concentration curve corresponding to

the unaffected alloy to be used for historical

interpretation.

Development of the analytical parameters for

depth-profile analysis of ancient silver coins was

based on approaches found in various

publications, including studies on the characteri-

zation of archaeological metals and depth-profile

analysis by LA-ICP-MS. In the case of ferrous

metals, LA-ICP-MS is used only to determine the

fingerprint of the vitreous inclusions embedded
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in the matrix.2 For non-ferrous alloys, the afore-

mentioned studies regarding gold coins, and

others on some of the wide range of possible

copper-based alloys, have recently proved suc-

cessful (Dussubieux et al. 2008), although LA-

ICP-MS is as of yet an inadequate method of

analysis in other cases. In the case of silver,

experiments aiming to determine the level of

impurities have been undertaken for the authen-

tication of works of art (Devos et al. 1999). Qual-

itative LA-ICP-MS analysis has also been used

to reveal the presence of mercury deposits on the

surface of silver coins, allowing identification of

instances of silvering using the amalgam tech-

nique (Vlachou-Mogire et al. 2007).

Outside of archaeometry, LA-ICP-MS is not a

very widespread method for the characterization

of metallic samples, as its main advantage from

an archaeological point of view, namely that it is

relatively non-destructive, is irrelevant to mod-

ern samples, for which destructive methods have

therefore been generally preferred. However,

some publications have been dedicated to the

study of isotopic fractionation of copper during

laser ablation in modern copper-based alloys

(Kuhn et al. 2006, 2007). Other researchers

have studied the improvements obtained by the

use of a femtosecond laser for the sampling of

brass alloys (Bian et al. 2006; Liu et al. 2004).

Experiments have also sought to determine the

concentration of Pd, Pt and Rh in lead samples

obtained from the cupellation of platinum-rich

ores (Vanhaecke et al. 2004). Trace-element

contents can also be studied to determine the

provenance of modern gold and silver (Kogan

et al. 1994). None of this research however has

had any direct influence on the development of

the analytical protocol for the characterization of

ancient silver coins, as it does not seek to deter-

mine the composition of the major elements or to

remove surface enrichment.

If we consider the results of past analyses of

multi-layered samples by the means of

LA-ICP-MS, it should first be noted that LA-

ICP-MS had never before been used to study

the evolution of the composition of such samples

according to depth. Previous studies including

depth-profile analysis by LA-ICP-MS have

focused developing depth resolution for the char-

acterization of multi-layered samples, usually by

means of producing a thin layer of metal depos-

ited on another material (Coedo et al. 2005;

Kanický et al. 2004; Margetic et al. 2001;

Mason and Mank 2001; Plotnikov et al. 2001).

Similar experiments have been carried out in

archaeometry to study gold or silver deposited

on the surface of coins using the mercury amal-

gam technique (Vlachou-Mogire et al. 2007).

However, no attempts were made in these studies

to determine the bulk composition of alloy under

a surface layer whose composition has been

Fig. 5.2 Two laser ablation spots at the surface of a silver coin (CNRS–IRAMAT)

2 See the contribution of L’Héritier et al. (Chap. 14).
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modified over time. Every experimental aspect of

the LA-ICP-MS depth-profile analytical protocol

for ancient silver coins therefore had to be first

studied in order to verify the suitability of this

approach to analysis of silver coins, and to deter-

mine the best combination of parameters for

analysis.

5.4 Protocol

5.4.1 Instrumentation

Our LA-ICP-MS protocol for analysis ancient

silver coins was developed as part of PhD

research carried out between 2005 and 2008 at

the CNRS IRAMAT–Centre Ernest-Babelon

(Sarah 2008). This laboratory was at the time

equipped with a Fisons VG Plasma Quad PQXS

quadrupole ICP-MS. Since 2009, analyses have

been carried out using a Sector Field Thermo

Fisher Element XR, which allows for significant

improvements both in sensitivity and mass reso-

lution. The laser utilized in our studies is

generated by a Nd:YAG pulsed laser whose fre-

quency is quadrupled to operate in the ultraviolet

range at 266 nm.

The ablation cells used at Centre Ernest-

Babelon for the analyses of ancient coins have

been specially designed for this purpose. One of

them, used mostly for silver coins, is 8 cm in

diameter and 3 cm in height. This ablation cell

allows room for 6–20 coins at a time, depending

on their diameter and on the number of reference

materials required for calibration. Additional

ablation cells of various dimensions are available

to adapt analysis to any coinage. Analysis is

carried out on the face of the coins rather than

on the edge, as the surface enrichment layer can

be very thick on that part of the coin due to the

overlapping of the layers of each coin face.

DP-LA-ICP-MS analysis is a representation

of the evolution of the concentration of each

element detected depending on the duration of

the ablation. This requires that a composition be

calculated for each time interval for which a

measurement is obtained. The blank measured

before turning on the laser is deduced from the

signal measured for each isotope and each time

slice, and a calculation procedure based on the

determination of response coefficient factors

theoretically identical for the reference materials

and samples is applied (Gratuze 1999; Chap. 12).

The internal standard used in the case of silver

coins is 107Ag.

5.4.2 Development of the Protocol

The DP-LA-ICP-MS analytical protocol for

ancient silver coins was developed and validated

through the study of more than 1000 objects.

This corpus consisted mostly of medieval West-

ern coins covering a wide range of compositions,

containing from a few to tens of percent of cop-

per, as well as minor and trace elements at sig-

nificant levels. It also included very pure silver

coins, containing trace elements at only very low

concentrations, as well as billon coins whose

major component is copper. The protocol as

described in the following paragraphs should be

regarded only as a guideline for the LA-ICP-MS

analysis of silver coins—the recommendations

given here must be adapted to the specificities

of a particular coinage when necessary.

The size of the laser ablation spot should be

chosen in order to provide representative analysis

of a silver-copper two-phase alloy. Scanning

Electron Microscopy observations and LA-ICP-

MS experiments revealed that a laser diameter of

80 μm is wide enough, yet invisible to the naked

eye (Fig. 5.3). Three profiles are usually

generated on the surface of each coin in order

to verify the reproducibility and the representa-

tiveness of the analysis. The most suitable repe-

tition rate for the laser is 6 Hz. This is the best

compromise between speed of penetration of the

laser, the instantaneous amount of matter ablated

and sent to the detector, and the in-depth resolu-

tion required for the characterization of depth-

heterogeneous materials. This repetition rate also

prevents significant mass fractionation from

occurring.

At a rate of 6 Hz, and considering the usual

possible thickness of the silver surface-enriched

layer, a duration of 300 s of ablation is sufficient
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in most cases to penetrate through a region of

decreasing silver content corresponding to the

altered alloy, and to obtain a stable plateau for

signal strength. This first part of the curve

(corresponding to the surface enrichment layer)

is not used for the calculation of the coin’s com-

position; an average value is determined for each

element only for the stable signal corresponding

to the unaffected alloy beneath the surface layer.

This can be observed in Fig. 5.4, which shows the

silver and copper concentration profiles for a

medieval coin with significant silver surface

enrichment. However, visualization of the evolu-

tion of composition depending on the duration of

ablation is a valuable source of information, as it

allows the analyst to ensure that the unaltered

core has been reached; it also confirms the reli-

ability of the results by demonstrating that a

plateau of stability is obtained for each of the

three profiles measured, and that the values are

comparable for each element across each of the

three profiles.

Experiments carried out on cross-sections of

ancient coins revealed that 300 s of laser ablation

at a rate of 6 Hz provides information for a

superficial layer of about 300 μm on average for

silver-copper alloys. In cases when the alloy is

very pure, the silver surface enrichment phenom-

enon is not likely to be very pronounced, and

ablation can be shortened to 200 s for such

Fig. 5.3 Scanning

Electron Microscopy

image (Back-Scattered

Electron mode) of a

two-phase silver-copper

alloy and comparison with

the size of a laser ablation

crater (CNRS–IRAMAT)

Fig. 5.4 Example of

concentration profiles of

silver and copper for an

ancient coin presenting

significant silver surface

enrichment
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coins. In any study, preliminary experiments

must be carried out in order to determine the

most suitable analytical parameters for a given

corpus of coins if they have never been studied

previously by LA-ICP-MS.

The example in Fig. 5.4 shows how the

profiles obtained by DP-LA-ICP-MS for silver

and copper appear to be an effective approach

for representing the evolution of the composition

from the surface to the interior of ancient coins.

The profile shows a significant silver-enriched

surface layer: the concentration of silver progres-

sively decreases during 150 s of ablation begin-

ning at more than 95 % near the surface to about

75 % in the unaffected part of the coin. This

representation makes it possible to distinguish

the part of the curve corresponding to the unaf-

fected alloy, so that silver surface enrichment

does not affect the accuracy of the results—the

composition provided to the historian in this case

would be Ag-Cu 75 %–25 %, corresponding to

that of the unaffected core of the coin. The

DP-LA-ICP-MS concentration profiles also pro-

vide confidence in the results, as it can be deter-

mined that a plateau of stability is reached at

some point, and that consequently, the entire

coin is not corroded. In other words, depth-

profiling demonstrates that original alloy is pres-

ent in the coin (or that it is not in some cases),

which cannot be determined using superficial or

bulk methods.

The Thermo Fisher Element XR can be used

in Low Resolution, Medium Resolution and

High Resolution modes, depending on the

mass selectivity necessary for the separation of

the peaks corresponding to the ions detected.

The analysis in concentration profiles as used

for analysis of silver coins requires a time-

resolved acquisition of signal, instead of the

usual accumulation of signal. For determination

of trace elements, it is necessary to select the

resolution mode with which the most important

elemental signal values can be obtained. This

means that detection of isotopes corresponding

to major, minor and trace elements can take

place in the same menu in low resolution

mode. This makes it possible to minimize the

total duration of the analysis of a sample and to

obtain better accuracy for trace element content,

although some elements cannot be satisfactorily

detected due to mass interferences when present

at very low concentrations. Most isotopes

impacted by interferences have proven of lim-

ited use in provenance studies, however, so use

of the low resolution mode to speed analysis

results in no significant loss of historically use-

ful information.

In most cases, ancient silver coins are either

silver-copper alloys with minor and trace

elements at various levels, or pure silver

containing trace elements only, but there is no

general rule concerning the concentration of

minor and trace elements. Previous analyses

have revealed that the concentration of these

elements, although sometimes present at only

trace levels, can in other cases reach 1 % or

more. These “main minor elements” are Zn, Sn,

Au, Pb and Bi. Other elements are present at very

low concentrations, except for As and Sb,

concentrations of which can reach thousands of

ppm. These “main minor” elements, as well as

As and Sb, can be used for provenance purposes

and historical interpretation to separate or group

coins with similar elemental patterns. These

observations served as the basis for selection

of the alloys used as reference materials for

calibration.

These reference materials are analysed regu-

larly during each analytical session, and used

in the calculation procedure to determine the

concentrations in the samples (see Gratuze

1999). Four of them are pure silver-copper

alloys, whose silver content ranges from about

60 % to 97 % (RAgA1, RAgA3, RAgA4

and RAgA5, purchased from Rand Refinery,

South Africa). Four others are various silver-

copper alloys containing the five main minor

elements (Zn, Sn, Au, Pb and Bi) as well as As

and Sb at high levels (EV1, EV2, EV3 and EV4).

They were prepared at our request by the Centre

d’Études de Chimie Métallurgique (CNRS,

Vitry-sur-Seine–France). The last three reference

materials utilized, SF1A, RAgP3 and RAgP7,

were purchased from Rand Refinery,

South Africa, and Gliwice, Poland; they are

pure silver containing a wide range of trace

elements. Compositions for these 11 reference

samples are given in Table 5.1.

80 G. Sarah and B. Gratuze



T
a
b
le

5
.1

C
o
m
p
o
si
ti
o
n
o
f
re
fe
re
n
ce

m
at
er
ia
ls
u
se
d
fo
r
ca
li
b
ra
ti
o
n
o
f
si
lv
er

co
in
s
an
al
y
se
s

E
le
m
en
t

R
A
g
A
1

R
A
g
A
3

R
A
g
A
4

R
A
g
A
5

E
V
1

E
V
2

E
V
3

E
V
4

R
A
g
P
3

R
A
g
P
7

S
F
1
A

A
g

9
6
.9
4
%

9
1
.5
0
%

7
9
.9
4
%

5
9
.8
9
%

7
5
.0

%
4
5
.0

%
8
0
.0

%
6
5
.0

%
9
9
.9
7
%

9
9
.7
7
%

9
9
.8
6
%

C
u

3
.0
3
%

8
.4
7
%

2
0
.0
3
%

4
0
.1
0
%

1
5
.0

%
4
5
.0

%
1
8
.2

%
3
2
.8

%
2
9
.9

2
0
9

8
5
7

Z
n

2
0
,0
0
0

2
0
,0
0
0

1
0
0
0

2
0
0
0

2
8
.7

2
0
9

7
9
.1

S
n

2
0
,0
0
0

2
0
,0
0
0

1
0
0
0

2
0
0
0

2
7
.2

1
9
2

A
u

2
0
,0
0
0

2
0
,0
0
0

2
0
0
0

5
0
0
0

3
9
.4

2
1
6

2
1
.9

P
b

2
0
,0
0
0

2
0
,0
0
0

1
0
,0
0
0

1
0
,0
0
0

2
6
.7

1
9
4

2
1
.0

B
i

2
0
,0
0
0

2
0
,0
0
0

1
0
0
0

2
0
0
0

2
4
.5

2
3
1

5
3
.7

A
s

2
0
0
0

1
0
0
0

4
1
.6

S
b

1
0
0
0

5
0
0

2
6
.7

1
8
5

5
8
.1

F
e

1
7
.4

8
8

4
2
.5

N
i

2
4
.4

1
8
1

5
8
.1

S
e

4
5
.0

P
d

2
5
.3

1
9
3

T
e

2
6
.1

1
8
1

4
3
.9

P
t

2
6
.7

1
8
7

2
0
.9

U
n
le
ss

o
th
er
w
is
e
in
d
ic
at
ed
,
al
l
v
al
u
es

ar
e
ex
p
re
ss
ed

in
p
p
m

5 LA-ICP-MS Analysis of Ancient Silver Coins Using Concentration Profiles 81



The list of detected elements has been deter-

mined in accordance with past analyses. Silver,

the major constituent of the coins, and copper,

which is most often alloyed to the silver, are the

two main elements to be determined. They are

usually detected using the Faraday mode, which

is well adapted to the detection of the elements

composing the matrix of the sample. In cases

when the silver is very pure, silver is the only

element whose ions need to be detected in Fara-

day mode. There is no significant interference for

either of the two isotopes of silver (107Ag and 109

Ag) or for those of copper (63Cu and 65Cu).

The concentration of the five main minor

elements Zn, Sn, Au, Pb and Bi can vary from a

few ppm to one or several percent. These

elements must be detected in Triple Mode,

which enables adaptation of the detection mode

depending on the quantity of ions measured dur-

ing the first part of acquisition. Au and Bi are

monoisotopic, so there is only one choice of mea-

surement, 197Au and 209Bi. In contrast, Zn, Sn and

Pb have several stable isotopes. Usually, the most

abundant is preferable in order to obtain the

highest signal and lowest detection limit.

Consequently, we measure 64Zn and 118Sn. As

silver usually derives from argentiferous lead,

lead concentration is often relatively high—con-

sequently, we measure 204Pb: although it is the Pb

isotope whose isotopic abundance is the lowest,

its signal is sufficient in most cases to be detected

in Faraday mode, which allows detection in the

same mode for all samples. Another Pb isotope

can be chosen if concentration is too low.

For other minor and trace elements, the most

abundant isotope is measured, unless an interfer-

ence causes a significant error in measurement of

the resulting signal. The elements and isotopes

typically measured during analysis of silver coins

are listed in Table 5.2, along with their isotopic

abundance, detection mode, and possible

interferences.

Some of the elements listed in Table 5.2 are

absent from the reference alloys used in our

calibration procedure—specifically, Ru, Rh, Cd,

In, Os, Ir and Tl. In these cases, the Ky response

coefficient factor for another element of similar

mass, and whose instrument response should be

similar, is used for calibration purposes. The

signal measured for isotopes for which an

Table 5.2 List of isotopes measured with their isotopic abundance, detection mode, possible interferences and

detection limits

Element Isotope Isotopic abundance (%) Detection mode Possible interference(s) Detection limit (ppm)

Ni 60Ni 26.1 Triple 4.2

Cu 63Cu 69.2 Triple/Faraday 5.0

Zn 64Zn 48.6 Triple 0.61

As 75As 100 Triple 0.61

Ru 101Ru 17.0 Triple 0.03

Rh 103Rh 100 Triple 40Ar-63Cu 0.08

Pd 104Pd 11.1 Triple 0.62
105Pd 22.3 Triple 40Ar-65Cu

Ag 107Ag 51.8 Faraday

Cd 110Cd 12.5 Triple 110Pd 0.11

In 115In 95.7 Triple 115Sn 0.12

Sn 118Sn 24.2 Triple 4.5

Sb 121Sb 57.3 Triple 0.15

Te 128Te 31.7 Triple 0.87

Os 189Os 16.1 Triple 0.04

Ir 193Ir 62.7 Triple 0.02

Pt 195Pt 33.8 Triple 0.04

Au 197Au 100 Triple 0.12

Tl 205Tl 70.5 Triple 0.01

Pb 204Pb 1.4 Triple 7.0

Bi 209Bi 100 Triple 0.15
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isobaric interference can occur can be corrected

by taking into account the signal of the

interfering isotope. Detection limits are also

presented in Table 5.2. Detection limits were

calculated as a signal value corresponding to

three standard deviations on an average of

20 blank measurements. Most detection limits,

especially for trace elements, are near 1 ppm or

less.

5.5 Validation of the Protocol

Several approaches have been utilized to validate

our analytical protocol by DP-LA-ICP-MS for

ancient silver coins. For the purpose of brevity,

we present two approaches for validating our

analytical protocol here. Firstly, reproducibility

and the variability of results for both modern

alloys and ancient coins have been calculated.

Secondly, cross-sections of coins have been stud-

ied by several other methods and compared with

the LA-ICP-MS concentration profile results.

5.5.1 Reproducibility of Analysis
of Silver Coins by LA-ICP-MS

Firstly, we carried out experiments studying

the reproducibility of the micro-analysis on a

single object in order to validate our DP-LA-

ICP-MS analytical protocol for ancient silver

coins. The concentration profiles obtained for

a single coin have been superimposed for com-

parison purposes, and the relative standard

deviation determined from the averaged value

for each profile was calculated. The results for

silver are presented in Fig. 5.5. The superposi-

tion of three profiles for silver obtained from

laser ablation carried out at different points

on individual coins is shown for 11 examples

with varying alloy compositions. Whatever the

fineness of the coin, the three micro-analyses

generate similar compositions. The relative

standard deviation for silver measured in each

of the three profiles on a given coin is in every

case less than 5 %, and as low as 1 % for coins

whose fineness is greater than the silver-copper

eutectic composition (72 %). These results

show that analysis by LA-ICP-MS is a suitable

approach not only for modern alloys, but also

for ancient coins, and that billon coins,

although copper is their main component, can

also be characterised by this method. Similar

results were observed for the main minor

elements, for which the relative standard devi-

ation across three ablations is generally below

5 %. Even for trace elements, standard

deviations were below 10 % across three

depth-profiles.

Fig. 5.5 Superposition of

three concentration profiles

of silver obtained from

laser ablation at different

spots on the same coin for

various alloy compositions
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5.5.2 Analysis of Cross-Sections

Although damaging a large number of coins for

analytical purposes is unacceptable practice, it

was deemed necessary in this case to study the

cross-sections of a few coins in order to compare

the results obtained via DP-LA-ICP-MS and the

actual evolution of internal composition in the

same coins. A few coins were sectioned for this

purpose, and analysed by DP-LA-ICP-MS, Fast

Neutron Activation Analysis (a bulk method),

and XRF and SEM-EDS at the surface and on

the cross-section. These experiments demon-

strate that LA-ICP-MS concentration profiles

correspond to the actual evolution of the compo-

sition depending on depth. Figure 5.6. shows the

comparison between LA-ICP-MS concentration

profiles and standard analyses carried out on the

surface of the coin, as well as repeated average

single spot analyses by LA-ICP-MS performed

on the cross-section of the coin from the surface

to a depth of 500 μm. The resulting ablation

craters are shown in Fig. 5.7, as well as the silver

surface enrichment layer at two different

locations on the same coin. These two figures

show the concurrence between concentration

profiles generated by our protocol and the actual

internal structure of these coins. LA-ICP-MS is

the only analytical approach that enables mea-

surement of the depth evolution of silver-based

alloy composition without any visible damage to

the coins.

5.5.3 Limitations

Though in most cases LA-ICP-MS provides

reproducible analyses for multiple concentration

profiles, a few coins could not be satisfactorily

characterised by spot analysis using this method.

Fig. 5.6 Comparison of

LA-ICP-MS concentration

profiles of silver and copper

with spot analysis on the

cross-section of the same

coin

Fig. 5.7 Cross-section

images of a coin showing

craters generated during

repeated LA-ICP-MS

analysis performed from

the surface to the interior

(CNRS–IRAMAT)
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In some cases, the resulting three profiles are

not superimposable, or no signal plateau can be

reached. The worst case scenario is presented in

Fig. 5.8—none of the three depth profiles shown

can be used to determine the original silver con-

tent of the coin. This may be caused by the

preferential oxidation of copper after burial. In

such a case, a spot analysis approach by LA-ICP-

MS is irrelevant for characterization of the alloy;

however, the resulting concentration profiles

still provide information about the inner struc-

ture of the alloy. Although other analyses can be

performed on such coins to determine their

bulk composition, erratic LA-ICP-MS profiles

should inspire caution in interpretation of such

results.

5.6 Conclusion

Only the main features of DP-LA-ICP-MS anal-

ysis for silver coins are presented here. The

results nonetheless reveal that spot depth analysis

provides representative results for the entire

coin, even in the case of two-phase silver-copper

alloys. Concentration profile analysis has also

been shown to be a suitable approach for remov-

ing the silver surface enrichment layer and

characterizing the underlying unaffected alloy.

This is a significant improvement for the analysis

of ancient silver coins, and LA-ICP-MS is the

only method allowing reliable measurement of

compositional evolution with depth without

causing visible damage to the analysed coins.

The analytical parameters presented here should

be regarded as a guideline, and must be adapted

to the characteristics of the coins to be analysed

and to the goals of the analyses. This versatility

is another major advantage of the application

of LA-ICP-MS to the study of ancient silver

coinage. Concentration profiles generated by

LA-ICP-MS constitute a significant step in the

analysis of archaeomaterials in general, and not

only of silver coinage. There is no doubt that this

approach will be applied to other samples

presenting depth-heterogeneous structure or mul-

tiple layers with different compositions in the

future. This type of analysis allows for improved

understanding of the inner structure of the

samples and better confidence in the results

provided by the analyst to the historian.
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Analysis of Non-siliceous Archaeological
Materials by LA-ICP-MS 6
Laure Dussubieux

Abstract

This chapter introduces some of advantages of using LA-ICP-MS to

analyze non-siliceous materials (metals), highlighting the approaches

utilized in the studies included in Part II of this volume.

6.1 Analysis of Non-siliceous
Materials

A significant proportion of the projects involving

LA-ICP-MS in archaeology deal with metals.

Among them, gold, silver, copper and any of

their alloys are the most commonly studied

materials, due to their economical and practical

value in the daily life of ancient communities.

The goal of such studies is generally to under-

stand the technology used by ancient craftsman,

the provenance of the raw materials utilized, and

the circulation of the resulting finished objects

by obtaining major, minor and trace element

concentrations in their constituent metals.

The study of metals is generally difficult due

to the different processes applied to ores to

extract and concentrate the metal of interest as

well as the metallurgical operations necessary to

transform this metal into an object, including

alloying and recycling, which can cause dramatic

changes in the metal composition. This makes

the provenance study of metals particularly diffi-

cult and generally requires the complimentary

use of other analytical techniques such as isotope

analysis (e.g. lead) to obtain more reliable and

accurate information about metal provenience.

There are a number of challenges, however,

that are more specific to the use of LA-ICP-MS

on metals. First, metals are often subject to

corrosion that modifies their surface composi-

tion to a depth that is difficult to assess

non-destructively. For this reason, it is generally

recommended to use single spot analysis to reach

deep into the artifacts being analyzed. For

instance, Dussubieux et al. (2008) analyzed cop-

per and brass artifacts covered with corrosion

layers up to 80 μm thick. Two ablations where

performed at the same location, the first one to

remove the corroded material, and the second,

using a smaller laser beam diameter to avoid any

contamination from the walls of the initial crater,

to measure the newly exposed intact metal.

Another way to proceed consists in monitoring

the composition of the ablated material in real
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time to make sure intact metal is reached. Sarah

and Gratuze (Chap. 5) and Sarah et al. (2007)

use depth profile analysis to measure the

compositions of silver coins alloyed with copper

starting at the surface, which is generally

depleted in copper, until the signal produced for

both metals reaches a plateau indicating that

intact material deeper in the coin is being

sampled.

Metal alloys are also intrinsically heteroge-

neous in some instances. Gold in particular

often contains platinum group elements (Pt, Pd,

Rh, Ir, Os, Ru) that co-precipitate, forming

inclusions within the gold matrix (Ogden 1977;

Meeks and Tite 1980). If this problem cannot be

properly avoided by modifying the LA-ICP-MS

analytical protocol, its impact can be minimized

during data interpretation by considering ratios of

platinum group elements that are generally con-

stant in a given source of gold rather than absolute

concentrations that can vary tremendously from

one ablation to another (e.g. Jett et al. 2007). Lead

is also a very problematic element as it is immis-

cible in copper even at low concentrations

(Massalski et al. 1986: 946, 1861). This causes

some areas of an object to have very high lead

concentrations compared to the surrounding

matrix (Dussubieux et al. 2008). In this case,

bulk composition obtained with another analyti-

cal technique will be the only way to accurately

measure the lead concentration in a copper based

metal.

It is often difficult to obtain ideal standard

reference materials with a composition as close

as possible to that of samples to avoid matrix

effects. Modern metals are much purer than

ancient metals, and generally do not include

toxic elements such as lead or arsenic that were

often incorporated in very large quantities in

ancient metal alloys. Several avenues have been

explored to overcome these problems with

standardization. Firstly, it is possible to combine

several standards, including in-house ones, to

cover a wide range of concentrations and

elements as proposed in Leusch et al. (Chap. 7)

for gold and Peterson et al. (Chap. 8) for copper.

The use of standard solutions with elements not

available in solid standards is also possible,

although this approach induces a higher back-

ground signal and consequently results in higher

detection limits (Chap. 7; Schlosser et al. 2009).

In order to simultaneously introduce liquid and

solid into the torch, a T-shaped connection is

used to introduce 2 % nitric solution at the

same time as the material ablated from a solid

sample to maintain wet plasma condition during

ablation.

Finally, there are problems with fractionation

that are particular to metals. This is especially so

when low melting point metals are present in

large quantities in an alloy (e.g. lead, zinc).

This may cause a preferential volatilization of

some elements during ablation, jeopardizing

any attempt at accurate measurement. Shorter

laser wavelengths for nanosecond lasers greatly

reduce fractionation, while femtosecond lasers

used with optimized parameters can eliminate

such fractionation altogether, providing the pos-

sibility of developing a non-matrix matched cali-

bration system for metal (Russo et al. 2002;

Shaheen et al. 2015). However, the high cost

attached to buying and operating a femtosecond

laser may limit its wide application in the field of

archaeology in the near future.

Despite these difficulties, the use of LA-ICP-

MS for metal characterization is becoming more

frequent. This is particularly the case in the field

of numismatics, where visible damage to

artifacts is unacceptable, and the study of a

large corpus of coins is typically necessary.

Major and minor elements indicate debasement

and trace element concentrations can show

changes in metal sources or re-melting of metal

stocks (e.g. Blet-Lemarquand et al. 2015;

Geneviève and Sarah 2010; Lehmann 2011).

Other more general studies involving LA-ICP-

MS include those on gold (Brostoff et al. 2009;

Nocete et al. 2014; Schlosser et al. 2012) or

copper (e.g. Hill 2012; Dussubieux and Williams

2009). The direct analysis of iron by LA-ICP-MS

is feasible (Devos et al. 2000); however, the

study of slag inclusion has proved more effective
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for identifying different batches or provenances

(Dillmann and L’Héritier 2007; Chap. 14).
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Precise and Accurate Analysis of Gold
Alloys: Varna, the Earliest Gold
of Mankind—A Case Study

7

Verena Leusch, Michael Brauns, and Ernst Pernicka

Abstract

During the last decade an analytical routine was established that allows

determining the composition of gold artifacts for major and trace elements

by LA-ICP-MS. This micro-invasive method has proven highly suitable

for detailed characterization of prehistoric gold in order to investigate its

chaı̂ne opératoire. At the CEZA laboratory (Mannheim, Germany) two

different analytical set-ups were developed that yielded accurate and

precise results for determining the whole range of matrix components

within the gold. They are based upon different calibration strategies—

liquid calibration with the ICP-MS operating under wet plasma

conditions, and external calibration by solid standard reference materials

with the ICP-MS operating under dry plasma conditions—that enable

flexible adjustment according to different sample properties. They are

described and compared within this paper. An archaeological case study

of gold finds from the chalcolithic cemetery of Varna (Bulgaria)

demonstrates the applicability of the analytical methods for archaeome-

tallurgical studies. These analyses yielded valuable information for defin-

ing and comparing groups of gold artifacts that allude to their distribution

within the burial site. However, the comparison of artifact gold with

geological gold samples proved problematic, and clear relations between

artefacts and specific gold occurrences are difficult to demonstrate.

7.1 Introduction

It has always been of major importance in

archaeological science to establish methods of

fingerprinting materials with regard to their

classification and provenance. The idea that the

chemical composition of an object may be used

to determine the provenance of raw materials

V. Leusch (*) • M. Brauns • E. Pernicka

Curt-Engelhorn-Zentrum Archäometrie, D6 3, 68159
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arose in the nineteenth century with an emphasis

on metal objects, thereby providing the impulse

for the integration of scientific methods in

archaeological research. By chemical analysis

of the objects, it was possible to shed light on

economic networks and hence to gain a more

detailed knowledge about archaeological

cultures and their ways of interaction. After the

success of trace element and lead isotope

analyses in reconstructing metallurgical chains

of prehistoric copper the desire to develop effec-

tive methods of analysing other materials of

interest grew continuously and became an impor-

tant tool for archaeology (Pernicka 1986, 2014a;

Pernicka et al. 1997; Gratuze 1999; Gale

et al. 2003; Guerra and Calligaro 2003).

This paper will outline the use of Laser

Ablation–Inductively Coupled Plasma–

Quadrupole–Mass Spectrometry (LA-ICP-Q-

MS) in archaeological science with a special

focus on analysing prehistoric gold (see also:

Bendall 2003; Dussubieux and Van Zelst 2004;

Guerra et al. 1999; Kovacs et al. 2009; Leusch

et al. 2014; Leusch et al. 2015; Schlosser

et al. 2009; Schlosser et al. 2012). The general

aims are to investigate (1) the geological prove-

nance of this raw material, (2) the manufacturing

processes employed and (3) to identify forgeries.

At the Curt-Engelhorn-Center for Archaeo

metry (CEZA, Mannheim, Germany),

LA-ICP-Q-MS has routinely been used for the

analysis of archaeological artefacts since 2006.

Our specific method for gold was developed in

co-operation with the research group of Detlef

G€unther at the ETH Z€urich, Switzerland. During

the last 6 years, the method has been improved

within projects dealing with the analysis of gold

from a variety of regions and chronological

contexts.1 After describing the method itself, this

paper will briefly present a study of prehistoric

gold conducted at the CEZA: the so-called

“earliest gold of mankind” from the Chalcolithic

cemetery at Varna (Bulgaria), dated to the fifth

millennium BC. The analytical objective is the

definition of gold types regarding their specific

chemical composition and their interpretation

concerning provenance and processing of these

early gold finds.

7.2 General Background

LA-ICP-MS as a method for fingerprinting gold

artifacts was first established in pursuit of eco-

nomic interests. The identification of the prove-

nance of modern gold ingots from illegal

circulation was and still is a major problem as

one tries to trace back the gold to large produc-

tion companies (Grigorova et al. 1998a, b). Soon

afterwards, the possibilities for applications in

archaeology were recognized (Guerra

et al. 1999), putting the emphasis on the identifi-

cation of prehistoric gold sources. The develop-

ment of mass spectrometry provided for the first

time the possibility to analyse a wide range of

major and trace elements in archaeological gold

artifacts and thus a new analytical basis for

research on provenance of archaeological gold.

LA-ICP-MS has become increasingly impor-

tant as an analytical method for metallurgical

questions.2 The general advantages of laser abla-

tion as a sampling method for ICP-MS have

already been addressed, e.g. in Durrant (1999).

Concerning the analyses of prehistoric gold finds,

LA-ICP-MS facilitates the measurement of the

whole gold matrix in a micro-invasive way. The

required sample size is very low. One single

shaving of usually less than 1 mm is sufficient

for analysis. It is also possible to analyse com-

plete objects up to certain dimensions by

LA-ICP-MS, depending on the size of the abla-

tion cell. New developments have shown that it is

in principle possible to analyse objects of any

size (Kovacs et al. 2010; Glaus et al. 2013).
1 These projects examined Early Bronze Age gold on the

Nebra Sky Disc (Germany), Peruvian gold, and gold items

from the Copper Age cemetery at Varna (Bulgaria), gold

from Cambodia, and recently, early Iron Age gold from

Germany and France (Schlosser et al. 2009, 2012; Ehser

et al. 2011; Pernicka 2014b).

2 LA-ICP-MS is also being used to study the production

and provenance of prehistoric iron (Brauns et al. 2013;

Leroy et al. 2011).
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However, for documentation it is certainly better

to remove a small quantity of material for analy-

sis so that the sample can be stored and used

again for later analytical purposes. When

analysing complete objects, the LA patterns are

hardly visible to the naked eye. This is of great

importance from a conservation point of view.

7.3 Methods

Presently, two setups for LA-ICP-MS are used at

the CEZA. They are based on different calibra-

tion strategies and plasma conditions:

1) Liquid calibration using three different stan-

dard solutions with the ICP-MS operating

under wet plasma conditions (Kovacs

et al. 2009).

2) External calibration by solid standard refer-

ence materials (SRM), e.g. FAU 7 (NIST

8053), FAU 10 (NIST 8062) and our

in-house standards NA1 and NA2 (see

Appendix Table 7.7) with the ICP-MS

operating under dry plasma conditions.

Both setups have different advantages. Liquid

calibration facilitates the quantification of

elements which are absent in the SRMs. The

composition of the standard solutions can be

chosen according to elements of interest. This

calibration procedure has been used since the

method was established at the CEZA in 2006.

Using the external calibration strategy, the quan-

tifiable elements are limited to those present in

the SRMs. In comparison to the first setup a

much quicker measurement procedure is possi-

ble, however.

7.3.1 Instrumentation

In the CEZA laboratory a Resonetics Resolution

M50-E ArF excimer laser operating at a wave-

length of 193 nm, a repetition rate of 8 Hz, a spot

size of 44/58 μm and an energy of 4–8 J/cm2 is

used.3 Data are collected using a Thermo Fisher

Elemental XSeriesII Q-ICP-MS in time resolved

mode. Table 7.1 shows the different instruments

used for the experimental setups at the CEZA.

Before starting measurement, the ICP-MS is

tuned to optimise it to high sensitivity, low back-

ground count rates and low oxide rates. The

operating conditions of the ICP-MS are

summarised in Table 7.2. Data acquisition begins

after c. 20 s measuring the pure gas background.

The LA signal is acquired for c. 30–40 s,

followed again by a washout of c. 20–30 s. The

analytical procedure begins with measurement of

the SRMs, which are ablated under the same

Table 7.1 Instrumentation and experimental setup at the CEZA (Mannheim, Germany)

Instrument Technical details Operating parameters

Q-ICP-MS Thermo Fisher Elemental XSeriesII

Quadrupole ICP-MS (Q-ICP-MS) with

Collision Cell Technology (CCT)

Argon plasma; possible collision gases (H2 and NH4)

Laser Microprobe II with LUV213, 213 nm Variable spot size and energy can be adapted to the

sample’s properties; ablation gas ¼ He (+N)

Laser Resonetics Resolution M-50-E ArF

Excimer Laser (193 nm)

Variable spot size and energy can be adapted to the

sample’s properties; ablation gas ¼ He (+N)

Nebulizer Standard-Nebulizer Thermo 0.6–0.97 bar operating pressure, max. 0.9 l/min flow rate

Cetac

ASX 260

Auto sampler Connected to the ICP-Computer

Particle

filter

Tygon hose; inner diameter 1.5 mm;

seven coils

Replaced continuously after 10 h of ablation

Printed in bold are the components which are used for the “wet plasma” setup and the 213 nm laser that recently has

been replaced

3 These settings were empirically determined to be most

suitable for the precise, accurate and reproducible mea-

surement of gold. Depending on the sample’s properties

(e.g. size and thickness) these settings must be adjusted.

Other materials require different settings.
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conditions as the samples. Helium is used as

scavenging gas. For statistical evaluation, usu-

ally up to three analyses are performed per sam-

ple and SRM. To cover the dynamic range of the

whole gold matrix, a dual mode detector is used,

operating either in a pulse counting mode (high

resolution for elements present in high

concentrations) or in an analogue counting

mode (standard resolution for elements present

in low concentrations). To normalise both con-

centration ranges cross calibration is necessary.

By this approach a linear dynamic range of up to

8–9 orders of magnitude is possible.

The laser ablation cell has the dimensions of

50 � 50 mm with a height of approximately

25 mm. Randomly shaped samples (as small

objects) can also be adjusted within the cell. It

is possible to analyse individual features of a

sample by choosing special laser patterns (spot,

line or bulk ablation) and thus profile specific

areas. Especially when dealing with inclusions,

this feature is valuable because different parts of

the signal can be evaluated separately. A sample

aerosol is formed by adding an ablation/scaveng-

ing gas (in our case He) and transported by the

gas flow towards the Ar plasma torch (laser

settings are listed in Table 7.2).

Generally, the laser beam causes different

effects when hitting the sample’s surface. The

energy of the laser beam is absorbed by the

sample which leads to the ablation of material

and the formation of the sample aerosol. The

particle size of the sample aerosol turned out to

have a huge effect on the “vaporization and

ionisation efficiency [. . .] in the inductively cou-

pled plasma (ICP)” (Guillong et al. 2003: 211)

and is causally linked to three main factors

(Guillong et al. 2003):

1) Wavelength, energy density and pulse dura-

tion of the operating laser

2) Ablation gas

3) Sample properties (chemical and

morphological)

The thermal impact on the sample surface

causes different effects within the matrix.4 Frac-

tionation is a problem, especially when dealing

with sample aerosols consisting of large particles

(Fig. 7.1). Within the Ar plasma particles up to

300 nm can be ionised completely (Guillong

et al. 2003). Comparative studies revealed that

“the elemental composition of different particle

size fractions shows more significant composi-

tional differences when ablating with a 266 nm

Nd:YAG laser compared with a 193 nm ArF

excimer laser” (Halicz and G€unther 2004:

1540). As can be seen in Table 7.1, two laser

systems were used in the experimental setup.

From 2006 to 2011 a Nd:YAG laser with a wave-

length of 213 nm was used. In 2011 a 193 nm

ArF excimer laser was installed. The effect of the

particle size on the ionisation and smoothness of

the signal using the different laser systems is

Table 7.2 Instrumental settings of the ICP-MS and the excimer laser for dry plasma conditions (and wet plasma

conditions with CCT)

ICP-MS

settings

Forward

power

Nebulizer

gas (Ar)

Cooling

gas (Ar)

Auxiliary

gas (Ar)

CCT (H2) Detector mode

1400 W 0.8–0.91

(0.8) l/min

13 l/min 0.7 l/min 0 (6 l/min) dual

Laser

settings

Energy Spot

size PA

Spot

size A

Rep. rate PA Rep.

rate A

Scan

speed

He gas

flow

8 mJ 58/73 μm 44/58 μm 5 Hz

(2 passes;

30% overlap)

8 Hz 10 μm/s 600 ml/

min

3

measurements/

object

The instrument settings are optimized before each measurement sequence. This affects other settings such as torch

position, focus, and lens settings for which no mean parameters can consequently be given here

4 The interactions between laser and sample are complex

and still a matter of investigation (Durrant 1999;

Cromwell and Arrowsmith 1995).
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illustrated in G€unther and Heinrich (1999) and

also could be observed when changing the laser

systems at the CEZA (see below).

7.3.2 Liquid Calibration (Wet Plasma
Conditions)

A general lack of solid reference materials made

calibration difficult for LA-ICP-MS. Following

the approach of Halicz and G€unther (2004), a

combination of liquid calibration and the mea-

surement of SRMs and solid samples was

established at the CEZA (Schmiderer 2008:

55–68) to enable standardised and matrix

matched measurements of solid gold samples.

This measuring procedure is well described in

Schmiderer (2008), Kovacs et al. (2009) and

Schlosser et al. (2009).

Liquid calibration is performed using three

synthetic solutions (Appendix Table 7.8) to

obtain a calibration curve. The solutions were

prepared with regard to the chemical compatibil-

ity of the respective elements. In Kovacs

et al. (2009) the calibration is performed by

using Cu as an internal standard, however, this

approach caused problems in the quantification

procedure. By changing the internal standard to

169Tm a significant improvement was achieved.

The SRMs for matrix matched standardisation

and quantification are the in-house standards

NA1 and NA2. Additionally FAU 7 (NIST

8053) and FAU 10 (NIST 8062) were used

(Appendix Table 7.7). Before entering the Ar

plasma, a nebuliser gas and a 2 % HNO3 blank

is added via a spray chamber to the ablated sam-

ple aerosol to maintain stable wet plasma

conditions. The ICP-MS operates in collision

cell mode (CCT) to reduce polyatomic

interferences. Time resolved analysis (TRA) is

performed. The standard solutions are

re-measured at the end of each sample sequence,

which facilitates a drift correction performed by

the Plasma Lab (Thermo) software. By this setup

an accuracy and precision of 1–15 % and

5–10 % respectively for most of the determined

elements were achieved (Kovacs et al. 2009). Its

applicability was confirmed by the measurement

of early Peruvian gold artefacts (Schlosser

et al. 2009).

Quantification is carried out as follows. In the

Plasma Lab software of the ICP-MS time slices

of the TRA for background and signal can be

chosen according to their stability. Their counts

per second (cps) and concentrations are recorded

and calculated by the software. For this purpose

2µm EHT = 20.00 KV Mag = 18.88 KX
WD = 6.0 mmSignal A = QBSD

Fig. 7.1 Sample aerosol

particles generated using a

213 nm Nd:YAG laser

(Schmiderer 2008: Fig. 41)
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the sensitivity of each element is calculated

according to their concentration in the liquid

standards. The raw data (concentrations) are

exported via a.csv file into an Excel sheet and

data reduction is performed by normalising the

whole matrix of each SRM and sample to 100 %.

Correction factors are calculated according to the

certified values of the SRMs. This procedure is

explained in detail in Longerich et al. (1996). As

mentioned above, this measurement procedure

facilitates a flexible adaption to the sample’s

composition by adding the elements of interest

to the liquid standards. This is a valuable feature

when dealing with archaeological samples.

7.3.3 External Calibration by SRMs
(Dry Plasma Conditions)

Measurement under “dry plasma” conditions was

performed using the 193 nm ArF excimer laser

connected to the quadrupole ICP-MS. Before

entering the Ar plasma a nebulizer gas (Ar) is

added to the sample aerosol (Fig. 7.2). Because

of instrumental drift that can be observed by the

repeated measurement of the SRMs, quantifica-

tion has to be carried out by bracketing the ana-

lytical units, measuring (1) the SRMs, followed

by (2) 3–4 samples and again (3) by SRMs.

Quantification is carried out directly using the

SRMs. The raw data of the cps are exported via

a.csv file into Excel and data reduction is carried

out over several steps following the approach of

Gäbler et al. (2011). It is an external, matrix

matched calibration based on the normalisation

to 100 % of the matrix.

The exported.csv file contains the cps for each

analysed element. The SRMs are evaluated

according to their specific sensitivities. Dividing

the average cps by the certified value (CSRM)

yields the sensitvity (Selement) of each element

Selement ¼ cpsSRM=CSRM ð7:1Þ
The mean values of Selement of the two standards

are used to calculate the concentration of each

element. First a normalisation factor

(N) according to the Cu, Ag and Au ratios

(main matrix components) is calculated.

Quadrupole-
mass filter ICP-torch

D
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r
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Laser

Sample

Helium

Sample aerosol

Sample aerosol

S
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Fig. 7.2 Diagram of setup with the ICP-MS operating under dry plasma conditions. (diagram: V. Leusch)
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N ¼ 1, 000, 000=
cps Cuð Þ sampleð Þ

SCu

�

þcps Agð Þ sampleð Þ
SAg

þ cps Auð Þ sampleð Þ
SAu

�

ð7:2Þ
The concentration (C) is then calculated by

multiplying (N) with the quotient of the respec-

tive cps of each element in the sample (cpssample)

and its sensitivity (Selement).

C ¼ N� cpssample=Selement ð7:3Þ

In comparison to liquid calibration, this setup

facilitates a much faster measuring process and

an improvement of accuracy and precision of

1–7 % and <7 % respectively. A limitation is

the suite of the quantifiable elements that are

restricted to the certified ones contained within

the SRMs.

7.4 Results

The measurement routines developed at the

CEZA are based on different studies on the

influences of laser systems (different

wavelengths, carrier gases, particle filters,

etc. . .), calibration strategies, and optimising

procedures concerning the ICP-MS. As already

mentioned, the calibration of the LA-ICP-MS

was one of the major problems of the method

due to the lack of solid standard reference

materials. According to Pickhardt et al. (2000)

and Halicz and G€unther (2004), an experimental

setup was chosen that combined liquid calibra-

tion with laser ablation under wet plasma

conditions. It is described in detail in Kovacs

et al. (2009).

The measurement of the goldmatrix of the

SRMs showed several problems that are

interpreted to be systematic errors. The elements

Rh, Pd, Cd and Te for instance are strongly

affected by matrix effects and the addition of

liquid reagents in wet plasma conditions

(Table 7.3). Other elements like Pb exhibit some-

what erratic behaviour. Most likely this can be

attributed to inhomogeneous distribution due the

immiscibility of lead in gold in the solid state

(similar to the behaviour of lead in copper).

An improvement was achieved after the

installation of the 193 nm ArF excimer laser in

December 2011, which produced much smoother

signals, better signal stability over time, and bet-

ter sensitivity. The latter is a result of using the

193 nm laser in combination with the use of He

as carrier gas, which leads to a two- to threefold

enhancement of signal intensity (G€unther and

Heinrich 1999). Higher precision and accuracy

were achieved for Cu and Ag, values which can

probably be ascribed to reduced fractionation due

to the different wavelengths of the laser systems

(smaller mean particle size resulting in better

ionisation). By changing the setup to dry plasma

conditions, an improvement could be achieved in

the quantification of Cd and Te. This can be

ascribed to absence of HNO3 within this setup,

which contributed to the formation of polyatomic

species of Ag, causing interferences.

In Fig. 7.3, the transient signals of different

laser setups are shown. The diagrams show cps

plotted against data acquisition time (the

cps-rates on the Y-axis are linearly scaled). We

decided to use line ablation where possible,

because of the resulting stability of the signal

intensity over time (Fig. 7.3a, b). Using the

193 nm ArF eximer laser, significantly smaller

fluctuations in the signal could be achieved

(Fig. 7.3b). As small shavings of the objects are

Table 7.3 Isotopic interferences and/or tailing effects of

Pd, Cd and Te within the gold matrix (information about

interferences: ICP-MS Plasma Lab Software)

Element Isotope

Natural

abundance

[%]

Important

interferences or

tailing effects

Rh 103 100 63Cu40Ar

Pd 105 22.3 65Cu40Ar

Cd 111 12.8 109Ag+H2. (A high

concentration of Ag

can cause a tailing

effect)

Te 125 7.14 109Ag16O

The interferences with copper argides (especially with Rh

and Pd) depend on the concentration of copper in the

measured sample. For natural gold they can usually be

neglected due to low copper content
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usually analysed, it is possible to prepare them

such that the freshly cut surface is hit by the laser

beam. As such it is not a surface analysis and

depletion effects can be neglected. Before

starting the analysis, potential surface contami-

nation is removed by a pre-ablation. Figure 7.3c

shows the signal of a spot ablation. Since we

measured a SRM (NA1) a homogeneous distri-

bution of the elements can be assumed. A slight

decrease in signal intensity can be observed.

Irradiance probably decreases “as the crater

deepens due to changes of effective area exposed

to the laser beam” (Russo et al. 2002: 440). All of

the signals in Fig. 7.3 were acquired under wet

plasma conditions.

Dry plasma conditions without liquid calibra-

tion using just our SRMs as external standards

have been applied since April 2012. These

changes led to several improvements:

1) Significant reduction of the background sig-

nal, hence better LODs (Appendix Table 7.9).

2) Isobaric interferences by polyatomic species

were significantly reduced (especially for Cd

and Te).

3) Better reproducibility of the data (precision).

4) Better accuracy.

These improvements can be ascribed to better

matrix matched measurement, but also to the

a

b c

cps

cps cps

300 Mio.

100 Mio.

140 Mio.

60 Mio.

20 Mio. 20 Mio.

100 Mio.

200 Mio.

100 Mio.

10.000 50.000

60.00040.00020.00050.000

100.000

100.000

time [ms]

time [ms]time [ms]

150.000

500 Mio.

Fig. 7.3 Different laser signals (a) line ablation using the

213 nm Nd:YAG laser (very erratic signal, Au deviation

c. 15–20 % at spot size of 50 μm; 10 Hz, 4 μm/s, 10–12 J/

cm2), (b) line ablation using the 193 nm laser (stable

signal, Au deviation c. 4–5 %, spot size 58 μm; 8 Hz;

10 μm/s, 6 mJ) and (c) spot ablation using the 193 nm

laser (time-attenuation evident, spot size 44 μm; 3 Hz,

90 pulses, 8 mJ)
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observation that the “vaporization, atomization

and ionization process of particles within the ICP

must be significantly different for liquid droplets

and solid particles” (Halicz and G€unther 2004:
1540). As is shown in Figs. 7.4 and 7.5, the

results measured under dry plasma conditions

are in very good agreement with the certified

values for SRMs. Figure 7.4 shows the accuracy

of the different measuring setups and Fig. 7.5

separately the accuracy for dry plasma

conditions. In Table 7.4 the certified values of

SRM NA1 are listed together with the measured

values of the three different experimental setups.

The reproducibility (precision) of the values is

described by the standard deviations. To calcu-

late the limits of detection (LOD) listed (see

Appendix), the approach explained in Longerich

et al. (1996) was used, based on the sensitivity

and the triple standard deviation of the averaged

background signal of each element (n > 5). The

comparability of the data acquired either by wet

or dry plasma conditions is shown in Fig. 7.6

(as examples the Pt/Pd ratio and the Sn values

are compared). For archaeometric purposes,

samples analysed either by the wet or dry plasma

setup can be evaluated in combination so that the

two setups can be arranged flexibly.

7.5 Varna: An Archaeometric Case
Study

By presenting a case study, the applicability of

the above mentioned methods for archaeological

research shall be discussed. The analysed gold

artifacts are from the Copper Age cemetery of
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and generally in better agreement with the certified values

than under wet plasma conditions. NA2 was used as an
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Fig. 7.5 Accuracy of measurements under dry plasma

conditions. Trace elements up to 100 mg/kg are plotted

(Ti, Cr, Mn, Co, Zn, As, Ru, Rh, Cd, Sb, Ir, Pb, Bi). The

measured values are in good agreement with certified

values (all within a range of max. �30 % relative devia-

tion [dashed lines]). (diagram: V. Leusch)
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Table 7.4 SRM NA1 measured using the three different experimental setups

Element

Certified

value [mg/kg]

Values published in

(Kovacs et al. 2009)a 213 nm wet plasma 193 nm wet plasma 193 nm dry plasma

Measured

[mg/kg] SD %

Measured

[mg/kg] SD %

Measured

[mg/kg] SD %

As 43 45.7 67 7 36 8 36 8

Bi 9 11.1 15 6 7.5 9 8.6 7

Cd 10 11.8 12 7 15 8 10.5 6

Co 10 10.7 8 9 9.1 6 10.0 5

Cr 9 10.5 11 5 9 8 8.9 6

Cu 99 99 90 6 104 7 108 6

Fe 34 43.4 36 5 44 9 44 7

Mn 7 7.73 7.1 6 9.1 8 8.7 7

Ni 48 53.0 44 7 45 8 43 5

Pb 9 11.5 12 12 9.4 13 9.3 10

Pd 55 58.7 91.8 5 71.5 7 57.9 6

Pt 58 68.0 53.6 5 60 6 62.3 4

Sb 9 12.1 9.6 8 8.2 7 8.5 6

Se 10 10.2 14 13 11.7 30 8.9 20

Sn 50 53.2 47 7 54 7 54 8

Te 10 11.1 14 27 14 20 9.9 6

Zn 11 12.4 5 13 9.6 21 10 9

Ag 10,000 0.9 [%] 9700 5 11,700 4 10,140 5

The values that were acquired under wet plasma conditions and with liquid calibration are uncorrected. Using dry

plasma conditions, the sensitivities were immediately calculated over the SRMs repetitively. NA2 was used as external

standard. Concentrations are given in [mg/kg]. Precision is given as relative standard deviation (SD %) to the measured

values
aMeasured concentrations of NA1 using Cu as internal standard and wet plasma conditions
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Fig. 7.6 Comparison of data acquired using wet and dry

ablation. Both data sets are in good agreement (all within

a range of max. �30 % relative deviation [dashed lines])

and comparable. This is demonstrated by the Pt/Pd ratio

and Sn concentrations of a selection of samples.

(diagrams: V. Leusch)
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Varna (Bulgaria, Fig. 7.7).5 Presently, Varna is

the earliest site where an elaborate gold and

copper metallurgy are evident, dating to the sec-

ond half of the fifth millennium BC. This makes it

most suitable for studying the emergence of

metallurgy and its social prerequisites and

impact. The analytical task is to distinguish gold

with different major and trace elemental patterns

that may lead the way to determining the prove-

nance and workmanship of the gold, and thus to

gain insight into networks of supply and work-

shop organisation, i.e. chaı̂ne opératoire.6 Thus

Fig. 7.7 A selection of Chalcolithic gold finds from the

burial site of Varna, Bulgaria. The beads, the bow, and

sceptre decoration are from grave 43. The horn-shaped

and hemispherical appliqués are from complex 36 (Photos:

B. Armburster; objects are part of the Prehistoric collection

in the Archaeological Museum Varna (Bulgaria))

5 The analyses were performed within a bilateral project

between German and Bulgarian research institutions and

universities. The project focuses on the culture historic

investigation of the Varna cemetery and is financed by the

German Research Foundation (DFG). For further infor-

mation about the site see: Fol and Lichardus (1988); Echt

et al. (1991); Hansen (2009); Krauß (2010); Todorova

(1991); Lichardus (1991).

6 Small shavings from a representative sample of objects

were taken at the Museum of National History in Sofia

and the Historical Regional Museum in Varna by Kalin

Dimitrov (Archaeological Institute of the Bulgarian

Academy of Sciences).
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the aim is the reconstruction of this workflow and

furthermore of the underlying social prerequisites

that are necessary to sustain this economic niche,

obviously exclusively serving the need for social/

religious representation.

Since the gold from the Varna cemetery

presented in this case study does not seem to be

intentionally alloyed,7 many disturbing

influences caused by the addition of other metals

can be neglected.8 The basic working hypothesis

for provenance studies is that batches of gold

from different sources were not mixed and the

trace elemental pattern is consequently

interpreted to be indicative of provenance. How-

ever, one has to be well aware of the general

problem of lacking information concerning the

initial stages of the chaı̂ne opératoire, i.e. the
localisation of the exploited deposits and the

reconstruction of the trade or exchange of the

raw material. It is for instance conceivable that

for trading purposes the raw gold was exchanged

as ingots which already had undergone melting

processes influencing the elemental pattern of the

worked gold. Regarding possible chemical

alterations connected to heat treatment, the

accompanying elements can be divided into

two groups (Table 7.5). The robust elements are

of special interest for the comparison of geologi-

cal gold with artifact gold.

Before addressing the problem of

provenancing prehistoric gold finds some geo-

logical background information is necessary.

The geochemical fingerprint of placer gold is

affected by various factors that are not totally

traceable. Expressed in simplified terms, the for-

mation of gold deposits is linked to so-called

hydrothermal solutions enriched in gold that

transport the metal to the earth’s crust (Boyle

1987; Mcdonald 2007; Morteani 1995):

“Hydrothermal solutions leach other elements as

well as gold from the rocks through which the

solutions pass. Some of these elements are present

in trace quantities only; the proportions of others

such as silver and tellurium may be significant and

materially effect fineness. Gold forms natural

alloys with silver, copper, mercury and tellurium;

[. . .] Varieties in primary ores include cuproaurite

(copper gold), porpezite (palladium gold) and

bismuthaurite (bismuth gold). Whilst these

minerals are seldom found in alluvial detritus,

their presence in a weathering zone may help

unravel the geological history of an area under

review” (Mcdonald 2007: 10).

Hence, when we try to discriminate different

gold occurrences we are confronted with many

uncertainties and inhomegeneities due to geolog-

ical factors. In particular, the high variability of

element concentrations within single gold

deposits makes their geochemical fingerprinting

difficult. Moreover, it has been shown that

many trace elements which are detected in arti-

fact gold are absent in gold nuggets and may

rather be the result of accessory heavy minerals

that occur in placers (e.g. Hauptmann et al. 2010:

150, Fig. 7).9 Such accessory minerals may

Table 7.5 Element classification according to Pernicka (1999: 170) and Schmiderer (2008: 109, Table 13)

Elements sensitive to melting conditions “Robust” elements

Cr, Mn, Fe, Co, Zn, As, Se, Cd, In, Sn, Sb, Te, Pb, Bi, Hg Ag, Cu, Rh, Pd, Pt, Ir, Ge, Ni, Os, Ru

The elements are categorised according to their behaviour during melting. Many geologically indicative elements (like

Fe, Se, Sn, Te, Hg) are affected by the heat treatment of gold in an oxidising atmosphere

7 This assumption is based on the analytical observations

of low copper and trace element concentrations that are in

agreement with what we know about the composition of

natural gold. There is for the most part no clear analytical

indication for intentional alloying with copper and/or

silver. However, the mixing of gold from different origins

cannot be excluded.
8 In this context it is noteworthy that all analysed objects

can be confirmed as having been cast. In the literature

about early gold working it is often assumed that “in the

very beginning of handling gold it was most likely

completely or partially sintered and never really melted”

(Raub 1995: 243) and that “[a]lthough copper was fre-

quently cast, this technique was hardly ever used for

gold.” (Eluère 1989: 37). Based on our new analyses

(that also comprise technological examinations) these

assumptions can be dismissed.

9 Recent investigations of placer gold conducted at the

CEZA demonstrate this inhomogeneous character very

clearly.
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include cassiterite, cuprite, pyrite, and PGE that

apparently enter the artifact gold by subsequent

chemical homogenisation during the melting

process.

However, much effort has been made to solve

this problem during recent years. The basic

assumption underlying provenance studies is

that “inter-source variation must be greater than

intra-source variation” (Wilson and Pollard

2001: 508) which for (placer) gold deposits was

confirmed by the studies of Schmiderer (2008) in

an attempt to identify the source of the gold

inlayed on the Sky Disc of Nebra (Germany).10

For his comparison with artifact gold, the statis-

tical evaluation of geological samples is based on

median values, which avoids the overinterpreta-

tion of outliers. In a continuation of the Nebra

project, Ehser et al. (2011) found Co, Ni, Cu, Ru,

Pd, Ag, Sn, Sb, Ir and Pt to be best suited for

provenance studies of gold.11

Despite these promising results, there is still a

need for a more widespread prospection and

analyses of gold occurrences and deposits in

many areas of archaeological interest. The geo-

chemical characterisation of (prehistoric) gold

often is based on the analyses of archaeological

artifacts alone, as the possibilities for direct com-

parison between artifact gold and geological gold

are scarce and not as simple as they may seem.

Beside the above mentioned high geochemical

variability within single gold occurrences, this is

due to another crucial problem that is connected

to the lack of archaeological evidence from pre-

historically exploited placer occurrences.12 The

precise location of these cultural sites generally

remains unknown. Additionally, panning for

gold nowadays produces only small amounts of

gold in the form of small nuggets, upon which

geochemical characterisation is typically based.

Taking into account that ancient gold is the result

of melting, the current sampled geochemical

variabilty of these small nuggets13 may not be

representative of the bulk composition of

artifacts produced with much larger amounts

of gold.

Within the Varna-project both perspectives

(archaeological and geological) are being pur-

sued by different research groups. Intensive geo-

logical prospection in Bulgaria has begun and

has already shed light on possible prehistoric

gold sources not far from Varna that were previ-

ously unknown (Yovchev 2014).14 In

co-operation with the Geological Institute of the

Sofia University, it was possible to locate and

analyse placers from gold bearing rivers in south-

eastern Bulgaria.15 The case study presented

here, however, focusses on the analyses of the

artifacts from Varna. Small shavings (usually

one per object) of maximum 1 mm length were

removed from each sampled artifact. This sam-

pling is barely visible to the naked eye and is

justified by providing valuable information about

prehistoric gold metallurgy. The analytical

results typically show a homogeneous composi-

tion of the gold. This is demonstrated in Table 7.6

by the mean values and standard deviations (%)

of a random choice of six objects. Each sample

was analysed three times using line ablation

(Table 7.2), which turned out to be a suitable

analytical procedure for our purpose.

At present, about 300 objects from the Varna

cemetery (Varna I) have been analysed by

LA-ICP-MS. They represent a choice of objects

10 A. Schmiderer was able to integrate about 150 gold

occurrences from the alpine region, the Carpathians, the

Czech Republic, and the German regions of Thuringia and

Saxony in his PhD study of the possible gold sources used

to produce the Nebra Disc.
11 A. Ehser was able to prospect occurrences in Romania

and the Balkans as well as in southwestern Europe (Spain,

Portugal and the UK).
12 Except for piles of river sediment, which are usually

difficult to date, there are hardly any archaeological traces

of this activity.

13 One has to reckon as well with changes in the geochem-

ical structure over time as placers are “dynamic“ systems

that are impacted by numerous environmental influences.
14 Personal information by Danail Yovchev. Until quite

recently information about Bulgarian gold deposits was

difficult to access. “Due to the restrictive information

policy of the Bulgarian government [. . .] only limited

information was [adapted by the author] available on

Bulgarian gold deposits.” (Lehrberger 1995: 137).
15 This is the topic of a PhD thesis by Danail Yovchev at

the Geological Department of Sofia University (supervi-

sor: Prof. Veselin Kovachev).
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from four major contexts (complex 36 and graves

3, 4 and 43) and include different artifact types

(e.g. beads, hemispherical appliqués, ring idols,

piercings, etc. . .). Trace element concentrations

in the artifact gold are usually very low. Pd and

Pt were detected in all samples and indicate the

use of placer gold as raw material.16

Prior studies have revealed that the Pt/Pd ratio

can be used to discriminate between gold groups

(Schlosser et al. 2012). This is also possible at

Varna, where four major gold groups can be

distinguished within the available data set. In

Fig. 7.8 these gold groups are visualised by the

different slopes of regression lines along which

the data plot. Furthermore, the diagram reflects

an interrelation between the different gold groups

and the archaeological contexts they derive from.

By trend, the gold groups from complex 36 differ

from those in grave 43. It seems that access to

certain gold groups or products of certain

workshops was restricted to specific burials or

deposition context. This can be interpreted as

being socially patterned (e.g. workshops or

suppliers work selectively for specific “clients”)

or as reflecting time-variant changes within the

chaı̂ne opératoire. Furthermore, the analyses
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Fig. 7.8 Pt and Pd concentrations measured in the

analysed objects. Four major gold groups can be defined

according to regression lines (dashed lines) along which

the data plot. A correlation between these gold groups and

different archaeological contexts is evident. Here com-

plex 36 and beads from grave 43 are chosen as examples.

(diagram: V. Leusch)

Table 7.6 Mean values of the analytical results of six gold artefacts based on 2–3 line ablations on each sample

(elements below LOD are not given here)

Sample Object Ag Au Cu Mn Fe Ni Zn Sn Sb Pb Bi Pd Ir Pt

LOD

[mg/kg]

15 100 2 1 10 2 2 0.5 0.5 0.5 0.5 0.2 0.1 0.1

121750 Hornshaped

appliqué

8.7 91 3000 1.1 67 <2 9.0 7.0 1.2 6.6 3.9 20 0.23 60

SD % 1 0.1 4 6 5 1 5 7 1 1 16 2 1

121751 Hemispherical

appliqué

9.9 90 5100 1.5 78 55 8.3 4.9 0.45 3.3 1.5 3.5 0.11 57

SD % 5 0.7 15 12 9 11 6 16 18 10 14 6 17 6

121752 Hemispherical

appliqué

11 89 4200 3.9 150 21 15 7.5 1.3 14 6.8 1.6 0.13 20

SD % 4 0.6 2 14 15 34 25 10 11 12 16 6 39 20

121753 Hemispherical

appliqué

9.3 90 3700 1.4 95 2.2 14 4.7 1.6 11 7.5 1.0 0.065 14

SD % 2 0.2 2 16 20 15 6 47 18 26 10 17 2 3

121754 Bead 7.4 92 2500 7.2 280 4.3 14 2.0 1.7 11 3.7 1.3 0.026 15

SD % 1 0.1 6 6 6 4 4 2 5 4 6 4 37 7

121755 Hemispherical

appliqué

9.4 90 3600 3.5 210 19 11 3.2 2.4 17 6.0 2.7 0.20 54

SD % 3 0.2 6 7 3 2 13 11 3 2 12 4 27 6

The relative standard deviations show reproducible measurements (relative SD of most values below 15 %).

Concentrations are given as follows: Au and Ag in [%], other elements in [mg/kg]. (table: V. Leusch)

16 “Geologically, economic concentrations of gold and

platinum-group metals do not occur in the same primary

deposit types but, rather, are found independently from

each other in different environments. While platinum-

group deposits are restricted to magmatic processes

(e.g., layered intrusions), gold deposits are formed by

hydrothermal processes [. . .]. Therefore, platinum or

platinum-group metals in gold objects are interpreted as

indicators for placer gold deposits in which the tributaries

collected gold and platinum from both mineralization

styles.” (Junk and Pernicka 2003: 314).
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reveal a strong correlation between chemical and

typological groups (Fig. 7.9) indicating series

production suggestive of specialised workshop

activities.

Due to the above mentioned new geological

findings from eastern Bulgaria, the generally

established opinion that the Varna gold was

imported from distant regions like the southern

Caucasus (as assumed by Hartmann 1982) must

be reconsidered, and evidently should be aban-

doned in favour of a regional supply. This

matches well the geographic frame of the con-

temporaneous cultural and economic sphere that

is apparent when considering other commodities

(e.g. copper, Spondylus shell, flint, etc. . .)

represented in the graves at Varna (Krauß

2010). Our case study of the Chalcolithic gold

from Varna attests to exploitation of placer gold

in the Copper Age and preliminarily suggests a

selective distribution of gold from certain origins

among the burials and/or its use within the

funeral practices carried out at Varna. Various

gold sources (whether they are indicative of dis-

crete geological occurrences, suppliers or

workshops remains to be seen) reflected by dif-

ferent Pt/Pd ratios become apparent. Moreover,

the results indicate a well organised and elabo-

rate workmanship that may be deduced from the

quality and diversity of the gold objects (Fig. 7.7)

in addition to the chemical analyses.

7.6 Discussion and Conclusion

Since establishing the method of LA-ICP-MS for

gold analyses at the CEZA in 2006, several

improvements of the measuring setup employed

there have been implemented. The analysis of

gold can now be performed under wet plasma

conditions with solution calibration as well as

under dry plasma conditions with external cali-

bration by SRMs. The advantages of each of the

two approaches are summarised below:

Liquid calibration (wet plasma conditions)
allows us to quantify elements that are not

certified in available SRMs (e.g. Os). This

enables a flexible adjustment of the standard

solutions to the composition of the analyte and

also facilitates, for example, the pre-evaluation

of samples of unknown composition.

External calibration by SRMs (dry plasma

conditions) permits much faster and more effi-

cient analysis. Lower background levels and

higher sensitivities, higher precision and accu-

racy and a simple quantification procedure are

the major advantages of this analytical setup. The

quantifiable elements are limited to those

certified in the SRMs, which sometimes do not

cover all elements of interest. There still is a need

for more matrix-matched SRMs in different con-

centration ranges of major, minor and trace

elements.

A great improvement within our measuring

setup was the installation of a 193 nm ArF

excimer laser. It led to smaller fluctuations of

the signal and thus to better analytical statistics.

Data that were acquired by both setups turned out

to be comparable (Fig. 7.6). Hence two stable

and compatible methods are available and can

be adjusted to the analytical task.

As a case study, gold samples from the

Chalcolithic cemetery Varna I (Bulgaria) were

analysed to study the chaı̂ne opératoire of these

Fig. 7.9 Pt and Pd concentrations displayed by object

type (archaeological context is displayed in parentheses).

Chemical groups coincide with typological groups,

reflecting a targeted series production of certain objects.

(diagram: V. Leusch)
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earliest gold objects. The objective is to set the

analytical data into their cultural context. They

have to be looked upon as “products” of different

networks of supply and/or workshops that were

the basis for the high abundance of gold objects

recovered at the site. The material classification

of the gold finds is aimed at the identification of

possible changes related to chronology and/or

grave groups, and at the evaluation of the social

meaning of the metal work. Hence the analytical

data are treated as indicators of social activities.

Several methodological problems occur when

dealing with these tasks that shall be outlined

briefly:

Geological samples from Bulgarian rivers are

still scarce and there hardly exist sufficient data

for the geochemical characterisation of each

prospected occurrence yet. Generally, the geo-

chemical fingerprinting of placer gold deposits

is problematic (see above), due to the high

variations of major, minor and trace elements

within single occurrences, which has been

widely discussed (e.g. Boyle 1987; Mcdonald

2007; Schmiderer 2008). Concerning questions

about provenance we further have to face the

general lack of archaeological evidence for

placer gold exploitation. Therefore the prehis-

toric situation and structures of early gold-

winning activities remain difficult to reconstruct.

Beside these uncertainties in localising prehistor-

ically exploited placers, chemical alterations of

the raw gold by melting (and possible re-melting)

must be considered when comparing artifact gold

with geological gold. Hence there are limitations

as to the elements that are suited for provenance

studies (Table 7.5). Taking into account that we

are still dealing with a quite new field in archae-

ological science, hopefully these methodological

problems will decrease with a growing database,

both archaeological and geological.

The archaeological objects from Varna that

were analysed so far show discrete trace elemen-

tal patterns that can be divided into four main

gold groups. The discriminating elements Pt and

Pd indicate provenance specific patterning. Even

if it is not yet possible to link these features to

precise occurrences, we are able to draw several

conclusions. Firstly, by the detection of Pt and Pd

within the gold artifacts the use of placer gold

could be substantiated empirically. The geologi-

cal record provides evidence for numerous placer

gold occurrences in eastern Bulgaria. The closest

is situated approximately 40 km south of Varna

(personal information Danail Yovchev, Geologi-

cal Institute, Sofia University) and can be consid-

ered as one possible source for the Varna gold.

Secondly, the four distinguishable gold groups

represent the products of a series of activities

within the chaı̂ne opératoire, starting with the

prospection of the gold deposits and their exploi-

tation, followed by the trade/exchange of the raw

gold until its transformation by the goldsmith into

an adornment and its final use. These activities

were carried out by different persons and were

embedded in a social framework. As such, the

objects together with the chemical analyses pro-

vide valuable information about the different

stages of the metallurgical process and its social

prerequisites and impact. At Varna, an unequal

distribution of gold, and a selective circulation of

gold groups become apparent (Figs. 7.7, 7.8 and

7.9) (Leusch et al. 2014, 2015).

In summary, the new analyses by LA-ICP-MS

provide important information for the recon-

struction of prehistoric gold metallurgy and the

prevailing social and economic circumstances in

which it first occurred. Nevertheless, numerous

methodological problems have to be considered

when addressing the question of provenancing

gold and a comprehensive approach, combining

different archaeological and geological informa-

tion (e.g. about other commodities) must be

pursued.
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Appendix

Table 7.7 Composition of the in-house SRMs NA1 and

NA2, the NIST standards FAU 7 and FAU 10

Element NA1 NA2 FAU7 FAU10

As 43 112 10.1 29.4

Bi 9 100 24 53.9

Cd 10 82

Co 10 124

Cr 9 25 32.6 4.9

Cu 99 1062 98.1 9.8

Fe 34 806 11.6 90.4

Mn 7 62 58.9 64.3

Ni 48 1092 32.5 14.6

Pd 55 1112 43.1 80

Pt 58 1152 87.1 5.1

Sb 102 102 0.1

Se 114 114

Sn 50 773 33.8 33

Te 10 112

Ti 12.7 2.6

Zn 11 114 45.6 20.9

Pb 9 90 21.9 49.7

Ag [%] 1.0 5.45 20.3 36

Elemental concentrations in [mg/kg] except for Ag in

NA1 and NA2

Table 7.9 List of measured elements (isotopes), dwell

time, resolution (settings of the ICP-MS) and mean LOD

(calculated for dry plasma conditions; estimated values

italicised)

Element

(Isotope)

Dwell

(ms) Resolution

LOD

[mg/kg]
48Ti 10 Standard 1
52Cr 10 Standard 1
55Mn 10 Standard 1
56Fe 10 High 10
59Co 10 Standard 0.2
60Ni 10 Standard 2
63Cu 10 High 2
68Zn 10 Standard 2
75As 10 Standard 5
82Se 10 Standard 40
101Ru 10 Standard 0.2
103Rh 10 Standard 0.1
105Pd 10 Standard 0.2
107Ag 10 High 15
111Cd 10 Standard 1
118Sn 10 Standard 0.5
121Sb 10 Standard 0.5
125Te 10 Standard 1
189Os 10 Standard 0.2
193Ir 10 Standard 0.1
195Pt 10 Standard 0.1
197Au 10 High 100
208Pb 10 Standard 0.5
209Bi 10 Standard 0.5

Table 7.8 Standard solutions

Element Solution 1 Solution 2 Solution 3

Ti 39.3

Cr 38.7 40.1

Mn 38.7 40.5

Fe 38.3 40.1

Co 38.3 39.7

Ni 38.7 39.7

Cu 38.3 40.9 30.9

Zn 38.3 40.1

As 38.3 40.1

Se 37.9 40.1

Rh 22.1 25.1

(continued)

Table 7.8 (continued)

Element Solution 1 Solution 2 Solution 3

Pd 25.8

Cd 37.9 39.7

Ag 2013

Sn 31.2

Sb 39.0

Te 69.2

Tm 17.2 17.4 12.7

Ir 32.3

Pt 33.3

Au 1796

Tl 38.7 40.5

Pb 38.7 40.1 14.6

Bi 38.7

Concentrations are given in [μg/kg]. Nitric acid is the

solvent of solutions 1 and 2. Aqua regia is the solvent of

stock solution 3. As internal standard 169Tm is used
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LA-ICP-MS Analysis of Prehistoric Copper
and Bronze Metalwork from Armenia 8
David L. Peterson, John V. Dudgeon, Monica Tromp,
and Arsen Bobokhyan

Abstract

Analysis of prehistoric copper and bronze in the Caucasus was performed

previously on thousands of objects with arc optical emission spectroscopy

(OES). While arc OES is no longer widely used in archaeometry, LA-ICP-

MS has shown great promise for isotopic and chemical analysis of ancient

copper and bronze artifacts. In order to explore the effectiveness of LA-

ICP-MS for the characterization of materials in a large group of ancient

copper-based metalwork from the South Caucasus, we analyzed 48 metal

artifacts from the Horom necropolis and 16 from the Karashamb necrop-

olis, at Idaho State University’s Center for Archaeology, Materials and

Applied Spectroscopy (CAMAS). These artifacts had been recovered

from burials dating to the late second–early first millennium BC, a period

noted for the use of a variety of copper alloy mixtures, including antimony

bronze (which is very unusual at this early period in Europe and Asia).

The metal artifacts from Horom had been previously analyzed by arc OES

at the Institute of Archaeology and Ethnography in Yerevan, Armenia.

This provided the opportunity to compare the performance of arc OES

with LA-ICP-MS for analysis of variations in the use of copper alloys in

ancient metal artifacts. In addition to LA-ICP-MS, EDS was used to

analyze major elements, especially the proportion of copper in relation

minor and trace elements that were measured with LA-ICP-MS. Besides

unalloyed copper, the alloys detected by EDS and arc OES included

mixtures with arsenic, tin, lead and antimony. More alloys were detected
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in the assemblage by LA-ICP-MS and EDS than with arc OES. This may

be because copper levels were measured by EDS allowing the results for

all elements to be normalized in proportion to copper. Normalization of

results was therefore not possible with arc OES, which is another advan-

tage of using LA-ICP-MS together with EDS.

8.1 Introduction

Laser ablation inductively coupled plasma mass

spectrometry (LA-ICP-MS) has become increas-

ingly utilized as an efficient, precise and accurate

method for chemical analysis of trace elements in

the μg/g (parts per million) and ng/g (parts per

billion) range when applied with appropriate

standard reference materials. Only microscopic

portions of artifacts need to be vaporized in order

to determine object composition, and it is there-

fore considered a virtually non-destructive

archaeometric technique. Since copper and

bronze artifacts are frequently among the items

that collections managers most wish to preserve

for future exhibition and study, the low impact of

LA-ICP-MS compositional analysis has distinct

advantages for research with these objects. How-

ever, for the analysis to be effective the material

that an artifact is composed of must be more or

less homogeneous, unless the goal is to identify

compositional variation within an object.

Copper-based artifacts include alloys with com-

plex microstructures made up of distinct phases,

which may vary according to the chemistry of the

materials as well as the techniques used to work

them (Scott 1991). Therefore, the results of LA-

ICP-MS analysis of portions of artifacts that are

typically only micrometers in width must be

approached with caution. Despite these caveats,

Dussubieux and colleagues have demonstrated

the effectiveness of LA-ICP-MS for discriminat-

ing between North American native copper and

European smelted copper on the basis of

concentrations of As, Ag, Ni and Sb, as well as

the method’s utility for distinguishing artifacts

made of brass from those made of copper—all

without destructive sample preparation

(Dussubieux et al. 2008). Dussubieux (2007)

has also demonstrated the promise of LA-ICP-

MS for successful analysis of copper alloys.

What requires further exploration is the per-

formance of LA-ICP-MS in the analysis of a

larger assemblage of ancient copper-based

artifacts, which may include a variety of mixtures

with As, Sn, Sb, Ag, Au, Pb and other metals in

varying proportions and made with a variety of

manufacturing techniques. This is needed to

advance LA-ICP-MS analysis of ancient copper-

based metalwork beyond the characterization of

individual artifacts, and towards the broader

examination of the technologies people used in

particular regions and periods, as well as the

examination of associated practices, like

recycling, that are important to the archaeological

assessment of past sociotechnical systems

(Peterson 2012).

In order to explore the effectiveness of LA-

ICP-MS for the characterization of materials in a

relatively large assemblage of ancient copper and

bronze metalwork, we undertook the analysis of

48 metal artifacts from the Horom necropolis in

northwestern Armenia (Badalyan and Agekyan

1991; Badaljan et al. 1992, 1993, 1994). These

objects were recovered from burials dating to the

late second–early first millennium BC, a period

noted for the utilization of an array of copper

alloy mixtures (Chernykh 1992: 264–295; Pike

2002; Meliksetian et al. 2003a; Gevorkyan

2009). This group of artifacts was therefore

well suited for an experiment testing the perfor-

mance characteristics of LA-ICP-MS for the

analysis of variations in copper alloys.

In this chapter, we discuss the methods and

results of the experiment, and the potential of

LA-ICP-MS analysis of ancient copper and

bronze based on our analysis of metalwork

from Horom. The analytical problems addressed
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include the results achieved utilizing several cop-

per and bronze standards, matrix effects in the

analysis of trace elements in copper and copper

alloys with LA-ICP-MS, and calibration of the

analyses with the allied use of silicon drift detec-

tor energy dispersive spectrometry (SDD-EDS)

for quantifying major elements. The objects from

Horom were analyzed previously by arc optical

emission spectroscopy (OES) by Aram

Gevorkyan (Institute for Archaeology and Eth-

nography, Yerevan, Armenia) in the 1990s, but

the results are published here for the first time. In

addition to presenting the LA-ICP-MS results,

we compare the results of the two methods. Arc

OES was the principal method of archaeometal-

lurgical analysis in the South Caucasus and

throughout the former Soviet Union until the

1990s, and longer in some places.1 Evaluating

the performance of LA-ICP-MS through compar-

ison with the results of arc OES analysis was

undertaken to demonstrate the potential of LA-

ICP-MS for analysis of ancient copper and

bronze in the region, and to begin to assemble a

baseline comparison between the old and new

technologies.2

8.2 General Background

The numerous copper ore deposits and associated

evidence for prehistoric mining and metallurgi-

cal activities in the Armenian plateau have made

archaeometallurgy an important focus of archae-

ological research in the region (Chernykh 1992;

Gevorkyan 1980). Copper metalwork appeared

in the South Caucasus by the Neolithic period. It

was initially produced by cold working native

copper as demonstrated by a sheet-bead bracelet

from Aratashen, which dates to the first quarter

of the sixth millennium BC (Meliksetian

et al. 2007). Although copper smelting began in

the South Caucasus in the early fourth or perhaps

the late fifth millennium BC, regularization of

copper and bronze production is not evident

before the late fourth millennium BC. From then

onward, metal producers throughout the

Caucasus participated in geographically exten-

sive networks in which metal, artifacts and tech-

nical knowledge circulated (Peterson 2012).

These early metal networks initially emerged in

the context of small villages and groups of

mobile pastoralists associated with what are

commonly referred to as the Early Bronze Age

Maikop and Kura-Araxes archaeological cultures

(Table 8.1).

The majority of Early Bronze Age metalwork

in the region has been recovered from burials

(Chernykh 1992, 2009; Kohl 2007; Peterson

2012). The Middle Bronze Age saw an increase

in the consumption of metalwork in lavish burial

mounds such as the Karashamb and Trialeti

kurgans (Kohl 2007: 115–116; Kushnareva

1997; Oganesian 1992). Although the availabil-

ity of more easily smelted oxide ores in the

Caucasus is limited, heavy exploitation of pri-

mary, sulphidic copper ores is not apparent

before the Late Bronze Age of the mid-second

millennium BC.3 Prehistoric metal consumption

in the region reached its greatest heights during

Table 8.1 Archaeological periodization and chronology

of the Armenian plateau for the periods discussed here

(after Smith et al. 2009: Fig. 2)

Period Approximate dates BCE

Iron I Iron Ib 1000–800

Iron Ia 1150–1000

Late Bronze Age LB III 1300–1150

LB II 1400–1300

LB I 1500–1400

Middle Bronze Age 2400–1500

Early Bronze Age 3500–2400

1 The majority of these analyses are summarized by

Chernykh (1992).
2 In addition to the OES results, additional points of com-

parison are available from XRF and neutron activation

analysis of samples from other copper and bronze artifacts

from Armenia that were collected previously by

Meliksetian and colleagues (Meliksetian et al. 2003a, b;

Meliksetian et al. 2007; Meliksetian and Pernicka 2010).

However, these are discussed only in passing here since

those analyses were not conducted on the same objects as

those described in this chapter.

3 These ores are more difficult to smelt into metallic

copper than the weathered oxide ores that would have

been encountered earlier in the upper levels of deposits.
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the Late Bronze II, Late Bronze III and Iron I

periods, as evident from rich necropoli such as

Artik, Lori Berd, and Horom (Fig. 8.1 and

Table 8.1). The objects examined in this chap-

ter originate from Horom, and date to these

periods.

The Late Bronze and Early Iron Age sites in

present day Armenia lie within an eastern focus

of mining and metallurgical activity with ties to

what is commonly referred to as the Kayakent-

Korochoi culture in the area of present day

Daghestan, in the northeastern Caucasus

(Chernykh 1992: 278, 288; Pike 2002). Morpho-

logically, Late Bronze Age metalwork associated

with this eastern focus has been grouped into

three principal diagnostic forms: shaft-hole pole

axes with arched lunate blades (Chernykh 1992:

Fig. 8.7, 9.9, 9.13, 9.15; Kohl 2007: Fig. 3.29);

daggers and swords with a decorated and

sharply tapering triangular blades, with hilts

that were often cast separately and hafted onto

the tang (Chernykh 1992: Figs. 100.1–100.3,

100.9–100.12; 101.1–101.8); and spearheads

that frequently have a forged and split socket

(Chernykh 1992: Fig. 101.9–101.12). Other

ornaments and ceremonial items associated with

this focus include elaborate fibulae, pendants,

bracelets, belts, buttons, zoomorphic figurines,

bronze vessels (Chernykh 1992: 264–295), and

objects interpreted as representations of the solar

system (Ouzounian 1984: Fig. 3). Points (dart or

arrow heads) with a sharply tapering base

account for a number of the implements recov-

ered from the Horom necropolis (Fig. 8.2). By

the second millennium BC, metal producers in the

South Caucasus were able to smelt antimony, and

utilized it in binary, ternary, and quaternary

alloys with copper (Chernykh 1992: 290; Pike

2002; Meliksetian et al. 2003a; Gevorkyan

2009). Although people in the region utilized

iron by 1200 BC, they continued to produce a

variety of copper-based metalwork in the Late

Bronze and Early Iron Age.

Knowledge of these developments in early

mining and metallurgy on the Armenian plateau

has relevance beyond the South Caucasus alone.

It is also important to the understanding of the

interregional relations that surrounded ancient

metal making in neighboring areas. From the

1950s to early 1990s, Soviet researchers

conducted over 35,000 analyses of ancient

copper-based metalwork in investigations of

early metallurgical developments across the

Caucasus and Central Eurasia (Chernykh 1992:

16). These efforts unfolded within programs of

‘spectral-chemical analysis’ based on arc OES in

Fig. 8.1 Location of

Horom and other major

Late Bronze-Early Iron

necropolises that are

mentioned in the text, with

the borders of present day

Armenia outlined in black
(prepared by Adam Clegg)
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branches of the Soviet Academy of Sciences, in

Armenia and other former Soviet republics.

Since then, the popularity of new techniques

and the dwindling supplies for traditional arc

OES have rendered it practically obsolete. The

sharp contraction of institutional funding that

followed the dissolution of the Soviet Union

also resulted in a general decrease in archaeome-

tallurgical research, which was once a hallmark

of archaeology in the region. The South

Caucasus Archaeometallurgy Project was

initiated in 2009 to contribute to the revival of

this important area of research.4 Our research to

date includes the present LA-ICP-MS analysis of

Late Bronze to Early Iron Age copper-based

artifacts from the Horom necropolis.

Identification of the copper sources utilized in

making ancient metalwork in the region requires

further isotopic and chemical analysis of artifacts

and ore deposits, using an appropriate technique

such as multicollector-inductively coupled

plasma mass spectrometry (MC-ICP-MS) or

thermal ionization mass spectrometry (TIMS).

This is planned for source analysis of copper-

based artifacts from Armenia, utilizing ore

samples we collected in 2009 and 2010. LA-

ICP-MS analysis is an early step in the broader

examination of the technologies and practices

utilized in metal making during these periods.

8.3 The Horom Necropolis

Investigations were initiated at Horom with the

salvage of 160 tombs for construction of the Nor

Kyank reservoir in 1987–1989 (Badalyan and

Agekyan 1991; Badaljan et al. 1993: 9). An

Armenian-American team resumed excavations

in the early 1990s (Badaljan et al. 1992, 1993,

1994). Horom covers an area of some 300 ha

making it the largest prehistoric settlement in

the Shirak Plain of northwestern Armenia.

Stone architecture, including two citadels dating

to the twelfth to ninth centuries BC, indicate care-

ful planning under centralized leadership during

the latest stages of prehistoric occupation of the

region, which ended in its incorporation into the

Urartian Empire (Badaljan et al. 1992: 31, 46).

The necropolis is comprised of clusters of

cromlechs scattered over several hundred

hectares south and east of the settlement

(Badaljan et al. 1992: 47; Badaljan et al. 1993:

8–12). The cromlechs typically contain an indi-

vidual interment, and the most frequently

encountered grave goods are ceramics and

bronze metalwork. The large number of

cromlechs that were investigated by salvage

operations in the 1980s are mostly unpublished.

Two that were opened by the Armenian-

American team in 1992 to the southeast of south-

ernmost citadel give a picture of the interior of

the burials. Both had a central burial pit within a

ring of stones that was sealed with a massive

capstone (Badaljan et al. 1993: Figs. 7 and 8).

Fig. 8.2 Examples of metal objects from Horom

included in this study. Left: 1021, a pin in a form

interpreted to represent the solar system (see Ouzounian

1984). Right: 1043 and 1177, arrow- or dart-heads
(prepared with the help of Bradley Paige)

4 In other projects using other techniques, copper, bronze,

antimony and lead artifacts as well as Armenian copper

ores have been analyzed at the Curt-Englehorn Zentrum,

Mannheim (Meliksetian et al. 2003a, b; Meliksetian

et al. 2007; Meliksetian and Pernicka 2010). Other ongo-

ing archaeometallurgical research in the South Caucasus

includes investigations of ancient gold mining in Georgia

by Stöllner, Gambashidze, and Hauptmann (Hauptmann

et al. 2010; Hauptmann and Klein 2009), and research

recently initiated on the Sotk mine and neighboring sites

in Armenia under the direction of Ernst Pernicka.
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8.4 LA-ICP-MS Analysis: Goals
and Methods

LA-ICP-MS analysis of copper and bronze

artifacts from Horom was performed on samples

collected earlier by one of us (Gevorkyan), which

had been taken from objects recovered by the

Nor Kyank salvage operations. The analysis

was performed at the Center for Archaeology,

Materials and Applied Spectroscopy (CAMAS)

at Idaho State University.5 These artifacts date to

the thirteenth to ninth centuries BC, or the Late

Bronze III-Iron I periods (Table 8.1).6 This

experiment had two general goals: (1) to examine

the effectiveness of LA-ICP-MS for analyzing

differences in the composition of copper and

bronze artifacts both within and between

assemblages, as an aid in characterizing ancient

metal technologies and possibly sources of

materials (e.g., the use of sulphide ores high in

arsenic vs. oxide ores); and (2) comparison of the

LA-ICP-MS results with those from arc OES

performed byGevorkyan on 48 of the 50 samples.

Until the 1990s, arc OES was the chief instru-

mental method of copper-based artifact analysis

in the South Caucasus. The comparison of LA-

ICP-MS and arc OES results was proposed in

order to determine the potential of relatively

inexpensive LA-ICP-MS analysis for the ongo-

ing investigation of ancient copper and bronze

from Armenia. LA-ICP-MS analysis was

performed using five standard reference

materials (SRMs) with certified element

concentrations (four bronze and one copper), in

order to provide a broad range of elements and

concentrations for calibrating and quantifying

the results. For the comparison of techniques, it

would have been useful to analyze these

standards with arc OES as well. However, the

only instrument available for this would have

been the unit in the Institute of Archaeology

and Ethnography in Yerevan, which Gevorkyan

utilized for the analysis of the Horom assem-

blage. Unfortunately it no longer works, which

prevented the analysis of certified standards as

greater basis for comparing techniques. We are

grateful to Laure Dussubieux for sharing the

B10, B12, 51.13-4, 71.32-4 standards used in

the experiment.7 SRM 494 from the US National

Institute for Standards and Technology was

also used.

Laser ablation was performed on cut, ground,

and polished surfaces of samples embedded in

spectroscopic epoxy. The exposed surface of

each sample ranged from 1.5 to 2.0 mm. While

the analysis could have been performed on the

surface of uncut objects, the samples had already

been removed in the 1990s for arc OES and

provided an opportunity to prepare them in this

manner. Preparation of ground and polished

samples with uniform surface geometry

facilitated SDD-EDS determination of major ele-

ment composition. It also aided in selecting the

exact area of ablation and to visualize structural

heterogeneity, which might affect the LA-ICP-

MS analysis of material composition. Before

ablation, element maps were collected for each

sample utilizing the CAMAS laboratory’s Bruker

Quantax 200 SDD-EDS system in tandem with

its FEI Quanta 200F ESEM, operated in

backscattered electron imaging mode. Three

non-overlapping 500 � 500 μm ablation sites

were analyzed by SDD-EDS on each. Element

mapping revealed that a 500 � 500 μm laser

ablation raster pattern would be sufficient to sub-

sume the heterogeneous domains in each sample

and approximate a bulk sample analysis

(Fig. 8.3). These heterogeneities consisted of dif-

ferent phases of the matrix materials, e.g.,

arsenic-rich phases in arsenic bronze and

tin-rich phases in tin bronze. The size of these

phases ranged from only a few micrometers to up

to 300 μm across (Fig. 8.3). If LA-ICP-MS spot

analysis of an area 100 μm in diameter had been

performed within a single phase alone, it would

5By three of us: Dudgeon, Tromp, and Peterson.
6 A closer examination of the dating and periodization of

the Horom metalwork is beyond the scope of the present

discussion.

7 SRM B10 and B12 are from the Centre de

Développement des Industries de Mise en Forme des

Matériaux, France, and 51.13-4, 71.32-4 are from the

Bureau of Analysed Samples Ltd, England.
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have diminished the accuracy of the determina-

tion of the alloy recipe, such as the tin to copper

ratio in a tin bronze artifact. The 500 � 500 μm
laser ablation raster pattern was large enough to

analyze all the phases visible in the samples

together, and to approximate a bulk analysis.8

At each of the three SDD-EDS analysis sites

on each sample, three replicate or overlapping

LA-ICP-MS analyses were performed in the ras-

ter patterns noted above. The laser device was a

New Wave UP-213 laser ablation system

operated in imaged aperture mode. Ultra high

purity (UHP) helium was used as the laser

sweep gas (0.343 l min�1) in a standard volume

laser cell. The sweep gas was blended with up to

0.70 l min�1 of UHP argon gas prior to entering

the plasma torch, to minimize plasma flicker and

increase the washout rate at the conclusion of

each analysis. Sample raster patterns were

pre-ablated in order to remove oxidation and

residual surface contamination, using a 100 μm
diameter spot size with a 100 μm s�1 laser speed

at 60 % laser output power. Data acquisition was

performed with an ablation pass within the

pre-ablated area using an 80 μm diameter beam,

moving at 50 μm s�1 operating at 70 % output

power, at a pulse rate of 20 Hz. The ablated

material was analyzed by a Thermo X-Series II

inductively coupled plasma-mass spectrometer

with a GCMS-based dual-inlet interface (typical

operating parameters are found in Table 8.2).

This interface permits simultaneous introduction

of the laser ablation gas with a liquid internal

standard (with 20 ppb each of Rh, Ru and Ir), to

aid in correcting instrument drift, and to offset

matrix suppression that can cause the signal for

elements of interest to decrease. This may occur

when more of a relatively soft, easily ablated

material like metallic copper is ionized in the

plasma formed by the laser, which if left uncor-

rected may lead to misleading results. The GC

dual-inlet interface allows the mapping of signal

suppression during an experiment (Fig. 8.4), per-

mitting precise estimation of effects on intensity

counts per second (ICPS) for both standards

and unknowns. Signal variations noted in this

experiment include the aforementioned matrix

suppression for materials with higher ablation

efficiency, as well as cyclical drift and secular

reduction in signal from ablated material

accumulating on the orifice of the sample cone.

We believe that constant introduction of 2 %

HNO3 has positive effects on the rate of deposi-

tion and resultant signal suppression (see

Fig. 8.4), although we have not performed

Fig. 8.3 Examples of SEM-EDS element maps from tin bronze metalwork analyzed from Horom (for samples

666, 675, and 1040)

8 Another strategy for dealing with heterogeneity in a

situation in which it is not possible to remove samples

for SEM-EDS visualization, such as analysis through the

corroded surface of a bronze, might be to sample numer-

ous points and to average the results. However, it is not

possible to say how many points would be sufficient in a

given case.
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specific experiments to determine the effective

improvement on long analysis routines with high

ablation matrix load.

The data was calibrated with a slightly

modified version of the approach described pre-

viously by Neff and Dudgeon (2006) and in

Speakman and Neff (2005). Elements commonly

found as trace elements, impurities, and alloy

constituents in copper and bronze may segregate

as cast metal cools, as in the case of lead (Pb), or

may form different phases with copper, as arse-

nic (As) and tin (Sn) will do. In order to increase

the precision and accuracy of spatially discrete

compositional analysis across samples with vary-

ing concentrations of copper, we utilized a pro-

cedure developed by one of the authors

(Dudgeon, as explained in Chap. 18) to exter-

nally measure the actual copper concentration at

each ablation site by SEM-SDD-EDS (reported

as normalized mass percent). At each ablation

site, a minimum of 10 replicate SDD-EDS

measures covering a suite of 15 major, minor,

and trace element components (Al, Cr, Mn, Fe,

Co, Ni, Cu, Zn, As, Ag, Sn, Sb, Au, Pb, Bi) was

averaged, and the mean value of copper was used

in the internal standard correction during

ICP-MS signal calibration for analyses at the

respective site. The analytes measured with LA-

ICP-MS and the detection limits for each are

given in Table 8.3.

For this experiment, detection limits (LOD)

are calculated as three times the standard devia-

tion of all experimental blank concentrations

(sample chamber online, stage moving, laser at

0 % power, ICP-MS collecting ICPS data) plus

the mean of all calculated experimental blank

concentrations. This results in a more conserva-

tive estimate of LOD than using three times the

standard deviation alone as is often done, and

reflects the fact that for many elements the exper-

imental blank ICPS remain above calibration

blanks throughout the analysis. Experimental

blanks for this experiment are the equivalent of

QA/QC blanks in liquid aspiration analysis, and

are not used in standard curve calibrations.

Experimental blanks were performed after

every 15 analyses (standards and unknowns),

permitting further monitoring of the laser and

ICP-MS operational conditions/washout effi-

ciency over the course of the experiment. Use

of this optimized laser ablation—liquid aspira-

tion internal standard approach, we achieve ten-

fold or lower detection limits than the 0.01 %

(100 ppm) LOD calculated by Gevorkyan

(1980) for previously unpublished OES analyses

(see Table 8.3) for all elements except copper

(LOD ¼ 2878.61 ppm) and tin (LOD ¼ 213.45

ppm). As discussed below, broad comparability

was discovered between LA-ICP-MS and arc

OES for several elements (Fe, Sb, Sn, Bi), but

with significant improvement of LOD using LA-

ICP-MS (i.e., Mn, Au) (compare Tables 8.4 and

8.5). However, OES appears to perform better

with lead, probably due to the high propensity

of lead to segregate in copper and bronze, which

would yield better results with bulk sampling

method (OES) as opposed to a micro-sampling

Table 8.2 LA-ICP-MS operating parameters for the

present experiment

Laser ablation device New Wave UP213 Nd:YAG

Wavelength 213 nm

Energy 0.2 mJ

Spot size 80 μm
Preablation 100 μm
Fluence 7.35 J cm�2

Rep rate 20 Hz

Travel rate 50 μm/s

ICP-MS Thermo X-II Series ICP-QMS

Detector Discrete dynode electron

multiplier

RF power 1400 W

Plasma Ar gas flow

rate

10.0 l min�1

Auxiliary Ar gas flow

rate

0.70 l min�1

Sample He gas flow

rate

0.343 min�1

Data acquisition

mode

Time resolved, 1 acquisition/s

Dwell Time per

analyte

10.0 ms

Channels 1

Separation 0.02 AMU
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technique (LA-ICP-MS). This is discussed fur-

ther below.

8.5 Results of Arc OES Analysis
of the Horom Metalwork

The 48 previously analyzed copper-based

artifacts from Horom have been classified into

two artifact categories: ornaments (n ¼ 21) and

implements (n ¼ 27). The identified ornaments

include flat copper sheets and bands, swastika-

shaped plaques, rings, pins (including three

associated with representations of the solar sys-

tem—an example is shown in Fig. 8.2), sword

pommels, and pendants. The implements are

wire, points, and a dagger. Among the objects

that were analyzed, the 23 points in the assem-

blage account for the majority of implements and

the largest number of artifacts that can be

grouped together by form (Table 8.4).

In every object, copper was identified as the

base material (Table 8.4). No attempt was made

to quantify copper. This was the norm for arc

OES analysis of ancient copper-based materials.

Therefore, it was not possible to normalize the

arc OES results to the concentration of copper

present in any sample. The results show the pres-

ence of 10 alloys among the objects, by the con-

ventional association of the presence of more than

1 % of a major element in a copper-based material

with “voluntary addition” as an alloy constituent

(see Dussubieux et al. 2008: 650). Figure 8.5

summarizes the number of implements and

ornaments identified for each alloy and unalloyed

copper. Six of the objects register as unalloyed

copper and three as leaded copper (Cu-Pb).

Seven are arsenical copper or arsenic bronze

(Cu-As), and another nine are leaded arsenical

copper (Cu-As-Pb). Eleven are tin bronze

Fig. 8.4 Sensitivity drift

over time as measured on

our LA-ICP-MS instrument

setup for internal standard

element rhodium.

Trendline represents a

moving average of ten

3-min acquisitions

Table 8.3 Analytes measured by LA-ICP-MS in copper-

based metalwork from Horom, and their detection limits

Analyte Detection limit (ppm)

27Al 1.01

53Cr 3.11

55Mn 2.26

57Fe 12.89

59Co 0.18

62Ni 1.61

65Cu 2878.61

67Zn 0.77

75As 56.09

109Ag 1.35

117Sn 213.45

121Sb 2.88

197Au 0.02

204Pb 9.84

209Bi 0.19

8 LA-ICP-MS Analysis of Prehistoric Copper and Bronze Metalwork from Armenia 123
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(Cu-Sn), and there are four each of tin-arsenic

bronze (Cu-Sn-As) and leaded tin bronze

(Cu-Sn-Pb). The most prevalent complex alloy is

Cu-Sn-As-Pb, for which there are two examples.

One of the most remarkable aspects of the

assemblage is the use of antimony within it. Arc

OES detected the presence of over 7 % antimony

in two sword pommels, in one as tin-antimony

bronze (Cu-Sn-Sb, sample 1040) and in another

as tin-antimony-arsenic bronze (Cu-Sn-Sb-As,

sample 1041). The source of the antimony in

these objects has not been identified. The best

known prehistoric antimony mines near Horom

are in the Zopkhito district of the Gornaya Racha

in the Great Caucasus. There are at least four

published calibrated radiocarbon dates for anti-

mony mines in Zopkhito, which span a period

from about 1800 to 1000 BC (Burchuladze and

Togonidze 1987: 241) that overlap with the dat-

ing of the Horom objects. Zopkhito is therefore a

strong candidate as the source of the antimony

utilized in making these objects.

8.6 LA-ICP-MS Results

Small fragments of the 48 Horom artifacts left

over from the arc OES analysis were analyzed by

LA-ICP-MS. A total of 15 analytes and 3 liquid

internal standard additions were collected during

data acquisition (Table 8.2). Twelve of these

analytes demonstrated adequate detection limits

(55Mn, 57Fe, 59Co, 62Ni, 75As, 109Ag, 117Sn, 121Sb,
125Te, 197Au, 204Pb, 209Bi). The elements Mn, Fe,

Co, Ni, As, Ag, Sn, Sb, Te, Au, Pb, Bi were

previously analyzed by arc OES and provided

the principle points of comparison between the

techniques. Copper was also measured by

SDD-EDS, and was used as an internal standard

calibration for the LA-ICP-MS analysis. ICP-MS

survey scans on the Horom artifacts determined

that this suite of analytes comprised at least

99.73 % of the available masses measureable

by ICP-MS. A combination of copper and bronze

standards (SRM-494 and B10, B12, 51.13-4,

71.32-4) was analyzed to bracket the

concentrations within the artifact samples for

calibration. The SDD-EDS standardized LA-

ICP-MS concentration results are given in

Table 8.5. With the exception of four artifacts

with high iron concentration (Horom 899, 928,

1029 and 1217; average 3150 ppm) and two with

high nickel (Horom 899 and 1039; average

5780 ppm), all of the artifacts possessed high

and variable concentrations of copper, arsenic,

tin, antimony and lead. To visualize the major

elements alloyed into the copper base, we com-

pared the ratio of the four major non-copper

elements and minor constituents (As, Sn, Sb,

Pb) across artifact classes in the assemblage

(Fig. 8.6).

The LA-ICP-MS data indicate that within the

various artifact classes significantly different

alloy recipes were used. In most cases alloying

would have been achieved by the direct mixing

of metals, but high levels of arsenic may have

also been achieved through a co-smelting process

(e.g., Lechtman and Klein 1999). The dominant

relationship in this assemblage is the correlation

between high arsenic (average 11,500 ppm) and

point implements, the dagger and the wire

artifacts. Conversely, the artifacts characterized

as ornaments (i.e., pins, bands, rings and

pommels) contained a higher proportion of tin

(average 95,700 ppm) than the implement

artifacts. The concentration of lead and antimony

Fig. 8.5 Metal groups (unalloyed copper and various

copper alloys) detected by arc OES in ornaments and

implements from Horom

126 D.L. Peterson et al.
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in the Horom artifacts is not indicative of any

pattern correlated with artifact type; rather, they

appear to covary as lesser constituents within the

copper—arsenic—tin modal recipe, suggesting a

great deal of mixing of these materials through

recycling.

8.7 Discussion

An important part of assessing the performance

of LA-ICP-MS on the Horom metalwork is com-

paring the LA-ICP-MS results for the relative

frequency of different materials in the tested

samples with the arc OES results for the same

samples. A comparison of the arc OES and LA-

ICP-MS results shows a general pattern of agree-

ment in the element constituents of the Horom

artifacts when the analytes occur at relatively

high concentrations, especially Fe, Sb, Sn, and

Bi. At lower levels, the OES data break down

into more categorical estimates of concentration,

due to the higher detection limits (generally

about 0.01 %) and the lower precision of arc

OES spectroscopy (copper was not measured,

and quantities of other elements were not

normalized in relation to copper). Elements that

are especially adversely affected by lower preci-

sion of estimation include manganese, gold, sil-

ver and zinc, which register at low to several

hundred ppm using LA-ICP-MS.

Altogether, the results for the LA-ICP-MS

analysis generally agreed with those that were

gathered previously by arc OES on the composi-

tion of only 25 of the 48 objects analyzed with

both techniques. We detected copper, arsenical

copper, leaded arsenical copper, tin bronze,

leaded tin bronze and tin arsenic bronze by

LA-ICP-MS. We did not identify leaded copper

by LA-ICP-MS as was found by arc OES. In

Fig. 8.6 Frequency of primary non-copper elements (e.g., As, Sn, Sb, Pb), by artifact form according to LA-ICP-MS

results (Table 8.5)
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addition, in the tin-antimony bronze and tin-

antimony-arsenic bronze identified by arc OES,

LA-ICP-MS detected the presence of alloy-level

concentrations of lead; the composition of these

two objects was therefore recategorized as leaded

tin-antimony bronze and leaded tin-antimony-

arsenic bronze. With the exception of these two

objects, LA-ICP-MS tended to find lower levels

of lead than arc OES in the same samples. This

may indicate a weakness in the LA-ICP-MS

method as compared to arc OES as a bulk sam-

pling technique. Lead segregates in copper and

bronze, and when analyzing a larger volume bulk

sample, the arc OES may simply have encoun-

tered more of it. Alloy-level concentrations of

antimony were identified with equal frequency

by both techniques. Comparing Figs. 8.5 and 8.7,

indication of a tendency to select tin alloys for

ornaments is much greater in the LA-ICP-MS

results than those for arc OES (LA-ICP-MS

shows that 18 out of the 20 ornaments analyzed

are made of alloys with tin), while the LA-ICP-

MS results indicate a similar tendency to reserve

unalloyed copper and arsenical copper for

implements as did arc OES (four out of five

unalloyed copper objects are implements, and

implements account for all arsenical copper

objects).

Thus, while there is notable disagreement on

concentrations of lead, which we attributed to the

respective differences between arc OES and LA-

ICP-MS as bulk analysis and micro-analysis

techniques, some general tendencies in the selec-

tion of materials for implements and adornments

are indicated by both methods (Figs. 8.5 and 8.7),

although the preference of tin alloys for

ornaments, which was revealed originally with

arc OES, is more strongly expressed in the LA-

ICP-MS results (Fig. 8.7). In addressing the

differences in performance, we would argue

that other than the issue with lead noted, LA-

ICP-MS is more reliable than arc OES for a

number of reasons. Concentrations of copper

were quantified by SEM-EDS for the LA-ICP-

MS experiment, but never quantified with arc

OES. Since copper was quantified by SDD-EDS

for calibrating our LA-ICP-MS results for other

elements, it was possible to examine the LA-ICP-

MS values in relation to a measurement of the

bulk material (copper). Measurement of copper

was not part of arc OES analyses of ancient

copper-based artifacts (Chernykh 1992;

Gevorkyan 1980). As noted earlier, the LA-

ICP-MS analysis was performed with five

certified copper and bronze standards, which

allow for the calibration of results for the

unknown quantity of elements present in a test

sample according to the known values for those

elements in the certified standards when analyzed

together in the same experiment, as we did in this

case. No analogous form of standardization was

used in the arc OES analysis. It would have been

desirable analyze the standards used with

LA-ICP-MS with the arc OES used to analyze

the Horom metalwork, but this was not possible

because it no longer works.

One of the most interesting aspects of the

assemblage is the use of antimony as an alloying

agent in two sword pommels. Pike (2002) has

argued that antimony may have been used as a

substitute for tin, which is not known to have

been mined in the Caucasus before the late first

millennium BC. However, antimony appears to

have been more than just a tin substitute in the

metalwork from Horom. In both items in which

antimony was identified at alloying levels by

both arc OES and LA-ICP-MS (samples 1040

and 1041), it is in mixtures that also contain

Fig. 8.7 Metal groups detected by LA-ICP-MS in

ornaments and implements from Horom
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high alloy levels of tin. Both objects are orna-

mental sword pommels in which tin and anti-

mony may have been used for the combined

aesthetic and functional effects of a light colored

and hard material. Whether production was done

locally or finished objects were imported cannot

be determined through this analysis. However, as

noted earlier, there is a strong likelihood that

either antimony or the objects themselves are

from present-day Georgia. The sources of tin

used in prehistoric Eurasian metalwork are a

topic of debate beyond the scope of the present

discussion.

Of all the materials, the identification of arse-

nic with voluntary alloying is perhaps the most

problematic, since arsenical copper with arsenic

concentrations under 3 % can be created

intentionally or unintentionally through

co-smelting (Lechtman and Klein 1999). In all

but one sample, the levels of arsenic detected by

arc OES that may be associated with alloying

range from 1.1 % to 2.75 %, and can be

reasonably attributed to accidental production

by co-smelting. The exception is sample 1176,

a point that the OES results show as containing

9.2 % arsenic without signs of heavy corrosion

that might lead to depletion of Cu and enrich-

ment of As (Table 8.4). However, the OES

results appear to be incorrect; the LA-ICP-MS

results found that it contains 30,623 ppm arsenic,

which is closer to the values for arsenic in the rest

of the samples with value commensurate with

alloying.

Another significant aspect of both the arc OES

and LA-ICP-MS results is the potential evidence

for recycling represented by the presence of Sn,

As, Pb, and Sb in several objects at levels not far

below the conventional threshold for intentional

alloying. One explanation for this is that the

materials were prepared by mixing alloys

containing these metals with unalloyed copper

through recycling.

8.8 Conclusions

Through analysis of late prehistoric metalwork

from Horom, comparison of the results from arc

OES (the traditional but now defunct method of

compositional analysis in Eurasian archaeome-

tallurgy) and LA-ICP-MS has shown that LA-

ICP-MS is as effective or superior to arc OES

in the detection of alloys and alloy recipes. We

therefore conclude that LA-ICP-MS it is a highly

viable technique for continuing analyses of the

composition of ancient copper-based metalwork.

Even so, we see two problems that should be

addressed in future experiments. First, if possi-

ble, it would be important to measure the relative

precision of arc OES and LA-ICP-MS through

analysis of the same certified standards by both

techniques. That could not be done in this case,

since the arc OES used to analyze the metalwork

from Horom is no longer operational and cannot

be repaired. The second problem is a hindrance

of LA-ICP-MS that is paradoxically also one of

its strengths: it is a microanalysis technique.

While this means microscopically small samples

can be analyzed with no visible damage to

artifacts, there are potential problems identifying

the proportion of lead present throughout a

sample, since lead tends to segregate in copper

and bronze. We sought to overcome this by

sampling in a relatively large raster pattern

(500 � 500 μm), but it still appears that the

results for lead are questionable.

For the purpose of this analysis, the objects

were classified into two artifact types: ornaments

and implements. While heuristically valuable for

evaluating preliminary hypotheses, this scheme

should be treated with care, since this type of

classificatory arrangement is predicated on func-

tional differences between the two artifact types.

Compositional analysis alone is not enough to

examine differences in function; this would be

better served by combining compositional analy-

sis with analyses of usewear and microhardness.

This classification scheme may also be

misleading for grave goods, which may have

been made for a ceremonial function. However,

there is utility in these categories from the stand-

point of compositional analysis in relation to the

selection of particular materials for specific

object forms regardless of how the objects were

used before burial. While all of the objects

analyzed by arc OES and LA-ICP-MS were
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recovered as grave goods by the people who

utilized the Horom necropolis, according to

results with both arc-OES and LA-ICP-MS, the

producers of these objects tended to systemati-

cally utilize alloys with tin to make ornaments,

while they prepared the majority of implements

(which are mostly points) with unalloyed copper

and arsenic alloys. An important goal of compo-

sitional analysis of ancient copper-based metal-

work is to determine the patterns in the selection

of copper and alloys for particular kinds of

artifacts. Our results are further indication of

the benefits of LA-ICP-MS for analysis of vari-

ance in alloy composition in a large assemblage

of copper-based artifacts.
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Part III

Application to Vitreous Materials



Analysis of Vitreous Archaeological
Materials by LA-ICP-MS 9
Bernard Gratuze

Abstract

This chapter introduces some of advantages of using LA-ICP-MS to

analyze vitreous archaeological materials, highlighting the approaches

utilized in the studies included in Part III of this volume.

9.1 Analysis of Vitreous Materials

As they are relatively homogeneous, vitreous

matrices were among the first archaeologi-

cal materials to be tested by Laser Ablation-

Inductively Coupled Plasma-Mass Spectrometry,

and the first applications of this technique to the

characterization of archaeological artificial and

natural glasses were published during the early

1990s (Gratuze et al. 1993; Telouk 1993). The

application of LA-ICP-MS to archaeometric

study of vitreous materials slowly increases in

frequency up to the end of last millennium

(Gratuze 1999; Tykot and Young 1996).

Since the beginning of the twenty-first cen-

tury, studies using LA-ICP-MS for characteriza-

tion of vitreous materials are increasingly

numerous, and this technique tends nowadays to

be one of the principal methods employed for

analysis of these types of material (see Chaps. 4,

10–14 and 19). In its most broad meaning,

the category of vitreous materials includes, as

demonstrated in this volume, a large variety of

matrices which comprise not only artificial silica

glasses, but also lead glazes, glassy slags, and

natural glasses. For example, in Chap. 10,

Reepmeyer and colleagues refers to natural

glasses such as obsidian, while in Chap. 14,

L’Héritier et al. deal with metallurgical glassy

iron slags, and Iñañez et al. in Chap. 19 study

ceramic lead glazes. If in many cases, glass matri-

ces are quite homogeneous, they can also include

numerous small crystalline mineral phases and

can therefore also be fairly heterogeneous.

At the beginning 1990s, quadrupole ICP-MS

instruments were the only ones coupled with laser

ablation, allowing only bulk analysis of minor

and trace elements. At that time, LA-ICP-MS

was often used as a complementary method

for trace element analysis, major elements being

separately determined by EPMA, SEM-EDX,

PIXE or XRF. Nowadays, as described

by Cagno et al. in Chap. 11, LA-ICP-MS can

performmajor to trace element analysis of almost

all elements within a material during a single
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instrumental run. Furthermore, the coupling

of laser ablation with all available plasma

mass spectrometry techniques (multi- or single-

collector sector field and time of flight

instruments), allows awide field of different char-

acterization techniques. The different chapters in

this volume demonstrate even that if LA-ICP-MS

is primarily used for the full characterization

of glass composition from major to trace

elements, it can also produce valuable data for

isotopic analysis, element mapping and profile

analysis.

For example, in Chap. 4, van Elteren et al.

demonstrate that elemental mapping—which was

in the past mainly performed using EPMA—

is now possible using LA-ICP-MS. This allows

the characterization of chemical association

within colorants and opacifiers and their mapping

within an object. Depth profiling using single

LA-ICP-MS spot analysis is highlighted in

Chap. 12 by Gratuze. While more conventional

methods require cutting a profile, DP-LA-ICP-MS

allows generation of similar results with no visual

damage to the object. In the near future, the rapid

mass scanning allowed by TOF-ICP-MS will

probably make it possible to fully characterize

sub-surface mineral inclusions present in glass

by combining elemental mapping and depth pro-

file analysis. Lead isotopic analysis of ancient

glazes using LA-MC-ICP-MS is described in

Chap. 19 by Iñañez et al., while the potential of

boron isotopic composition using this type of

instrument was recently tested by Devulder on

Roman glass (Devulder et al. 2015).

Due to the fact that LA-ICP-MS allows nearly

non-destructive analysis, this technique is now

widely accepted by curators and archaeologists

for investigation of glass objects. LA-ICP-MS

has thus made it possible to undertake studies

on large population of objects rather than a few

selected less valuable pieces. As shown by recent

publications and theses, the amount of data

generated using this technique is increasing

exponentially. Hence the routine application of

trace element determination using LA-ICP-MS

for glass characterization coupled with isotopic

analysis is opening new fields of investigation for

glass provenance studies.

However, due to the rapidly increasing

amount of available data produced by LA-ICP-

MS, analysts now face two main challenges. The

first one is evaluating and ensuring the compati-

bility of data produced by different laboratories.

Different approaches are used to ensure data

compatibility, one of which is the systematic

publication of values obtained on glass standard

reference materials such as NIST612 or the vari-

ous Corning glasses (Purowski et al. 2014;

Rehren et al. 2015; Varberg et al. 2015; Walton

et al. 2012), as has often been done for EPMA

analysis (Smirniou and Rehren 2011). A second

approach, which has been tested here by

Dussubieux (Chap. 13), is to conduct inter-

laboratory comparisons on a set of selected

glasses, as was done by Glascock (1999) for

obsidian. The results obtained in Dussubieux’s

comparison study show that, despite some dis-

persion of values, the interpretation of the data

published by the nine participating laboratories

results in the same grouping of samples. In his

paper on Pergamon glasses, when comparing

data obtained at the Field Museum in Chicago

and at the IRAMAT-CEB in Orleans, Rehren

similarly concludes that “While no direct com-

parison of the performance of the two LAICPMS

laboratories was done for these samples, there is

no systematic difference visible for data from

similar glasses analysed in the different labs;

the data is assumed to be fully compatible.”

(Rehren et al. 2015: 272).

As shown by several recent papers (Rehren

and Freestone 2015; Varberg et al. 2015), in the

majority of cases, it is necessary to compare

analytical data obtained directly on objects

known to have different origins in order to be

able to draw general conclusions about long dis-

tance glass trade. However, for diverse geopolit-

ical and legislative reasons, it is often difficult

to move archaeological objects between dif-

ferent countries. Maintaining high compatibility

between data produced all over the world by

different archaeometric laboratories will proba-

bly be one of the most important challenges in

the future. To succeed, the multiplication of

inter-comparison tests, the adoption of similar

analytical protocols, and the development of
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new sets of reference materials will probably be

the best solution.

The second challenge linked to the exponen-

tial increase of data volume which we will have

to face is the development of common databases

and statistical tools for the treatment of experi-

mental data. While comparison of data points

using binary plots or extended rare earth element

spidergrams has been shown to be very efficient

for relating glass objects of common origin

(Jackson and Nicholson 2010; Shortland and

Schroeder 2009; Wedepohl et al. 2011), this

approach is not efficient for handling thousands

of data points.
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géologie, Utilisation de l’ablation laser. Ph.D Disser-

tation, University of Lyon

Tykot RH, Young SM (1996) Archaeological applications

of ICP-mass spectrometry. In: Orna MV

(ed) Archaeological chemistry: organic, inorganic,

and biochemical analysis. American Chemical Soci-

ety, Washington, DC, pp 116–130

Varberg J, Gratuze B, Kaul F (2015) Between Egypt,

Mesopotamia and Scandinavia: Late Bronze Age

glass beads found in Denmark. J Archaeol Sci

54:168–181

Walton M, Eremin K, Shortland A, Degryse P (2012)

Analysis of Late Bronze Age glass axes from Nippur-

a new cobalt colourant. Archaeometry 54(5):835–852

Wedepohl K-H, Simon K, Kronz A (2011) Data on

61 chemical elements for the characterization of

three major glass compositions in late antiquity and

the Middle Ages. Archaeometry 53(1):81–102

9 Analysis of Vitreous Archaeological Materials by LA-ICP-MS 139



Contributions of LA-ICP-MS to Obsidian
Sourcing in the Pacific 10
Christian Reepmeyer, Wallace Ambrose, and Geoffrey Clark

Abstract

This chapter examines results from the application of LA-ICP-MS to the

identification of sources of obsidian artifacts from the Western Pacific.

More than 700 analyses of obsidian samples collected at the Australian

National University over the past years provide an accurate geochemical

dataset for major obsidian source regions in the Western Pacific unambig-

uously discriminating sources and sub-sources. This dataset is employed

to analyze social interaction in the 3000-year timeframe of human occu-

pation of the western Pacific as reflected by variations in lithic raw

material sources. Albeit not non-destructive, the minimal sample size

necessary, and the precision and accuracy of analysis for a wide range

of major, minor, trace and rare earth elements enables LA-ICP-MS to not

only geochemically fingerprint archaeological artifacts to known source

locations, but also to provide information about general geological

contexts from which these objects derived. These additional data have

been successfully employed in the past to identify locations of high

probability for undetected obsidian outcrops.

10.1 Introduction

The combination of geochemical and technolog-

ical analyses of lithic assemblages provides

unique insight into cultural activities on the

landscape, more specifically the nature of inter-

action between communities and their local

environments. Obsidian is a prime material for

understanding patterns of social interaction in the

archaeological record because of the possibility

to track the movement of this raw material

between distant areas. This has been particularly
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productive for the analysis of exchange systems

and social interaction in various parts of the

world, including the Pacific.

Obsidian is a natural volcanic glass that com-

monly develops when high silicate (rhyolitic)

low temperature lava cools quickly during a vol-

canic eruption (Rothe 2005). High viscosity of

alumino-silicates and the relative cooling rate

limits the materialization of crystals in the melt

and results in a homogeneous amorphous rock

(Vinx 2005), which is very brittle and can easily

be flaked, producing very sharp edges. In gen-

eral, the overall chemical composition of the

initial magma (high silicate, low Al, Ti, Mn)

determines the quality of the resulting glass—

the lower the silicate content, the more the glass

tends to form crystals, which in turn reduces the

quality of the resulting material. The rather com-

plex nature of its genesis is the reason that obsid-

ian deposits have a geographically discrete

distribution: not every volcanic eruption, and

indeed not all volcanic islands develop obsidian

deposits. Furthermore, even when obsidian

deposits did develop on islands, not all outcrops

were exploited by humans in the past (Ambrose

et al. 1981b; Ambrose and Johnson 1986).

As a consequence of its unique geochemical

attributes and perceived importance as an item

of cultural significance, obsidian has been a

focus of archaeological research in the Pacific.

Kononenko (2012) for example, has recently

suggested that some small sharp flakes and, on

occasion, specialized obsidian tools had been

selected to perform specific tasks such as

tattooing by piercing on the human body and/or

for medical purposes. However, while obsidian

produces a very sharp cutting edge, it is particu-

larly fragile and this results in a less useful

stone tool for domestic purposes than other,

more durable raw materials (Torrence 2011).

Consequentially, more mundane utilization as

detected on a small number of artefacts

(Kononenko et al. 2010) might only occur after

artefacts lost their initial sharpness and were of

no further use for these highly specialized tasks

(see also Specht and Koettig 1981; Fullagar

1992, 1993). Ceremonial applications for certain

mid-Holocene obsidian tools from New Guinea

are also proposed by Araho et al. (2002). In the

context of the Kula exchange system of south-

eastern New Guinea, MacIntyre (1983:212)

describes obsidian as “pasa”—a subsidiary deco-

rative item. In contrast, other researchers have

proposed a number of models where the value of

obsidian in new colonies is explained by its role

as a symbolic link to ancestral places or societies

(Kirch 1988). Sheppard (1993) suggested, based

on the usage and distribution patterns of obsidian

artefacts at the Reefs/Santa Cruz sites in the

Solomon Islands, that obsidian might have

served as a concrete symbol of exchange at

times when social relationships were being

established or maintained within the expanding

networks of Lapita colonies. It was transported

primarily for this function and later usage

patterns were not connected to its exchange

value. Obsidian might have been an ideal sym-

bolic material for creating social ties through

gift-giving because of its physically attractive

appearance and its relative rarity due to the lim-

ited number of sources and their discrete distri-

bution (Torrence 2005, 2011). It has also been

proposed that the social value of obsidian could

have been exploited in profligate displays of

conspicuous consumption to advertise wealth,

status or prestige (Specht 2002). This scenario

suggests that the distribution of obsidian may

have been linked to its role in sustaining ances-

tral social practices.

This chapter focuses on the methods, calibra-

tion protocols, and data treatment employed

at the Australian National University (ANU) to

successfully fingerprint obsidian sources and

artifacts in the Pacific using a combination of

SEM-EDX (major elements) and LA-ICP-MS

(minor and trace elements). Albeit not

non-destructive, the minimal sample size neces-

sary for analysis and the precision and accuracy

possible in analyzing a wide range of major,

minor, trace and rare earth elements enables

LA-ICP-MS not only to geochemically finger-

print archaeological artifacts to known source

locations, but also provides information about

general geological contexts from which these

artifacts derived. Sufficiently detailed trace

element data, particularly for the rare earth
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elements, which are not available with bulk

analyses such as PIXE-PIGME, give information

about fractionation processes in magmatic melts,

enabling researchers to identify tectonic origins

of surface rocks on Pacific islands, track plate

tectonic movements, and distinguish different

geological formations of submarine and surface

rocks. These additional data have been success-

fully employed in the past to identify locations of

high probability for occurrence of undetected

obsidian outcrops (Reepmeyer and Clark 2010;

Reepmeyer et al. 2012).

10.1.1 Obsidian Sources
in the Southwestern Pacific

Currently, five major centers of early prehistoric

obsidian exploitation are known in the south-

western Pacific1: West New Britain (WNB)

and the Admiralty Islands in the Bismarck Archi-

pelago of Papua New Guinea (PNG), the

D’Entrecasteaux Islands of southeastern PNG,

the Banks Islands of Northern Vanuatu, and

northern Tonga (Fig. 10.1). Most remarkable in

the spatial distribution of this raw material in the

Pacific is indeed its long-distance transportation,

associated with the colonization of the Pacific

beyond the northern Solomon Islands during the

Lapita period in the second millennium BC. Dur-

ing colonization, obsidian from the Bismarck

Archipelago was moved over distances of more

than 3500 km into the western and central Pacific

and also back into Southeast Asia (Bellwood and

Koon 1989).

The present discussion concentrates on a

sub-set of 87 samples collected from nine obsid-

ian sources (Lou and Manus in the Admiralty

Islands, Papua New Guinea (PNG); Kutau/Bao

and Mopir in West New Britain, PNG; West and

East Fergusson in the D’Entrecasteaux Islands,

PNG; Gaua and Vanua Lava in the Banks

Islands, Northern Vanuatu; and Tafahi, Northern

Tonga) and the discrimination of regional com-

positional patterns based on the large array of

major and trace elements analyzed by

LA-ICP-MS.

Fig. 10.1 Map of the Western Pacific with obsidian source areas and major geological boundaries indicated

1 The numerous obsidian sources in New Zealand are

excluded from this analysis, because of the late

colonisation of the island and the limited transportation

of New Zealand obsidian into the central and western

Pacific.
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10.1.2 Prior Chemical Characterization
of Pacific Volcanic Glass

Since the beginning of archaeological geochemi-

cal research in the 1960s, the analysis of obsidian

sources for provenance studies in the Pacific has

seen the application of a wide range of different

analytical methods (Ambrose 1976; Ambrose

and Duerden 1982; Ambrose et al. 1981a, b;

Bird et al. 1981a, b; Duerden et al. 1987;

Sheppard et al. 1989; Summerhayes et al. 1998;

Wall 1976; Ward 1979). With the improvement

of instrumentation, starting with X-ray Fluores-

cence analysis (XRF) and Neutron Activation

Analysis (NAA), Particle Induced X-ray Emis-

sion—Proton Induced Gamma-ray Emission

(PIXE-PIGME, further description see below)

quickly became the most widely used method

in sourcing obsidian artifacts in the Pacific

(Ambrose and Duerden 1982; Duerden

et al. 1987; Fullagar et al. 1989; Green 1987;

Leach and Davidson 1981). The improvement

of analytical techniques (particular PIXE-

PIGME) in the early 1980s, securing long term

precision and accuracy of elemental mea-

surements, absolute concentrations of F, Na, Al,

Si, K, Ca, Ti, Mn, Fe, Rb, Sr, Y, Zr and Nb were

expanded by nine ratios (Al/Na, Zr/Fe, Y/Fe,

Sr/Fe, Rb/Fe, Mn/Fe, Ca/Fe, K/Fe, F/Na).

Fluorine proved to be particularly helpful in

distinguishing western Pacific obsidian sources

from each other (Bird 1996; Bird et al. 1981a, b,

1997; Summerhayes et al. 1998).

Unfortunately, analyzing Fluorine (F) and

Zinc (Zn) with LA-ICP-MS is problematic as

the ionization potential of F exceeds that of the

carrier gas argon, which means that F cannot

effectively be ionized (Falkner et al. 1995:412),

while the atomic weight of 64Zn/70Zn overlaps

with those of isotopes of Nickel (64Ni) and

Germanium (70Ge) (Goffer 2007). Nonetheless,

the high precision and accuracy of LA-ICP-MS

now gives the opportunity to not only distinguish

obsidian sources and examine in detail the intra-

source variation in elemental composition, but

also to reveal the genesis of these sources.

Based on a wide suite of analyzed isotopes,

comparisons between different volcanic rock

types can be made, which narrows the identifica-

tion of previously unidentifiable artifacts to

particular areas. The geological distinction

between Oceanic and circum-Oceanic Cenozoic

volcanics, including obsidian, based on alkalinity

(K and Na content compared to Aluminum) is a

well-researched pattern (Chayes 1964). Addi-

tionally, the higher content of Fe, Na, F, Zr, Nb

and often Rb and Y, and lower concentrations

of Al, Ca, Sr and Ba in Oceanic sources has

been observed previously (Smith et al. 1977).

This separation of volcanic rocks from different

provinces in the Pacific is still in use, but exten-

sive geochemical research over the last few

decades has led to a more detailed distinction

between volcanic rocks of Island oceanic prove-

nance and volcanic rocks from Island arcs.

10.2 Methods

10.2.1 Sampling Method

Sampling methods used for the geochemical

analysis reported here included a mixture of

probabilistic and non-probabilistic sampling.

All source samples available from western

Pacific sources were included in the analysis.

Flakes were taken from larger boulders and

then cut with a wire saw, while smaller pebbles

were cut directly with a wire saw. For archaeo-

logical assemblages, all artifacts were assessed

macroscopically, and pieces with distinctive

color, texture, luster, structure or matrix were

selected, as well as a random sample of 1–5 %

of all other pieces from analyzed assemblages.

10.2.2 Sample Preparation

The application of laser ablation radically

reduces sample preparation compared to other

techniques. However, a few requirements for

analysis by LA-ICP-MS and EDXA-SEM must

still be met:
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1) A flat ablation surface is preferable;

2) For efficiency reasons, it is preferential to not

analyze whole samples because limitations

in sample chamber dimensions allow only a

small number of artifacts to be put in the

chamber at any time. So as to minimize

changing sample-mounts during analysis

(re-venting samples chambers in SEM vac-

uum can take up to several minutes), samples

were sectioned from each artifact or source

sample;

3) The same is imperative for the ablation cham-

ber of the LA-ICP-MS. The chamber has light

excess pressure of a helium/argon gas mix.

After opening of the chamber a stable atmo-

sphere lacking oxygen must be re-established.

Therefore, a 1 mm3 piece of each sample was

sectioned for analysis. Each of the samples were

washed in an ultra-sonic bath for 10 min and then

cut with a 200 μm diamond wire saw to minimize

material loss. The wire was moisturized during

sectioning with a mixture of tap water and deter-

gent. The 1 mm3 sectioned pieces were then

embedded in epoxy resin. The constructed

mount, 50 � 25 � 4 mm in size, can carry up

to 40 samples, set in a 10 � 4 array. Excess resin

was removed from the sample mount using wet

and dry silicon carbide sandpaper and the surface

was flat mirror polished. For the EDX analysis

the samples were coated with a 30 nm thick

carbon film to avoid charging.

10.2.3 Scanning Electron Microscopy
with Energy Dispersive X-Ray
Analysis (SEM-EDX)

The method of Scanning Electron Microscopy

with Energy Dispersive X-ray analysis

(SEM-EDX) combines two different analytical

methods in one; an X-ray detector and an elec-

tron microscope. The source for both methods is

a concentrated electron-beam, emitted from a

tungsten filament cathode, which hits the sample.

This beam reacts with the sample and emits

electrons which are detected by a scintillator-

photomultiplier producing so-called secondary

electron images (Reed 2005). The same

concentrated electron-beam reacts with the sam-

ple causing it to emit electromagnetic radiation

in the form of X-rays. Different elements emit

X-rays with distinctive energies which can be

measured with a semiconductor detector. This

X-ray spectrum allows quantitative analysis to a

detection limit of about 50 ppm and is therefore

useful for the analysis of major element compo-

sition (Goldstein et al. 1992; Tykot 2004).

Obsidian source samples and artifacts were

examined with a JEOL JSM6400 Scanning Elec-

tron Microscope equipped with an Oxford ISIS

Energy-Dispersive X-ray Analyzer at the Elec-

tron Microscopy Unit, Research School of

Biological Sciences, ANU. The set-up employed

an atmospheric-thin window (ATW), which is

particularly sensitive for light elements. For

processing the collected data, Oxford

instruments Link ISIS 3.3 software was used.

The size of the area analyzed is crucial for the

correct analysis of the elemental composition of

obsidian samples by SEM-EDX. Exciting an area

of more than 200 μm with EDX can result in a

loss of precision (Reed 2005). Due to detected

inhomogeneity in low-silicate sources from sev-

eral locations in the Western Pacific and particu-

larly the northern Banks Islands, the occurrence

of micro-phenocrysts has to be taken into consid-

eration (Reepmeyer 2008). Analysis of relatively

large areas using EDX can result in different

compositional data compared to smaller areas

analyzed by LA-ICP-MS. Therefore the decision

was made to analyze the same area with EDX as

was analyzed by LA-ICP-MS (86 μm in

diameter).

Eight major elements (Na, Mg, Al, Si, Ca, K,

Ti, Mn and Fe) were analyzed with SEM-EDX

(Pollard et al. 2007). Additional analyses of P, S

and Cl produced inconsistent results and these

elements were excluded from later runs. The

SEM–EDX was calibrated with 11 mineral

standards (Albite 15 kv, MgO 15 kv, Sanidine

[KAlSi3O8], CeP5O14, FeS2, NaCl, Diopside,

TiO2 15 kv, Cr2O3 15 kv, pure Mn 15 kv,

Fe2O3), against the NIST612 Standard Reference
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Material and two high-silicate obsidian

standards from Wekwok, Admiralty Islands and

Kutau/Bao, West New Britain (Ambrose

et al. 1981b; Duerden et al. 1987; Reepmeyer

2008; Summerhayes 2009). The calculated SiO2

content was employed to calibrate results of

ICP-MS analysis (Ambrose et al. 2009).

10.2.4 Laser Ablation-Inductively
Coupled Plasma-Mass
Spectrometry (LA-ICP-MS)

The system used in this study is an AGILENT

7500S Inductively Coupled Plasma Mass Spec-

trometer combined first with an EXCIMER and

later a LAMBDA PHYSIK ArF laser ablation

system (Longerich et al. 1996). The ArF laser,

operating at a wavelength of 193 nm, is capable

of ablating silicate, oxide and sulphide phases

using an aperture to define pit diameters from

about 20 to 200 μm. The pit diameter is con-

trolled by the beam size, and only minimal resid-

ual melting occurs (Eggins et al. 1998). Beam

diameters producing best ablation results depend

on chemical and structural features of the sample

(e.g., for clay >100 μm). Laser diameters of

81 μm (EXCIMER laser), and 86 μm (LAMBDA

PHYSIK laser) were chosen because they pro-

duced count rates of 103–106 per second for most

trace elements, allowing use of the same low

count rate part of the detector system.

The utilized ablation chamber was specifi-

cally designed at the ANU to use a minimum

amount of carrier gas for transport of the ablated

material to the ICP-MS (Eggins et al. 1998).

Ablation position was identified by digital imag-

ing. Each sample was ablated in a He/Ar atmo-

sphere, and power delivered to the sample

surface was calibrated to approximately 20 mJ.

The frequency of the laser pulse used for obsid-

ian is 5 Hz, which results in a steady stream of

volatized sample material (approximately

0.1 μm of material is ablated with each pulse).

Each sample was ablated for at least 40 s with

a drilling depth of about 30 μm (Ambrose

et al. 2009).

10.2.5 Calibration Protocol

Because all materials ablate somewhat differ-

ently, giving different counts per second per

ppm for each material, calibration was performed

against the NIST612 Standard Reference Glass,

measured in a round-robin fashion for a maxi-

mum of 10 analyses of unknowns (~15 min)

(Ambrose et al. 2009). To control for time

variability in signal strength, the count rates for

all elements were ratioed to silica and the average

of each measured element/Si ratio was multiplied

by the SiO2 content of the sample as determined

by EDXA. Counts for 31 isotopes (31P, 45Sc, 49Ti,
51V, 55Mn, 63Cu, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 95

Mo, 118Sn, 133Cs, 138Ba, 139La, 140Ce, 144Nd, 147

Sm, 153Eu, 158Gd, 162Dy, 166Er, 174Yb, 175Lu, 181

Ta, 186W, 206Pb, 207Pb, 208Pb, 232Th and 238U)

were determined by calculating the mean concen-

tration for each element from three analysis runs

per sample (Lee and Sneddon 1994).

10.2.6 Data Treatment, Inter-method
Comparability and Statistics

Provenance studies in the Pacific are largely based

on the use of multivariate statistical analyses to

identify similarities and dissimilarities between

the chemical compositions of different sources.

Several different methods have been employed:

Principal components analysis (PCA), correspon-

dence analysis (CA), various forms of cluster

analyses (K-means, hierarchical, etc. . .), Principal
component regression (PCR), discriminant analy-

sis, Popper’s Razor, and others (Baxter et al. 2006;

Leach and Manly 1982). In this study, for a first

assessment of the data structure, unsupervised

multivariate statistical analyses (PCA and PCR)

were performed (Juggins 2005; SPSS 2006) on

log (base 10) transformed absolute concentrations

(ppm) for all measured elements.

Multivariate statistical analyses are very help-

ful in re-arranging complex datasets to display

underlying similarities and dissimilarities. They

can, however, occasionally obscure information

as their main aim is to reduce the complexity of
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multi-dimensional data. A number of statistical

analyses employed in the past assume that the

chance of correctly identifying a source rises

with the amount of conformity between the chem-

ical composition of the analyzed artifact and the

source (Goffer 2007; Pollard et al. 2007; Wilson

and Pollard 2001). While this assumption is cor-

rect, it is restricted by the amount of intra-source

variation. If dissimilarity between intra-source

variation and artifact is too high, this approach

leads to possibly erroneous interpretations result-

ing in flawed source associations (e.g. Reepmeyer

and Clark 2010; Weisler 1998). Multivariate sta-

tistical analyses are therefore always supported by

the examination of several diagnostic elements

and element ratios.

10.2.7 Mantle Normalized Trace
Element Patterns

Supplementary tools applied in this work are

mantle normalized trace element diagrams

(spider-diagrams, Fig. 10.2a–e). These are tools

commonly used by geochemists to display rela-

tive elemental abundances in specific rocks for

the identification of fractionation processes in

the melt (Sun and McDonough 1989). Mantle

normalized trace element diagrams are typically

arranged such that incompatible elements

(elements which tend to not fractionate easily in

the melt) are plotted to the left of the diagram

and in decreasing order of their incompatibility

to the right. Trace element distributions can be

used to compare igneous rocks from different

volcanic regions with each other. For example,

it is well accepted now that island arc magmas

are systematically depleted in Ta, Nb, Zr, and Ti

(HFSE, high-field strength elements)2 (Albarède

2003). This produces a trace element distribution

which is easy to distinguish from Oceanic Island

Basalt (OIB), whose genesis is not based on

subduction of two or more tectonic plates, but

rather on weak zones (hot spots) in Oceanic

plates producing intra-plate volcanism. Igneous

rocks formed by this process are on average

less depleted in their trace elements (Albarède

2003).

10.3 Results

10.3.1 Admiralty Islands

Two major source locations in the Admiralty

Islands (Manus Province) are known: southwest

Manus and the Lou/Pam Islands (Ambrose

et al. 1981a, b; Ambrose and Duerden 1982).

The dataset available for this study includes

five samples from Manus and 13 samples from

Lou and Pam sources. The Lou sources contain

72–74 wt% Si-oxides, which is lower than the

neighboring West New Britain obsidian sources.

They are relatively high in Fe-oxides at around

2.0 wt%, and have a similar alkalinity as the

West Fergusson sources in the D’Entrecasteaux

Islands. In contrast, the Manus source contains

a very high SiO2 content of >77 wt% and

an exceptionally low amount of Fe, with only

0.5 wt%. The trace element pattern shows a

clear island arc geochemical composition

(Fig. 10.2a) with a strong enrichment in incom-

patible elements, particularly Ba–Ta. A clear

distinction between the Lou sources and the

Manus source is observed in the concentrations

of HFSEs, particular Ti and Zr, and selected

lithophile elements (LILEs) such as Sr and Eu.

PCR on the source samples defined P (PCA

Factor loading: Score one �0.294/Score two

�2.228), Ti (�0.707/�0.292), V (�1.52/0.477),

Co (�1.693/�0.171), Th (�0.538/0.799) and

U (�0.027/0.235) as elements with a high rank-

ing in discriminating these source locations

from each other. PCA (with the first component

explaining 97.7 % of the variance and the second

component explaining 1 % of the variance)

on the reduced elemental data shows an

2 Large-ion lithophile elements (LILEs) and high-field-

strength elements (HFSEs) are two categories of elements

in geochemistry. Both groups have the tendency to stay in

liquid phase during fractionation process in the melt. They

are classified by the ratio of their electrostatic potential to

their ionic radius, which is informative about the origin of

rocks, e.g. abundance of LILEs would indicate continen-

tal crusts (Albarède 2003:18).
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unambiguous distinction between the Lou and

Manus sources (Fig. 10.3). Unfortunately, the

sub-sources of Lou and Pam are difficult to dis-

tinguish as there seems to be considerable

variability in their geochemistry, as previously

reported in the literature (Ambrose 1976; Bird

1996; Duerden et al. 1987). Focusing on selected

trace elements such as Ga and Zr, but also on

major elements like the silicate or K2O content

(Tables 10.1, 10.2, and 10.3), the sources Pam,

Wekwok, Umrei/Umleang and Baun can tenta-

tively be separated from each other.

Fig. 10.2 Incompatible element diagrams, primitive mantle normalized (Sun and McDonough 1989), of Western

Pacific obsidian sources (a) Admiralty Islands sources, b) West New Britain sources, c) D’Entrecasteaux Islands

sources, d) Northern Vanuatu sources, e) Tonga sources)
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10.3.2 West New Britain

InWest NewBritain (WNB), fivewell-researched

obsidian sub-sources in two distinct locations are

known. Four sub-sources are located on the

Willaumez Peninsula and adjacent Garua Island,

previously grouped under the term “Talasea.”

These sources can be separated into four distinct

chemical subgroups: Kutau/Bao, Gulu, Baki and

Hamilton (Torrence 2004; Torrence et al. 1992,

1996). The second location is the Mopir obsidian

source, situated approximately 50 km further east

(Fullagar et al. 1991; Summerhayes and Allen

1993). The present dataset includes 20 samples

from the Kutau/Bao sub-source, 1 sample from

Gulu, 3 samples from the Baki sub-source, and

3 samples from the Mopir source. WNB sources

are characterized by their high content of

Si-oxides (>75.5 wt%). With the exception of

Mopir (2.2 wt%), those from New Britain have,

like most PNG sources, high alkalinity (~4 wt%

K2O), as well as low Fe content.

A PCR of 27 samples from four of the five

West New Britain sub-sources indicates that K

(�1.062/0.816), P (�0.174/�0.159), V (�1.938/

�1.468), Mn (0.57/�0.282), Rb (�0.811/0.737),

Sr (�0.22/�1.793), Th (�1.106/0.859) and U

(�0.911/0.761) rank highest in distinguishing

these sub-sources from one other. A PCA of the

reduced dataset shows a discrete distribution of

the four sub-sources—the first component

represents 79.7 % of the data variance, the sec-

ond 14.6 % (Fig. 10.4). Separating the Kutau/

Bao and Gulu sub-sources from each other is

difficult. At this stage it is tentatively suggested

that the Gulu sources show a slight enrichment

in Ga and a stronger depletion in Ti, Mn and Sr

than the Kutau/Bao source (Fig. 10.2b and

Table 10.2), but more source samples are needed

to verify this trend.

Fig. 10.3 Principal

component analysis of

source samples from the

Lou sources ( filled square)
and Manus source (open
square), Admiralty

Islands
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10.3.3 D’Entrecasteaux Islands

Very little research has been done on the obsid-

ian sources of the D’Entrecasteaux Islands. Pre-

vious research detected six sub-sources

(Ambrose 1976:369; Bird et al. 1981a; Duerden

et al. 1987; Smith 1974) separating West and

East Fergusson Islands (Green and Bird 1989;

White et al. 2006). West Fergusson sources

were associated with obsidian outcrops on the

Kukuia Peninsula and two sub-sources were

detected there, Fagalulu and Kukuia (samples

were taken from secondary deposits close to

the village Ioupolo and beach deposits at the

Igwageta village). Ambrose achieved a good

discrimination of these sources based on geo-

chemical analysis of U and additional density

measurements (Ambrose 1976:371, Fig. 3;

Summerhayes 2004).

The two source locations of West and East

Fergusson have a distinctive element patterns,

with the eastern sources containing generally

lower SiO2 concentrations, and showing a strong

alkalinity with much higher Fe content. Addi-

tionally, the East Fergusson sources are very

depleted in LILEs (Sr, Ba) and enriched in

HFSEs (Ti, Zr). Both source locations are

enriched in selected incompatible elements (Th,

U) and Pb, suggesting these elements might be

good indicators for finger-printing artifacts from

the D’Entrecasteaux Islands (Fig. 10.2c).

Statistical analysis revealed a good possibility

for discrimination of the two West Fergusson

sources using V (�1.599/�1.238), Sr (�2.186/

0.158), Y (0.926/�0.174), Mo (0.398/�1.372),

Cs (0.176/�1.158), Gd (0.785/0.093), Dy

(0.928/�0.022), Pb (0.116/�1.478), Th (0.232/

�1.191) and U (0.261/�1.255). A PCA displays

separation of these two source locations, with the

first component explaining 95.3 % of the data

variance and the second component 3.6 %

(Fig. 10.5). Two outliers from both outcrops

could indicate a second sub-source in this area.

Both these samples showed significantly lower P,

Sc, Ti, V, Mn, Ga, Rb, Zr, Nb, Ba, Pb and Th

concentrations and higher Sn content.
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Fig. 10.4 Principal

components analysis of

source samples from the

Kutau/Bao (open triangle),
Baki ( filled triangle),
Gulu (grey shaded
triangle) and Mopir (grey
shaded triangle with black
border) obsidian sources,

West New Britain

Fig. 10.5 Principal

components analysis on

West Fergusson (Igwageta/

Iaupolu ¼ open circle;
Fagalulu ¼ grey shaded
circle) and East Fergusson

sources ( filled circle),
D’Entrecasteaux Group
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East Fergusson sources have been identified

on Sanaroa Island, Dobu Island and at Lamonai.

Whereas these sources are easy to separate

from the West Fergusson sources using P, V,

Ga, Sr and Ba, and indeed from all other Western

Pacific obsidian sources, internal discrimination

is ambiguous. All localities show a rather high

variation in their chemical composition (SD of

more than 5 %, which is higher than the expected

machine variability), indicating difficulties in

identifying specific outcrops.

10.3.4 Northern Vanuatu Obsidian
Sources

In total, 28 samples collected from the two

Vanuatu obsidian sources were analyzed to iden-

tify possible intra-source variation and to provide

the basis for later comparison with artifacts

from archaeological sites throughout southwest

Remote Oceania. The two sources are readily

distinguished from each other by different Si,

Al and Na content. Vanua Lava material has, on

average, a consistent SiO2 content of more than

70.8 wt%, with 13.9 wt% Al2O3, 5.2 wt% K2O

and 4.5 wt% Na2O; Gaua material ranges around

only 64.6 wt% SiO2, 16.7 wt% Al2O3, 5.8 wt%

K2O and 5.7 wt% Na2O content. Both sources

show high FeO concentrations of between 2.96

and 3.5 wt%. Consistent with the basic difference

between these two sub-sources, a more silicate-

rich (Vanua Lava) sub-source and silicate-poor

(Gaua) sub-source, the titanium contents differ

by a factor of two, the silicate-rich source being

Ti poor (Fig. 10.2d). In addition, the more com-

positionally evolved silicate-rich Vanua Lava

source has lower Rb and Sr content, but a dis-

tinctively higher Rb/Sr ratio. Especially distinc-

tive is the high K2O content of the northern

Vanuatu sources, which matches the generally

high alkaline geochemical composition of the

Northern New Hebrides Arc (Barsdell

et al. 1982; Raos and Crawford 2004).

PCR of the Vanuatu dataset identified K

(�0.365/2.38), Rb (�0.283/�0.486), Zr (0.966/

0.034), Sn (1.057/0.17), Er (1.415/0.220) and

Yb (1.317.0.157) as particularly well suited to

distinguish these samples from each other. PCA

on the selected elements supports the detected

differences in major element composition. The

first two components explain 99.6 % of the vari-

ance, with the first component explaining 99 %

of the total variance and the second component

0.6 % (Fig. 10.6). However, both sources show

relatively high variability for Sr (expressed on

PC2) which can be ascribed to fractionation pro-

cesses in the melt, as plagioclase crystallization

influences Sr distribution.

10.3.5 Tonga

Two chemically distinct sources on Tonga

have been previously identified, both of which

are located on the island of Tafahi in the

northernmost part of the Tongan Island chain

(Bird 1996; Duerden et al. 1987). In the present

study, five source samples were analyzed from

the island group, and two sub-sources were

detected. Both are distinguishable from more

Western Pacific obsidian sources by their low

alkalinity (Fig. 10.2), especially low K2O values

(<1.5 wt%) (Smith and Price 2006:2325, Fig. 3)

and high Fe, Ca and Mg content (Fig. 10.2e and

Table 10.1). In comparison with the Oceanic

obsidian sources of Samoa further north and

the eastern Polynesian islands further east we

can observe a higher depletion of all trace

elements characteristic of island arc obsidian

sources, compared to OIB trace element distribu-

tion (Albarède 2003) which is characteristic of

Oceanic obsidian sources (Reepmeyer and Clark

2010; see Smith et al. (2003) for obsidian in the

southern Tonga-Kermadec arc).

For the separation of these different

sub-sources Zr (�1.22/0.725), Mo (�1.014/

1.81), Ba (�1.068/�0.898, Nd (�0.811/

�0.821), Sm (�0.724/�0.393) and Pb (�1.078/

�0.751) were selected. A PCA (the first compo-

nent accounts for 98.7 % of the variance and the

second 1.1 %) shows an interesting distribution

mainly on the first component, which is heavily

influenced by W, Pb and U (Fig. 10.7). Addition-

ally, strongly depleted values of Ba, Pb and Th
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Fig. 10.6 Principal

components analysis of

selected elements for

source samples from Vanua

Lava (plus symbol) and
Gaua (multiplication
symbol), Banks Island,

Vanuatux

Fig. 10.7 Principal

components analysis of

selected elements for

source samples from

Tafahi, Tonga
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support these samples as belonging to Tongan

arc obsidian sources.

10.4 Discussion

Research on obsidian sources in the Western

Pacific has shown that LA-ICP-MS is a useful

tool for unambiguously finger-printing obsidian

sources geochemically. Calibrating LA-ICP-MS

with an external method has proven to be an

efficient way to acquire high-resolution data

and long-term stability in results (Longerich

et al. 1996). Exemplary determination of inter-

laboratory and inter-method comparability

including analyses of Kutau/Bao obsidians from

the Field Museum EAF (Golitko et al. 2010)

based on a slightly different internal calibration

protocol outlined in Gratuze et al. (2001) and

NAA data from Missouri University Research

Reactor (MURR) (Bird et al. 1997; Torrence

personal communication) support the applicabil-

ity of this calibration protocol (Fig. 10.8).

Elements showing discrepancies in absolute con-

centration are limited to Nb, Sr, Sc and Th. Sc

and Sr show additional high standard deviations

which might suggest that there is an irregular

distribution of certain trace elements in the

matrix of Kutau/Bao obsidian. Nb and Th are

both incompatible HFSEs with relatively low

standard deviations. Inter-method comparability

between NAA and ANU LA-ICP-MS is good for

Th with only the Chicago ICP reporting higher

values. Similar Nb values measured at both LA-

ICP-MS laboratories show lower values than

NAA results. At this stage it is unclear whether

discrepancies in these two elements derive from

machine induced errors or additional heterogene-

ity in the matrix of this obsidian sample.

While the ability to analyze small areas is a

major advantage of micro-analytical techniques

such as LA-ICP-MS in contrast to other methods

such as NAA, XRF, PIXE-PIGME or solution

ICP-MS, this brings with it new challenges to -

inter-method comparability. One important

observation stemming from analysis of the rela-

tively low-silicate sources of northern Vanuatu is

Fig. 10.8 Inter-laboratory comparison of the Kutau/Bao standard (ANU9000, Mt. Bao, W. New Britain) on selected

elements (log10 transformed) with 2σ error bars
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the occurrence of phenocrysts in the matrix of

these raw materials. Some of these phenocrysts

are macroscopically visible (mainly plagioclase,

Ca-Na alumino-silicates), but several microphe-

nocrysts also occur, mainly titano-magnite (Deer

et al. 1992). Variable measured concentrations of

Na, K, Ca, Ti and Fe result if differing volumes

of glass, plagioclase and titano-magnetite are

encountered in an ablation pit, especially if

focused on large microphenocrysts (~100 μm).

This indicates a problem with micro-analytical

techniques in comparing data from true bulk

analysis of rock specimens containing microphe-

nocrysts where a detailed choice of the excited

area is limited and therefore the average of a

much larger sample volume is analyzed

(Reepmeyer 2008).

High counts of crystallizations in obsidian

sources, although problematic for inter-method

comparability, provide further potential pos-

sibilities for fingerprinting Pacific obsidian

sources. The analysis of microphenocrysts has

been successfully applied in provenance studies in

the Mediterranean (Acquafredda and Paglionico

2004; Kayani and McDonnell 1996), but is not

well developed in the Pacific. For instance, the

two different sources of Vanuatu volcanic glass

show distinctive frequencies of microphenocrysts,

with the Gaua source displayingmicrophenocrysts

in only approximately 20 % of the sample, while

microphenocrysts are present in 100 % of the

material analyzed from the Vanua Lava source.

No microphenocrysts can be found in samples

from the Kutau/Bao source of West New Britain.

However, other Bismarck Archipelago sources,

for instance the Hamilton source on West New

Britain, contain microphenocrysts (Torrence per-

sonal communication). Additionally, one piece

from Wekwok, Admiralty Islands, displays small

numbers of titano-magnetite microphenocrysts. At

this stage the suggestion can be made that there is

potential for fingerprinting obsidian sources in the

Pacific by analyzing crystallizations in the mate-

rial. Further research on a wider spectrum of

obsidian sources is needed to identify the potential

of microphenocrysts in sourcing artifacts.

Good precision and wide array of major,

minor and trace elements analyzed by the combi-

nation of SEM-EDXA and LA-ICP-MS gives

information not only for discriminating obsidian

sources, but also their general geological setting.

Primitive mantle normalized trace element

diagrams show that all obsidian sources in the

Western Pacific, besides the Admiralty Islands

sources, have a geochemical composition typical

of island arcs, confirming the origin of these

sources in multiple subduction zones of the west-

ern Pacific Rim. Major-element distributions

characterizing different island arcs, for example

the low-K patterning of the Tongan-Kermadec

arc, are mirrored in the composition of their

obsidian sources. Selected by PCA factor

loadings, four LREEs (La[�0.633/�0.956], Ce

[�0.614/�0.872], Nd[�0.419/�0.880], Sm

[�0.346/�0.585]) and four HFSEs (Zr[�0.57/

�1.569], Nb[�1.633/1.039], Ta[�1.777/0.946],

Th[�0.883/�0.871]) prove to have the highest

potential for discriminating the five major west-

ern Pacific source regions from each other,

(Fig. 10.9). These elements are also useful for

determining the origin of artifacts where a source

cannot yet unambiguously be identified.

The potential of LA-ICP-MS to provide new

data and understanding of social interaction can

be seen in the study of artifacts from archaeolog-

ical sites on Lakeba, in the Lau group of Eastern

Fiji, which previously have been associated with

obsidian outcrops on Vanuatu and Tonga

(Reepmeyer and Clark 2010). New LA-ICP-MS

results suggest that past provenancing of these

artifacts to source locations in Vanuatu are incor-

rect, as these artifacts do not show trace element

compositions typical of the New Hebrides arc.

Additional radiogenic isotope data further

suggests an unusual mixture of arc and OIB

patterns excluding classical arc settings such as

the Tongan-Kermadec arc (Reepmeyer and Clark

2010:12). These unusual geochemical patterns,

however, are found in local formations on the

main island of Fiji, Viti Levu, and a tentative

source location, most likely on the southern side

of the island, was proposed consequently.
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10.5 Conclusion

LA-ICP-MS, particularly considering its

low-cost, limited need for sample preparation,

minimal size-limitations for analyzed artifacts,

and rapidity of analysis, is an ideal geochemical

technique for the analysis of small and heteroge-

neous archaeological assemblages. Benefiting

from high precision and accuracy for the analysis

of a wide range of major, minor, trace and rare-

earth elements, and the resulting possibilities to

compare geochemical data from archaeological

contexts with the general geological background

of the Pacific, enhances the potential for more

targeted surveys aiming at the detection of utilized

but previously unknown obsidian outcrops.

As shown, there is now a good understanding

of the geochemistry of obsidian sources in the

Western Pacific. Although not discussed in detail

here, 510 obsidian artifacts from 21 sites in

Vanuatu and neighboring islands (Reepmeyer

2009) were included in geochemical studies

conducted at the ANU during the last decade, of

which only 9 artifacts (1.8 %) could not be

unambiguously provenanced. However, new

research in the Pacific, advancing from the cur-

rently well-researched earliest colonization of

the Pacific by Lapita people, increasingly focuses

on small scale inter-island interactions between

and within island groups. This shift of themes,

from a narrative about the selection of obsidian

sources utilized in the long-distance transport of

raw material into Remote Oceania (which is gen-

erally agreed on, although in its details persis-

tently contentious) to under-researched questions

of development of social interaction in the post-

colonization era, opens a new field for geochem-

ical analysis of obsidian sources.

More comprehensive databases of hard evi-

dence on a wider range of obsidian sources with a

more detailed assessment of chronological

changes in source use will further our under-

standing of patterns of obsidian transport over

Fig. 10.9 Principal

components analysis of

selected elements for all

source samples; Lou ( filled
square); Manus (open
square); West New

Britain (open triangle);
Mopir (grey shaded
triangle); West Fergusson

(open circle); East
Fergusson ( filled circle);
Vanua Lava (plus symbol);
Gaua (multiplication
symbol); and Tonga-

Kermadec (asterisk)
obsidian sources
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long distances and the perceived value of this

raw material. In the introduction different

propositions for the value of obsidian in prehis-

tory have been described. However, there is cur-

rently no overwhelming evidence for any of the

proposed options. Future research on extraction

processes at sources and more detailed studies

of use wear and site context of artifacts

accompanying geochemical research on a wide

range of archaeological materials will provide a

deeper understanding of why past peoples

transported and exchanged obsidian in the past.
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The Role of LA-ICP-MS in the
Investigation of Archaeological Glass 11
Simone Cagno, Kevin Hellemans, and Koen Janssens

Abstract

A number of analytical techniques (e.g. SEM-EDX, XRF) are able to

provide glass scientists with quantitative information on major and minor

components of historical glass. However, at present, only LA-ICP-MS can

deliver precise and accurate data on major, minor and trace (down to ppm

or sub-ppm levels) elements with minimal or no sample preparation. The

μm-sized sampling area of LA-ICP-MS makes it compatible,

conservation-wise, with most cases in which analysis of archaeological

glass is required. The capabilities of this technique are highlighted in this

chapter by means of a summary of recent research on black-appearing

Roman glass, for which a large set of LA-ICP-MS data have been assem-

bled during the last few years.

11.1 LA-ICP-MS as a Tool
for Chemical Analysis
of Historical Glass

In recent years, glass scientists, conservators and

archaeologists have become increasingly inter-

ested in the use of Laser Ablation-Inductively

Coupled Plasma-Mass Spectrometry (LA-ICP-MS)

for the analysis of historical glass samples (Barca

et al. 2013; Bertini et al. 2011; Cagno et al. 2010;

Dussubieux et al. 2009; Gratuze 2013; Mirti

et al. 2009; Panighello et al. 2012). In contrast

to other techniques such as Scanning Electron

Microscopy—Energy Dispersive X-ray Spec-

troscopy (SEM-EDX) (Janssens 2013a) or

X-Ray Fluorescence (XRF) (Janssens 2013b),

LA-ICP-MS is capable of providing quantitative

information on both major components and trace

elements, often in a single run. Although the

technique is destructive by nature, most samples

can readily be analyzed without any kind of

sample preparation. In this regard, LA-ICP-MS

can be considered to be less destructive in com-

parison to other (micro-) analytical techniques

that often require embedding, polishing and coat-

ing of the sample material in a preparatory step.

The term micro-destructive is often used in this

context, since in most cases, ablation at single
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points or in rasters of 10–100 μm wide lines is

required, thus significantly limiting resulting

damage to the object. Obviously, the effect of

glass alteration (i.e. the presence of a Si-gel

superficial layer, depleted in cations) has to be

considered in virtually every ancient glass find.

To address this issue, pre-ablation, or manual

polishing of the first few μm of the area of inter-

est is employed. An additional advantage of LA-

ICP-MS is the possibility of ablating lateral or

vertical profiles in the sample, thus allowing the

study of heterogeneity of the bulk glass and/or

phenomena such as glass weathering (van

Elteren et al. 2013).

To be suitable for LA-ICP-MS, glass artifacts

essentially need at least one (macroscopically)

flat surface and they have to fit in the ablation

cell. This used to be a problem in the past, due to

the limited size of most ablation cells, but

recently the introduction of two-volume cells

has allowed increase of cell size to about 20 by

20 cm, which is large enough for most objects.

That said, practically, it is still very common to

analyze glass samples embedded in resin disks

for a number of reasons:

1) comparison of results with SEM-EDX is pos-

sible (the same samples can be analyzed with

both techniques);

2) a flat and polished surface is already avail-

able, and possible surficial alteration is

removed;

3) a much larger number of samples can be

introduced into the ablation chamber at once

and thus can be analyzed in the same run,

increasing efficiency.

LA-ICP-MS has always had difficulties to

overcome in order to produce quantitative

results. Due to the strong matrix dependency of

ablation efficiency, matrix-matched calibration is

required to accurately determine composition.

Fairly good results have been reported with the

use of liquid standards (Aeschliman et al. 2003;

Boue-Bigne et al. 1999; Halicz and G€unther
2004), unfortunately this requires a highly

modified set-up and is as such less desirable for

general use. Other strategies include the

fabrication of home-made matrix-matched

standards (Becker et al. 2007; Fitzpatrick

et al. 2008; Odegard et al. 2005). In more recent

attempts to provide accurate quantification,

Claverie et al. (2013) used a spinning plate to

simultaneously ablate standard and sample and

thus create the ability to perform standard addi-

tion in a laser ablation ICP-MS experiment; sim-

ilarly to liquid standard calibration, the highly

modified setups required for these approaches

exclude these techniques from broad use. Luck-

ily, for silicate glasses there are a large number of

secondary reference materials available, such as

those provided by the Corning Museum of Glass,

designed to match the composition of the differ-

ent types of historical glass, like soda-lime silica

glass (CMG A-B), lead-silica glass (CMG C) and

potash lime glass (CMG D) (Brill 1999). Thus, a

close match can be found for nearly all glass

samples, although these secondary reference

materials have been reported to show low accu-

racy and precision for some elements (Vicenzi

et al. 2002; Wagner et al. 2012). Other frequently

used standards are the ones provided by the

National Institute of Standards and Technology

(NIST 61X–trace elements in glass series).

Over the years, many quantification protocols

have been proposed and investigated on different

samples and on different setups. Dussubieux

et al. (2009) and Bertini et al. (2013) presented

interesting inter-laboratory comparisons for the

analysis of glass beads, showing good agreement

in composition. Bertini et al. (2013) discussed in

detail the effect of heterogeneity in standards and

of fractionation, as well as the difficulties

associated with quantification of light, volatile

elements. In both articles, the quantification rou-

tine was based on the work done by Gratuze

et al. (2001) and Longerich et al. (1996), com-

monly referred to as the Internal Standard Inde-

pendent (ISI) method. This routine requires the

availability of a known internal standard element

and as a direct result, additional analyses with

another technique to determine the concentration

of this element.

Preferably, one would like to acquire all the

necessary information from a single LA-ICP-MS

experiment, as additional techniques are not
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always available. Sum normalization has been

proposed to address this problem (Gagnon

et al. 2008; Halicz and G€unther 2004; Van

Elteren and Tennent 2009), and has proven to

yield reliable results given that the laser wave-

length used is in the UV range, as shorter

wavelengths tend to yield better reproducibility

and ablation efficiency (Bertini et al. 2013;

Guillong et al. 2003; G€unther and Heinrich

1999, Horn et al. 2001). In contrast, for lasers

with longer wavelengths, where the laser energy

is sometimes dissipated through the sample, frac-

tionation effects cannot be disregarded

(Gaboardi and Humayun 2009).

In the last few years we have shown the

benefit of using LA-ICP-MS for glass analysis

in several cases; in particular for the discrimina-

tion between Façon-de-Venise glass and genuine

Venetian production (Cagno et al. 2012a;

Janssens et al. 2013; De Raedt et al. 1999), or

the identification of different traditions in early

medieval Tuscan and Altarist glass making

(Cagno et al. 2008, 2010, 2012b, c) and the

investigation of eighteenth century non-durable

glass (Hellemans et al. 2014). In this chapter,

after a discussion of our analytical approach

and quantification method, we will highlight the

capabilities of LA-ICP-MS as a tool for analysis

of major, minor and trace elements by means of a

case study on black-appearing Roman glass.

11.2 Analytical Approach

In the last few years we have performed LA-ICP-

MS during several analytical sessions performed

by means of different instruments, comprising

both solid state and excimer lasers. Given that

reliable analytical and quantification procedures

were used, the results can be considered as

intercomparable. Precision and accuracy can be

determined by repeatedly measuring glass

standards. A brief overview of the instrumental

setups employed is presented below; for a more

detailed description, the reader should refer to

the publications cited in this section. For the

reasons cited in the introduction, acrylic resin

blocks, containing about 10 samples each, were

inserted one by one in a laser ablation sample cell

on the XYZ-translation stage. The exact position

of the sample was observed with a CCD camera

under PC control, which allows a selective abla-

tion of the chosen areas of the investigated

samples in the preferred pattern (line, points,

raster). Helium was preferred as a carrier gas,

while Argon was used as plasma and

auxiliary gas.

Line ablation was chosen in order to maxi-

mize transient signal stability and also identify

possible micro-inhomogeneities in the glass

across the profile. Each measurement cycle

consisted of pre-cleaning of the sample surface

with a laser beam (no signal was registered dur-

ing this step) followed by the laser ablation

accompanied by registering of signals. Before

or after ablation, a blank was always registered

for each sample with the helium and argon flow

only. Before quantification the blank signal was

subtracted for each element individually.

Pre-cleaning of the surface of the samples was

generally performed by ablating the selected line

with a laser beam diameter of 100 μm before the

actual laser sampling of the selected line with a

laser beam diameter of 80 μm. The most impor-

tant ICP-MS instrument settings (such as carrier

gas flow rate and RF power) were optimized,

aiming at maximum signal intensities (24Mg+,
115In+, 232U+) and minimal background intensity

(m/z ¼ 8.5 and 220) and low oxide ion (232Th16

O+/232Th+) and doubly charged (232Th2+/232Th+)

ion formation, based upon the signal intensities

obtained when ablating NIST SRM 610 with the

same pattern chosen for the samples. Different

isotopes of particular elements were measured

where possible. In this way, if interferences

occur, adequate correction or selection of an

interference-free isotope is possible.

At the Faculty of Chemistry of Warsaw Uni-

versity, a quadrupole ICP-MS ELAN 9000

(Perkin Elmer, SCIEX, Canada) equipped with

a LSX-200+ (CETAC, USA) laser ablation sys-

tem was used. The LSX-200+ combines a stable,

environmentally sealed 266 nm UV laser (Nd:

YAG, solid state, Q-switched) with a high

11 The Role of LA-ICP-MS in the Investigation of Archaeological Glass 165



sampling efficiency, variable 1–20 Hz pulse rep-

etition rate and maximum energy up to 6 mJ/

pulse (Van der Linden et al. 2009).

At the Ghent University Department of

Analytical Chemistry, two different lasers

coupled to two ICP-MS instruments were used.

First, a GeoLas 193 nm ArF excimer-laser abla-

tion system (MicroLas, Gottingen, Germany)

coupled to a PerkinElmer SCIEX DRCplus

quadrupole-based ICP-MS instrument (Concord,

Ontario, Canada) in vented mode was used.

An output energy of 0.1 mJ, yielding an energy

density of ~13 J/cm2 on the sample surface

was used throughout all of the measurements.

The ablation cell was coupled to the ICP torch

via a 3 mm internal diameter Tygon tubing and

argon was used as carrier gas (Cagno et al.

2012a).

A New Wave Research UP-193HE ArF

excimer laser was also employed in the same

laboratory, coupled with a quadrupole-based

Thermo Corporation X-Series 2 ICP-MS. This

second mass spectrometer was also used in com-

bination with the GeoLas ablation system

described previously (Cagno et al. 2012b).

At the Natural History Museum in London, a

VG Elemental PQ3 ICP-MS with ‘S-option’

together with a VG Elemental Microprobe II

266 nm laser ablation system was used. Data

were collected using the peak-jumping time

resolved method (Cagno et al. 2012a).

In the next section we describe the two most

commonly used procedures for the quantification

of LA-ICP-MS data (ISI and SN method). The

evaluation of these methods was performed at the

LA-ICP-MS laboratory at the University of

Antwerp, by means of a New Wave NWR193

ArF laser and an Agilent 7700 ICPMS

(Table 11.1).

11.2.1 Quantification Protocols

Internal Standard Independent (ISI) Method In

its simplest form, quantification for LA-ICP-MS

would require a standard STD to determine the

concentration of the elements in an unknown

material X. From this standard, sensitivity factors

Si for every element i can be calculated from the

background corrected average signal of element i

for the standard STD (Ii,STD) and the concentra-

tion ci,STD of element i in this standard STD:

Si ¼ Ii,STD
ci,STD

ð11:1Þ

Hence, the concentrationci,X of an element i in an

unknown X could then be calculated as

ci,X ¼ Ii,X
Si

ð11:2Þ

in which Ii,X represents the background corrected

average signal of element i obtained from

unknown X. Reference material concentrations

are taken from the literature (Gao et al. 2002;

Vicenzi et al. 2002).

In reality however, it became evident that this

equation did not yield accurate results, as drift

and variable ablation efficiency are not corrected

for by this method. Thus, the use of an internal

standard was introduced, commonly determined

by another technique such as SEM-EDX. By

assuming that every sample has at least one

Table 11.1 Instrumental parameters for New Wave

NWR193 ArF laser and Agilent 7700 setup

Laser Type NWR 193 ArF Excimer

Laser

Line length 1 mm

Beam diameter 100 μm
Repetition rate 10 Hz

Scan speed 5 μm/s

Laser warm-up 10 s

Washout delay 60 s

Carrier gas flow

rate

0.3 L/min (He)

Irradiance 2.30 GW/cm2

Fluence 11.45 J/cm2

ICP-

MS

Type Agilent 7700X

Forward power 1350 W

Plasma gas flow

rate

15 L/min (Ar)

Auxiliary gas flow

rate

0.9 L/min (Ar)

Integration time 50 ms/mass

Detector Pulse Detector + Faraday

Cup
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element that is homogeneously distributed, the

signal intensity for the internal standard is a good

indicator for both drift and variations in ablation

efficiency. As such, the intensities used in the

Eqs. (11.1) and (11.2) can be replaced by

normalized intensities, by dividing Ii by the

background corrected signal of the internal stan-

dard element IIS (43Ca in this study) and

multiplying by its concentration cIS (Heinrich

et al. 2003; Longerich et al. 1996):

Si ¼ Ii,STD
IIS,STD

cIS,STD
ci,STD

� �
: ð11:3Þ

ci,X ¼ Ii,X
IIS,X

cIS,X
Si

� �
ð11:4Þ

The method described here is commonly referred

to as the ISI method and provides satisfactory

results.

Sum Normalization (SN) Method In the case of

glass analysis however, sum normalization can

also be employed. This technique, described in

many different forms (Gagnon et al. 2008;

Gratuze et al. 2001; Halicz and G€unther 2004;

Van Elteren and Tennent 2009), assumes that

(1) as glass is almost exclusively comprised of

oxides in known oxidation states and (2) all oxides

can be detected by the ICP-MS, the sum of the

concentration of all oxides should equal 100 %.

If ct represents the cumulative oxide concen-

tration (in wt%) of n oxides:

ct ¼
Xn

i
ci ð11:5Þ

The sum normalized concentration cnormi,X can then

be calculated as:

cnormi,X ¼ 100� ci
ct

ð11:6Þ

With this adaptation in the quantification proto-

col, there is no more need for the determination

of the concentration of the internal standard by

means of another technique. Described in more

detail in Van Elteren and Tennent (2009), it

suffices to use an initial guess of the IS concen-

tration ( cIS,X ) in the calculation; after the

calculation has been done, cIS,X is replaced with

cnormIS,X . We used an adapted version of this tech-

nique by employing a new normalized intensity:

ci,X ¼ Ii,X
IIS,X

1

Si,X

� �
ð11:7Þ

As the concentration of the internal standard is a

constant, it is cancelled out in the sum normali-

zation. By using this new normalized intensity,

the replacement of cIS,X is no longer required.

In most cases, due to matrix-dependent abla-

tion efficiency, the response factors from a single

standard are often insufficient to accurately quan-

tify a single sample set, especially when that

sample set contains a variety of glass types.

Therefore, multiple standards are usually

analyzed together with the samples. Here, two

different protocols are reported. The first option

is to select the standard that most closely compo-

sitionally matches the sample, as done by

Wagner et al. (2008). The second option is to

use a linear fit between normalized intensity

and concentration (Gratuze et al. 2001; Van

Elteren and Tennent 2009). The former relies

on the strongly matrix-dependent ablation rate

and fractionation, but is prone to error as hetero-

geneity in standards would create a bias on the

results. The latter is a more robust method, espe-

cially when outliers are removed, but relies on

linearity over a large concentration range, which

may not always be present, so that accuracy is

sacrificed for robustness. In our quantification

protocol, we used the latter, as the loss of accu-

racy is negligible, and also keeping in mind that

the primary goal of the analysis of historical

glass is classification.

To further the accuracy of the results, a com-

bination of different standards based on the

Euclidean distance between the sample x and all

available standards (index j) can be employed to

obtain an average sensitivity factor (Hellemans

et al. 2015, unpublished results):

Si,x ¼
Xk
j

rx, jSi, j ð11:8Þ

Where:
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rx, j ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i ci, j � ci,x
� �2q

�
Xk
j¼1

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i
ci, j�ci,xð Þ2

q
0
@

1
A

�1 ð11:9Þ

Where:

• Si, j : the sensitivity factors calculated from

Eq. (11.3)

• ci,x: initial guess of the concentration of oxide

i, obtained from a quantification with all

standards

• ci, j: concentration of oxide i in standard j

11.2.2 Comparison SN and ISI Methods

In Fig. 11.1 and Table 11.2, the quantitative

analysis results are summarized for CMG refer-

ence glasses B-D using the ISI method (a) and

the SN method (b), while NIST SRM 610 was

used as a single calibration standard. As can be

seen from the results, even though the matrix of

the “unknowns” differs from that of the standard

(potash glass vs. soda-lime glass), the calculated

concentrations match the reported values to an

acceptable extent, with two notable outliers

(MnO2, Sb2O5) for the CMG C standard. The

concentration of these two oxides has already

been reported to vary greatly in the CMG C

standard (Wagner et al. 2012).

The results of both quantification methods are

comparable, and the same outliers are visible.

The results clearly show the similarity in accu-

racy between ISI and sum normalization, so both

techniques may be considered equally reliable,

although it must be kept in mind that any error in

the standard composition may create a significant

bias. Quantification accuracy can be further

improved by adapting the calibration standard

set to include additional secondary glass

standards. This is especially necessary in the

analysis of potash glass. Due to the very low

content of potassium in the NIST SRM610 and

the isobaric interference of ArH+, the determina-

tion of potassium should be done with a standard

containing potassium in the same range of con-

centration as samples.

Indeed, from Table 11.2 it becomes apparent

that using only NIST SRM610 as a calibration

standard underestimates the potassium oxide con-

centration by a factor of two, whereas a combined

calibration set yields more accurate results. Fur-

thermore, the outliers MnO2 and Sb2O5 are

underestimated in every quantification method,

suggesting that these are true outliers and not

quantification artifacts. When a heterogeneous

standard is used, the sensitivity factors calculated

from this standard might induce a positive or

negative bias in the final results. The plots of

Fig. 11.1 may be used to detect outliers. By

using these plots we may decide to exclude cer-

tain standards from the calibration, or simply

exclude problematic isotopes from quantification.

11.3 Black-Appearing Roman Glass

11.3.1 Background

During the Roman era, a specific type of

intensely colored, black-appearing glass was

used for different purposes. While it represented

only a small fraction of the entirety of Roman

glass production, the use of black-appearing

glass enjoyed fluctuating popularity throughout

the Roman Imperial era and consisted of two

main types of artifacts: glass vessels and jewelry.

The production of vessels in black-appearing

glass first became fashionable across the entire

Empire from about AD 30 to AD 70–80 (Cosyns

and Fontaine 2009). The reappearance of black

glass vessels from AD 170–180 to AD 230–250 did

not result in Empire-wide distribution, but only

regional distribution in an area comprising the

north-western provinces Gallia Belgica,
Germania Inferior and Germania Superior

(Cosyns and Hanut 2005; Cosyns et al. 2006).

A third re-emergence of black glass vessel pro-

duction took place in the course of the fourth and

fifth centuries AD, and was limited to the south-

eastern Mediterranean (Cosyns 2011).

Black glass jewelry was commonly

manufactured through the entire duration of the

Imperial era, especially from the second half of
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the second century AD onwards (Cosyns 2011).

Empire-wide production of glass bangles, finger-

rings, beads, pendants, hairpins, and gems gradu-

ally disappeared during the fifth century AD in the

western part of the Empire, except for black glass

beads decorated with an applied trail in vividly

colored opaque glass, which remained in use until

themid-sixth century AD (Cosyns 2011).Within the

eastern part of the Empire, continuity of a wide

range of jewelry production in black glass can be

observed into the Byzantine era (Cosyns 2011).

This changeable age- and location-specific distri-

butionmakes black glass a valuable type of archae-

ological find that can be used to explore in more

Fig. 11.1 ISI

quantification of reference

materials using NIST

SRM610 (a) and SN

quantification of reference

materials using NIST

SRM610 (b)
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detail the relation between primary and secondary

glass workshops in the Roman Empire.

11.3.2 Analyses of Black Roman Glass

In the framework of black Roman glass investi-

gation (Cosyns 2011), over 400 archaeological

glass samples were analyzed with several analyt-

ical techniques, including non-destructive

analyses on museum artefacts (Cagno et al.

2015), but mostly by LA-ICP-MS in combination

with SEM-EDX, as in the early stages of investi-

gation only information about major components

was sought (Van der Linden et al. 2009; Cagno

et al. 2013, 2014). The quantification of these

samples was performed with the ISI method,

using 43Ca as an internal standard, the

Ca-concentration being pre-determined via

SEM-EDX. NIST SRM610 and NIST SRM612

were used as external standards.

This approach was chosen because quantita-

tive SEM-EDX results were already available,

and mainly trace element information was

needed in the latest investigation stage. For this

reason, the use of NIST SRM610 and 612 was

preferred, having a similar matrix as the histori-

cal glass (soda-lime-silica), and allowing us to

overcome the known issues with some trace

components in the CMG series (Vicenzi

et al. 2002; Wagner et al. 2012). Additionally,

because of the previously determined major

elements, we were also able to keep the same

quantification strategy for all samples, even

though some major elements (e.g., Fe) differed

by several orders of magnitude with respect to

concentrations in NIST SRM 610. For those

elements, concentrations were taken from

SEM-EDX quantification.

All of the glass fragments analyzed have a

silica-soda-lime composition (Table 11.3); four

main groups were identified that approximate the

Table 11.3 Summary statistics for compositional groups of black-appearing Roman glass; mean values and 1 standard

deviation for major, minor and trace element contents in % w/w and mg/g (Cagno et al. 2014)

Group Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO MnO Fe2O3

BG1.1 19 ± 1 2.6 ± 0.5 1.9 ± 0.5 63 ± 1 0.6 ± 0.2 0.4 ± 0.2 1.0 ± 0.2 1.8 ± 0.4 8 ± 1 0.4 ± 0.1 1.6 ± 0.2

BG1.2 18 ± 2 2.8 ± 0.5 1.9 ± 0.5 63.6 ± 0.9 0.2 ± 0.1 0.4 ± 0.1 0.9 ± 0.1 1.9 ± 0.4 9 ± 2 0.5 ± 0.2 1.8 ± 0.3

BG1.3 20.7 ± 0.5 5.1 ± 0.6 2.0 ± 1.0 63 ± 2 0.3 ± 0.1 0.4 ± 0.1 0.8 ± 0.2 2.4 ± 0.5 3.8 ± 0.3 0.1 ± 0.1 1.4 ± 0.4

BG2 18 ± 3 0.7 ± 0.2 1.9 ± 0.2 68 ± 2 0.2 ± 0.1 0.2 ± 0.1 0.8 ± 0.1 0.9 ± 0.1 7 ± 1 2.6 ± 0.4 0.5 ± 0.3

BG3.1 18 ± 2 0.6 ± 0.2 1.8 ± 0.2 64 ± 2 0.1 ± 0.1 0.3 ± 0.1 0.7 ± 0.1 0.7 ± 0.2 6.0 ± 0.7 0.3 ± 0.1 8 ± 2

BG3.2 16.8 ± 0.7 0.6 ± 0.1 1.9 ± 0.2 64 ± 2 0.1 ± 0.1 0.2 ± 0.1 0.7 ± 0.1 0.7 ± 0.1 6.3 ± 0.4 0.3 ± 0.1 9 ± 3

BG4.1 17 ± 1 1.2 ± 0.2 2.1 ± 0.3 61.0 ± 1.5 0.1 ± 0.1 0.3 ± 0.1 0.7 ± 0.1 0.8 ± 0.3 6.2 ± 0.4 1.5 ± 0.2 8 ± 2

BG4.2 17 ± 4 0.9 ± 0.3 1.9 ± 0.5 61 ± 2 0.1 ± 0.1 0.2 ± 0.1 0.7 ± 0.2 0.7 ± 0.2 6 ± 1 1.2 ± 0.4 9 ± 3

BG4.3 18 ± 2 0.9 ± 0.2 1.6 ± 0.2 62 ± 1 0.1 ± 0.1 0.3 ± 0.1 0.9 ± 0.2 0.7 ± 0.3 7 ± 1 0.8 ± 0.2 8 ± 2

Group B Ti V Cr Co Ni Cu Zn As Rb Sr Y Zr Nb Ag Cd Sn Sb Ba La Ce Hf Pb Th U

BG1.1 250 
± 

70

800 ± 
200

19 ± 
5

18 ± 
7

5 ± 2 8 ± 2 50 ± 
20

30 ± 
10

2 ± 2 7 ± 
4

450 ± 
90

3 ± 1 60 ± 
20

2 ± 1 nd 2 ± 
1

11 ± 
9

300 ± 
300

250 ± 
60

5 ± 
2

12 ± 
2

1 ± 
0

100 ± 
100

1 ± 
1

1 ± 1

BG1.2 240 
± 

40

1300 ± 
300

22 ± 
7

10 ± 
10

10 ± 
10

10 ± 
10

200 ± 
200

40 ± 
10

5 ± 5 7 ± 
4

800± 
200

10 ± 
2

140 ± 
30

4 ± 1 nd nd 20 ± 
20

500 ± 
300

370 ± 
70

11 ± 
2

16 ± 
4

2 ± 
2

300 ± 
300

2 ± 
2

1 ± 1

BG1.3
190 

± 
20

1500 ± 
200

23 ± 
7

27 ± 
3

10 ± 
10

30 ± 
20

60 ± 
40

40 ± 
20 1 ± 1 15 ± 

5
280 ± 

80
10 ± 
10

100 ± 
20 6 ± 1 nd 2 ± 

1 7 ± 8 nd 70 ± 
30

9 ± 
2

22 ± 
9

3 ± 
1 20 ± 10 2 ± 

1 nd

BG2 200 
± 

100

400 ± 
200

31 ± 
9

8 ± 2 40 ± 
40

19 ± 
2

200 ± 
200

30 ± 
10

5 ± 2 11 ± 
2

700 ± 
300

8 ± 3 40 ± 
10

1 ± 0 5 ± 
5

6 ± 
6

40 ± 
40

40 ± 
40

400 ± 
100

8 ± 
2

13 ± 
2

2 ±2 100 ± 
100

1 ± 
1

1 ± 1

BG3.1 160 
± 

20

470 ± 
80

12 ± 
3

11 ± 
1

40 ± 
20

50 ± 
10

200 ± 
200

50 ± 
20

40 ± 
10

12 ± 
3

390 ± 
50

6 ± 1 60 ± 
20

1 ± 1 6 ± 
6

8 ± 
8

60 ± 
40

3000 
± 

2000

250 ± 
50

7 ± 
1

11 ± 
1

1 ± 
1

600 ± 
600

1 ± 
1

1 ± 1

BG3.2 170 
± 

20

800 ± 
100

13 ± 
2

nd 40 ± 
20

nd 300 ± 
300

40 ± 
20

30 ± 
10

11 ± 
2

630 ± 
60

16 ± 
1

140 ± 
10

3 ± 0 nd nd nd 4000 
± 

1000

290 ± 
30

14 ± 
1

16 ± 
2

nd 500 ± 
500

nd nd

BG4.1 171 
± 

30

2200 ± 
500

50± 
20

50 ± 
10

30 ± 
10

36 ± 
5

1000 ± 
1000

110 ± 
60

50 ± 
10

9 ± 
5

600± 
100

14 ± 
6

200± 
100

5 ± 1 60 
± 

40

80 
± 

70

300 
± 

300

200± 
200

700± 
400

13 ± 
4

17 ± 
3

4 ± 
1

4000 ± 
4000

2 ± 
2

1 ± 1

BG4.2 130 
± 

20

900 ± 
100

22 ± 
3

nd 15 ± 
8

nd 120 ± 
80

30 ±20 31 ±8 8 ±2 660 ± 
70

16 ± 
1

130 ± 
20

3 ± 0 nd nd nd 400 ± 
300

320 ± 
60

13 ± 
1

15 ± 
1

nd 200 ± 
200

nd nd

BG4.3 110 
± 

20

600 ± 
200

20 ± 
6

18 ± 
5

40 ± 
40

30 ± 
30

300 ± 
300

200 ± 
100

7 ± 1 7 ± 
3

450 ± 
90

6 ± 1 60 ± 
20

2 ± 1 13 
± 4

20 
± 

10

60 ± 
50

70 ± 
70

270 ± 
90

6 ± 
1

10 ± 
1

2 ± 
1

800 ± 
500

1 ± 
1

1 ± 1
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main ancient glass groups found in the classifica-

tion initially proposed by Sayre and Smith

(1961). These were named BG1 (soda ash glass

with natural Fe), BG2 (natron glass with addi-

tional Mn), BG3 (natron glass with addition of

Fe), and BG4 (High Iron Manganese Titanium

(HIMT) glass with elevated levels of Fe) (Free-

stone 1994; Mirti et al. 1993). These groups are

shown in Fig. 11.2 in the ternary plot introduced

by Gratuze (2004) in order to classify historical

glass. Roman mainstream natron glass (BG2 and

3) represents the majority of samples in the

analyzed set. Such glass was manufactured by

means of lime-rich sand (for instance from the

Belus river, as cited by Pliny) and mineral soda

(natron) obtained from inland lakes (for instance

in Wadi al Natrun, Egypt) (Picon and Vichy

2003). To this base glass, coloring agents such

as Mn or Fe (see below) were added in order to

obtain the desired color.

The HIMT glass group (BG4) is comprised of

glass from the fourth century onwards and its base

composition is similar to analyses of HIMT glass

reported in the literature (Foster and Jackson

2009; Freestone 1994; Freestone et al. 2005).

Group BG4 was identified when the sample set

was expanded with late Roman glass (Cagno

et al. 2013, 2014). HIMT glass is a late Roman

composition originating from the eastern Medi-

terranean (but not from Syro-Palestine) that is

richer in Na, Mn, Ti, and Fe than Syro-Levantine

glass due to the different geological origin of the

sand used to produce it, and is of overall lower

quality than Syro-Levantine glass.

The BG1 glass, instead, is produced by means

of ash of halophytic plants (e.g., Salsola Soda) as

a fluxing agent. This composition is not typical of

Roman glass, however, it is reported that during

the Roman period in areas not under Roman

domination, glass was produced in this manner

(Mirti et al. 2009). A few samples are also found

with intermediate composition between soda ash

and natron glass (Van der Linden et al. 2009).

Thus, it is possible that a mixing process

occurred, e.g. that recycled glass with a Low

Magnesium Glass (LMG, Sayre and Smith

1961) composition was added to a batch

containing vegetable ash and sand.

Concerning the coloring agents used to obtain

a black appearing glass, two main groups are

apparent when observing the glass in transmis-

sion with the help of a light source:

1) glass with a deep green hue, colored with iron

(BG1, BG3, BG4)

2) glass with an intense purple hue, colored with

manganese (BG2)

The dark green group is by far the largest and

covers all the periods and areas studied, while the

black/purple glass samples represent a character-

istic production mainly related to pre-/early-

Roman bracelets dated to between the first cen-

tury BC and first century AD, and early Roman

counters of the first to second centuries AD.

The use of Mn in moderate to high amounts

(2–4 % MnO) is observed as a coloring agent for

obtaining dark purple glass (group BG2). Such

MnO contents are distinctly higher than those

considered as natural in Roman (non-purple)

Fig. 11.2 Ternary plot of normalized (*) Na2O, MgO +

K2O and CaO contents in the analyzed black glass finds;

the normalization was done against the sum of the Na2O,

MgO + K2O and CaO contents. The four main groups of

historical glass are represented by the ellipses and trian-
gle: (1) mineral-soda glass typical of the first millennium

BC–first millennium AD; (2) vegetable-ash glass of the

medieval period; (3) mixed alkali glass of late Bronze

Age and post-medieval period; (4) potash glass of the

medieval period (Cagno et al. 2014)
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glass (Aerts et al. 2003; Freestone et al. 2005;

Silvestri et al. 2008) and can be considered

as deliberately produced (e.g. by adding

Mn-minerals or Mn-rich glass to the batch). The

iron content of this last group of glass (below

1 %) corresponds to that of “naturally colored”

glass (Foster and Jackson 2009). Iron-colored

glass represents about 80 % of the analyzed

samples. The BG1 group contains glass with

Fe2O3 concentrations in the range 1.5–2.5 %,

while the BG3 and BG4 glass groups comprise

black appearing glass with elevated iron contents

(5–10 % Fe2O3). For a few samples, and espe-

cially the BG1 group, the quantity of coloring

agent that is detected is by itself not enough to

give the glass its dark hue; thus other factors

must be considered in order to explain the black

appearance of these objects. Typically this

involves the overall thickness and shape of the

glass artifact in question.

Our hypothesis is that for BG3 glass, the

introduction of iron in the glass batch is unlikely

to have taken place in the primary Levantine

workshops, devoted to the production and trade

of widely marketable raw glass (and thus not to

specialties with changing popularity such as

black glass), but was probably done in a second

step, coincident with the reworking and shaping

of the raw glass in Western workshops (Van der

Linden et al. 2009, Cagno et al. 2014) in areas

where a large amount of dark appearing glass is

found (e.g. the Northwestern provinces).

In Fig. 11.3, the lack of correlation between

Fe and Ti concentrations in BG3 and BG4 glass,

in contrast to BG1 group and mainstream Roman

glass, confirms that the two elements originate

from different sources—Ti is contained in the

raw glass, while a pure source of Fe, such as

magnetite or hammer scale (Rehren et al. 2012)

is added as a colorant (Cagno et al. 2014). The

appearance of a change in the procedure used to

obtain deeply colored artifacts from the second

half of the second century AD (i.e. from glassmak-

ing and coloring in a single step to two separate

steps), and continuing into the late Roman

period, is confirmed. Moreover, inside the four

macro-groups of black-appearing Roman glass, a

number of subgroups can be identified on the

basis of trace element content (see Table 11.3):

the evaluation of the provenance and age of the

glass finds included in these smaller sub-groups

allows interesting conclusions to be drawn about

the history of black Roman glass. We will dis-

cuss the subgroups in the following paragraphs.

When observing Ti and Zr concentrations

plotted in Fig. 11.4, it is clear that samples with

Ti concentrations higher than 1000 μg/g either

belong to the BG1 or BG4 groups. Within the

BG1 group, two subgroups can be identified. The

difference between them has to be sought in the

Fig. 11.3 Fe2O3 (% w/w)

vs. Ti (μg/g) content in the

analyzed samples (Cagno

et al. 2014)
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different silica sources used for the production of

glass, purer in the first case, and with a higher

percentage of mineral impurities in the second

one. As can be seen in Fig. 11.4, group BG1.1 has

Zr concentrations between 30 and 80 μg/g, and Ti
concentrations between 600 and 1100 μg/g.
Group BG1.2, in contrast, features much higher

Zr-values (100–170 μg/g) comparable with the

BG4 (HIMT) group, and higher Ti contents

(1000–2000 μg/g). Besides Zr and Ti, group

BG1.2 shows higher contents of a number of

tri- and tetravalent silica impurities (see

Table 11.3). For the BG3 group two subgroups

can be observed: one (BG3.1) with Ti

(400–700 μg/g) and Zr (40–80 μg/g) values simi-

lar to dark purple glass (BG2), and another one

(BG3.2) with higher contents of both elements

(Ti 700–1000 μg/g, Zr 100–170 μg/g), closer to
BG4 (HIMT) glass. The difference between these

two groups appears to be connected with the

diverse geological origin of the sands used to

manufacture the glass.

The distinction between HIMT and Syro-

Levantine LMG glass is also evident in the

trace element patterns: the BG4 glass samples

have different Zr/Ti ratios than the BG3 finds,

and are more similar to the earlier BG1.2 glass.

In particular, BG4.2 glass features extremely

Fig. 11.5 Zr and Sb (μg/g)
content in the analyzed

samples (Cagno et al. 2014)

Fig. 11.4 Ti and Zr (μg/g)
content in the analyzed

glass samples (Cagno

et al. 2014)
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high concentrations of Ti (up to 4000 μg/g) and
Zr (up to 500 μg/g) that are compatible with

“strong HIMT” glass (Silvestri et al. 2005). In

Fig. 11.5 it can be seen that values of Sb from

1400 up to 6000 μg/g are found in the BG3

group. Such values are not found in any of the

other groups, where Sb concentrations are in

most cases 0 or in the 0–1000 μg/g range. The

high amount of Sb in the BG3 group appears to

be due to the presence of Sb in the naturally

colored glass that was used as starting material

to obtain black glass, consistent with the values

reported by Foster and Jackson (2009).

11.4 Conclusion

The major advantage of LA-ICP-MS for glass

analysis is its ability to perform major to trace

element analysis of almost all elements in the

periodic table within the same run; this requires

micro-destructive sampling giving rise to craters

of dimensions 10–100 μm, i.e. invisible to the

naked eye. Moreover, the method allows one to

perform lateral scans as well as depth scans, which

can be extremely useful in the study of glass

alteration. The case study presented here

demonstrates how historical glass analysis can

benefit from application of LA-ICP-MS. Here,

trace analysis has shown a finer structure in our

dataset that would not have been visible by mea-

suring only major and minor components (e.g. by

SEM-EDX or XRF). From this we can deduce that

the role of LA-ICP-MS in glass investigation can

be that of an important complement to routine

glass analysis. Moreover, the discussion on quan-

tification methods and the literature cited demon-

strate that LA-ICP-MS can also be utilized as a

standalone technique for glass analysis, when the

sum-normalization method can be used.
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siècle: un aperçu. In: Janssens D, Degryse P,

Cosyns P, Caen J, Van’t dack L (eds) Annales du

17e Congrès de l’Association Internationale pour

l’Histoire du Verre, Antwerp, 2006. Asp/Vubpress/

Upa, Antwerp

Cosyns P, Hanut F (2005) Black glass of second to third-

century date in northern Gaul: a preliminary survey.

In: Annales of the 16th AIHV Congress, London 2003.

AIHV, Nottingham, pp 113–118

Cosyns P, Janssens K, Van der Linden V, Schalm O

(2006) Black glass in the Roman Empire: a work in

progress. In: Creemers G, Demarsin B, Cosyns P (eds)

Roman Glass from Germania Inferior. Interregional

comparisons and recent finds, international collo-

quium, 13th May 2005 Atuatuca 1, Tongeren, Hasselt,

p 30–41

De Raedt I, Janssens K, Veeckman J (1999) Composi-

tional distinctions between 16th century ‘Façon-de-
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Glass Characterization Using Laser
Ablation-Inductively Coupled Plasma-
Mass Spectrometry Methods
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Bernard Gratuze

Abstract

The accurate determination of archaeological glass sample composition is

challenging due to possible heterogeneity and post-production chemical

alteration. Here, depth profiling using the time resolved signal generated

by LA-ICP-MS (DP-LA-ICP-MS) is applied to two case studies. The first

study concerns corroded Late Bronze Age glass beads. While many

varieties of ancient glass beads are corrosion resistant, some recipes are

particularly impacted by devitrification, and depth profiling allows for

analysis of un-corroded material reflecting original glass composition. In

the second case study on a seventeenth century composite glass vessel,

depth profiling allowed for measurement of composite layers including a

thin ruby gold glass layer and white opaque glass filigree embedded in

colorless lead glass. The minimal destructiveness of this technique com-

bined with other advantages of LA-ICP-MS—the large number of

elements that can be measured and low detection limits—make this

technique ideal for analysis of many kinds of compositionally complex

glass objects.

12.1 Introduction

LA-ICP-MS is now a well established analytical

method for the characterization of ancient glass

(e.g. Robertshaw et al. 2014; Varberg et al. 2015;

Walder 2013), however its use is generally limited

to the measurement of the bulk composition of

objects. The focus of this paper is the application

of LA-ICP-MS to the quasi-non-destructive deter-

mination of concentration profiles in ancient glass

using time resolved signals (Heinrich et al. 2003;

Mason and Manks 2001; Woodhead et al. 2008).

This approach will be called here depth profile or

DP-LA-ICP-MS. LA-ICP-MS will refer to stan-

dard single spots analyses. We will illustrate

DP-LA-ICP-MS with two case studies: measure-

ment of the composition of heavily corroded Late

Bronze Age glass beads, and the characterization

of seventeenth century composite glass vessels.
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During the Late Bronze Age, a new type of

glass referred as LMHK (Low Magnesium High

Potassium) or mixed potash-soda glass

(Henderson 1988, 1989) appeared in northern

Italy. Recently, Angelini et al. (2004) identified a

new type of LMHK glass containing more potash

and less soda than those previously studied. While

typical LMHK glass appears to be quite resistant

to corrosion, this new glass type is significantly

impacted by devitrification. As the thickness of

the resulting corroded layer is unknown, analyses

of this glass using LA-ICP-MSwill require uptake

times of variable duration that is difficult to esti-

mate. The realization of concentration profiles

appears to be the easiest solution for the charac-

terization of these devitrified glasses.

In 2010, 14 whole glass pieces attributed to

Bernard Perrot, a famous Italian glass worker

that moved to Orléans (France) in 1662, were

quasi non-destructively analyzed with either

Particle-induced X-ray emission (PIXE), or for

very small samples, LA-ICP-MS (Biron

et al. 2010). Among them, some objects

contained gold ruby glass. The results obtained

for gold concentrations on gold ruby glass show a

large dispersion: in some glass samples, no gold

was detected (mostly with PIXE) while in glass

analysed using LA-ICP-MS, gold concentrations

were far below the usual gold concentrations

found in this type of glass (Biron et al. 2011).

The recent discovery in Orléans of a broken

piece of glass produced by Bernard Perrot

shows that the red glass which seems to occur

at the surface of the object is actually embedded

inside a colourless lead glass layer. The presence

of this lead glass explains the difficulties in

obtaining a representative analysis of the glass

encountered during PIXE and LA-ICP-MS

measurements. Our results show that in such

cases DP-LA-ICP-MS can be very helpful for

characterizing the different types of glass making

up such complex glass objects.

12.2 Background

Only a few analytical methods are commonly

used to determine the composition of ancient

glass. A review of recent publications dealing

with that subject (e.g. Barca et al. 2009; Carmona

et al. 2010; Giussani et al. 2009; van der Werf

et al. 2009; Walton et al. 2009; Wedepohl

et al. 2011) shows that the most common

methods remain Electron Probe Microanalysis

(EPMA) and Scanning Electron Microscopy

with Energy or Wavelength Dispersive X-ray

Spectroscopy (SEM-EDX or WDX). Next most

common are other X-ray methods: X-ray fluores-

cence, particle induced X-ray and gamma ray

emission (PIXE and PIGE) and liquid mode or

laser ablation ICP-MS.

LA-ICP-MS presents many advantages over

the other analytical techniques mentioned above.

Ancient glass artifacts are often weathered, thus

the corroded surface of these objects has a differ-

ent composition when compared to the intact

glass underneath. Depending on the type of

glass and on the intensity of the weathering, this

perturbed layer may be several hundreds of μm
thick. Most X-rays methods only measure mate-

rial to a depth of a few microns, and thus typi-

cally do not reach intact glass. Moreover, these

methods are highly sensitive to surface effects

and need to be applied on very flat surfaces.

Embedding of the glass sample in resin and

polishing is often necessary, which is destructive,

time consuming and expensive. LA-ICP-MS

analysis can be done on unprepared objects.

Removal of the corrosion layer is easily carried

out with a pre-ablation of the area to be analyzed,

regardless of the thickness of the corrosion layer.

It is possible to get reliable results down to 1 mm

below the surface. As the laser sampling is invis-

ible to the naked eye, it is thus possible to analyze

a greater number of objects and to get a better

representativeness of compositional variation

within a population of such glass objects.

Most of the energy dispersive X-rays methods

suffer matrix effects and interferences. For

example, the detection limits of bismuth or gold

in a glass are impacted when lead is also present

in high concentrations. LA-ICP-MS allows the

measurement of a large number of chemical

elements (present either as major, minor or

trace components) with only a few chemical or

spectrometric interferences. It is therefore
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possible to obtain reliable compositions for all

kinds of glass matrices. LA-ICP-MS also offers

lower detection limits than any energy or wave-

length dispersive X-rays method.

Although the spatial resolution of LA-ICP-

MS analysis is not as good as that of EPMA,

this method is able to characterize all the differ-

ent parts of composite objects such as millefiori

and mosaic glasses (Nenna and Gratuze 2009).

Lastly, LA-ICP-MS offers the possibility to mea-

sure concentration profiles for stratified glass

samples. This is particularly important for glass

objects made with different layers (coloration by

surface treatment, inserted metal foil, etc.). Full

characterization of these types of objects can be

undertaken without any sample preparation and

with no resulting visible damage. One of the

disadvantages of LA-ICP-MS is related to the

maximum size of the object that can be analyzed;

however, this problem can be overcome either by

using large or very small ablation cells (sealed to

the object) or by carrying out direct atmospheric

sampling (Fricker et al. 2011; Glaus et al. 2012;

Golitko et al. Chap. 3; Kovacs et al. 2010).

12.3 Analytical Protocol

Analyses of glass objects conducted at the Centre

Ernest-Babelon of the IRAMAT (Orléans) are

carried out with an Element XR mass spectrom-

eter from Thermofisher Instrument and a VG UV

laser ablation device. The mass spectrometer

offers the advantage of being equipped with a

three stage detector system: a conventional high

performance discrete dynode, a dual mode

(counting and analog modes) secondary electron

multiplier (SEM) with a linear dynamic range of

over nine orders of magnitude, and a single Fara-

day collector (combined with the SEM). This last

collector allows an increase of the linear dynamic

range by an additional three orders of magnitude.

A wide cross-over range (>2 orders of magni-

tude) between the different detector modes

allows an accurate automated cross-calibration.

This feature is particularly important for laser

ablation analysis as dilution of sample is impos-

sible compared to ICP-MS with liquid sample

introduction. For glass, it is possible to analyze

major, minor, and trace elements in a single run

regardless of their concentrations and their isoto-

pic abundance. For example, it is possible to

analyze high lead glass (Pb > 20 %) and glass

in which this element is present at the ppm (parts

per million) level with the same parameters.

Routinely, the concentrations of 52 elements

are determined in glass objects:

• The main major and minor ancient glass

constituents which are often present at the

percent level or above: silicon, sodium, cal-

cium, potassium, aluminum, magnesium,

lead, chlorine, phosphorus and iron,

• most of the coloring and opacifying agents

and their associated impurities: cobalt, cop-

per, antimony, tin and manganese but also

zinc, nickel, arsenic, barium, chromium,

vanadium, gold and silver,

• 29 other trace elements ranging from lithium

to uranium. Among them the most important

for glass classification studies are rubidium,

strontium, cesium, zirconium, uranium, tho-

rium and the rare earth elements.

Glass object are placed in the ablation cell

together with standard reference materials

(SRM). At the Centre Ernest-Babelon, three

ablation cells of 5, 8 and 12 cm diameter and

4 cm height have been designed specifically for

archaeological objects, ranging from small beads

or glass fragments to entire glass objects such as

bracelets, earrings or small flasks. The objects

and SRMs are sampled by a laser beam generated

by a Nd:YAG pulsed laser with a wavelength of

266 nm. The laser operates at a maximum energy

of 3–4 mJ and at a maximum pulse frequency of

15 Hz. The diameter of the ablation crater ranges

from 60 to 100 μm, and its depth is around

250 μm, depending of the ablation duration and

the laser pulse frequency. Standard parameters

are 70 s of ablation (20 s for pre-ablation and 50 s

for analysis) and 6–8 Hz laser pulse frequency. A

pre-ablation time of 20 s is set in order to elimi-

nate the transient part of the signal and ensure

that possible surface contamination or corrosion

does not affect the results of the analysis.
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Pre-ablation parameters (duration and laser pulse

frequency) can be adjusted according to the

thickness of the corrosion layer at the surface of

the glass in order to reach uncorroded glass.

An argon gas flow carries the ablated aerosol

to the injector inlet of the plasma torch, where the

matter is dissociated, atomized and ionized. Typ-

ical flow rate values range from 1.15 to 1.35 L/

min depending on the laser cell size. The ions are

then injected into the vacuum chamber of a high

resolution mass spectrometer, which filters the

ions depending upon their mass-to-charge ratio.

The ions are then collected by the channel elec-

tron multiplier or the Faraday cup.

Measurements are carried out in peak jump

acquisition mode, with four points per peak for

counting and analogue detection modes and ten

points per peak for Faraday detection. Automatic

detection mode is used for most of elements;

only sodium, aluminum and potassium are sys-

tematically detected with the Faraday detector.

Silicon, used as the internal standard, is

measured using the 29Si isotope. The mass scan-

ning velocity of double-focusing high resolution

mass spectrometers is slower than for quadrupole

systems. With our analytical parameters the

scanning time necessary to measure 52 selected

isotopes is about 2.6 s, thus only 20 scans of the

total mass range are done for each ablation. For

glass analysis, most isobaric interferences can be

resolved by selecting an isotope that is not

impacted by interference, even if its isotopic

abundance is low. It is thus possible to work in

low resolution mode for all the measured

isotopes. This allows for a reduction in the dura-

tion of each scan while still working with the

highest sensitivity.

SRMs are used to calculate the response

coefficient factor Ky as defined by Gratuze

(1999) and thus convert signal intensities

generated by the mass spectrometer for each

element into fully quantitative data. To prevent

matrix effects, the composition of these SRMs

has to be as close as possible to that of the

samples. Three different types of standards are

used to measure major, minor and trace

elements (Table 12.1):

• SRM610, manufactured by the National Insti-

tute for Standards and Technology.

• Corning glasses B, C and D.

• An in-house standard glass with composition

determined by Fast Neutron Activation

Analysis.

SRM610 is a soda-lime-silica glass doped

with trace elements with concentrations in the

range of 500 ppm. Certified values have been

published by several authors for this glass. A

recent compilation was proposed by Jochum

et al. (2011), however, we use the values reported

by Hollocher and Ruiz (1995), Norman

et al. (1996) and Pearce et al. (1997). SRM610

is used to calculate the Ky response coefficient

factors for all elements except for magnesium,

chlorine, phosphorus, potassium and iron, which

are present at low levels in this glass, as well as

aluminum, whose concentration in SRM610 is

not reliable enough to generate acceptable

results.

The Corning glass series was designed to

match compositions of ancient glasses (Brill

1999: 544; Bronk and Freestone 2001;

Dussubieux et al. 2009; Verità et al. 1994;

Vicenzi et al. 2002; Wagner et al. 2012). Corning

B is a mineral soda-lime glass, C a lead-barium-

potash glass, and D is a lime-potash glass. These

glasses also contain coloring agents such as

cobalt, copper, antimony, and other elements.

This set of reference materials is mainly used to

calculate the response coefficient factors for

sodium, magnesium, aluminum, phosphorus,

potassium, calcium, manganese, iron, cobalt,

copper, antimony and lead concentrations. The

in-house standard is used to calculate Ky for

chlorine but also for some major elements such

as sodium, magnesium, aluminum, phosphorus,

potassium, calcium, manganese and iron.

Each analysis consists of a blank measure-

ment followed by two ablations located at differ-

ent places on the object. At the beginning of the

analytical sequence, all the SRMs are analyzed

once or more (two or three times for SRM 610)

before starting archaeological glass analysis. To

improve reproducibility and to correct eventual
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instrumental drift or fluctuation in ablation effi-

ciency, the SRM 610 and, at random, one other

reference material from the above list are system-

atically analyzed every six or eight samples. At

the end of the analytical sequence all the SRMs

are analyzed again. Corning A glass (a soda plant

ash glass type) is also analyzed as an unknown

sample from time to time to check the accuracy

of the results (Table 12.2). At the end of the

analytical session, an average response coeffi-

cient factor Ky is calculated from all the analyzed

SRMs. If instrumental drift is observed, the ses-

sion is divided in different segments in order that

the standard deviation on the average coefficients

remains below 10 % relative standard deviation.

Concentrations are calculated using net aver-

age intensity count rates measured for each iso-

tope. The following formula is used to calculate

concentrations for all elements assuming that the

sum of their concentrations in weight percent in

glass is equal to 100 %:

%YmOn ¼ IY � αY
ISi � KY

=
X IX � αX

ISi � KX

ð12:1Þ

Iy, Ix and ISi are the net intensity counts rates,

corrected for isotopic abundance, measured for

elements Y, X and silicon (the internal standard).

αy and αx are the conversion factors from ele-

ment to oxide for elements Y and X. Ky and Kx

are the response coefficient factors for elements

Y and X, calculated as follows:

KY ¼ IYstd
� Conc½ �Sistd

ISistd � Conc½ �Ystd

ð12:2Þ

Iystd and ISistd are the net intensity counts rates,

corrected for isotopic abundance, measured for

elements Y and silicon in the standard material

and [Conc]Ystd and [Conc]Sistd are the

concentrations of element Y and Si in the stan-

dard material.

For a soda or a potash lime glass, with an

average composition of 70 % silica, 20 % soda

Table 12.1 Measured isotopes, detection mode and reference material used for standardization

Used isotope

Detection

mode

Reference materials used for K

calculations Main interferences

Na23 Faraday SRM610, Corning B and D and

laboratory glass standard

Al27, K39 Faraday Corning B and D and laboratory

glass standard

Cl35 Pulse counting

or analogue

laboratory glass standard

Mg24, P31, Fe57 Pulse counting

or analogue

Corning B and D and laboratory

glass standard

Ni60 Pulse counting

or analogue

SRM610, Corning B

Si29, Ca44, Ti47, Mn55, Co59,

Cu63, Sr88, Sn118, Sb121

Pulse counting

or analogue

SRM610, Corning B and D and

laboratory glass standard

Negligible Si28O16 on

Ca44

Ba137, Pb204 Pulse counting

or analogue

SRM610, Corning B, C and D For profile measurement

Pb206 or 208 are used

instead of Pb204

Li7, B11, V51, Cr52, Zn66, As75,

Rb85, Y89, Zr90, Nb93, Ag107,

In115, Cs133, La139, Ce140,

Pr141, Nd146, Sm147, Eu153,

Gd157, Tb159, Dy163, Ho165,

Er166, Tm169, Yb172, Lu175,

Hf178, Ta181, Au197, Bi209,

Th232, U238

Pulse counting

or analogue

SRM610 Sn115 on In115, needs

correction

Other occasionally analysed

elements: Be9, Se78, Mo95,

Cd111, W182

Pulse counting

or analogue

SRM610 Kr78 on Se78 correction is

made with background

measurement
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or potash and 10 % lime, the experimental detec-

tion limits calculated on the basis of a peak

intensity equal to three times the standard devia-

tion of the average value of the background

intensity ranges from 0.07 % to 0.002 % for

minor elements and from a few ppb to 10 ppm

for the other elements (Table 12.3). Accuracy

and reproducibility are difficult to estimate

when dealing with archaeological materials.

These factors can only be assessed by using the

SRMs and by measuring the difference between

certified values and calculated values for the

accuracy and the deviation measured on the aver-

age response coefficient factor K for reproduc-

ibility. A good estimate of these two analytical

parameters is given by the average content values

and their associated standard deviations for

Corning A glass (Table 12.2).

The protocols for LA-ICP-MS and DP-LA-

ICP-MS are not fundamentally different:

however, it is important to note that no standard

analytical protocol is used for DP-LA-ICP-MS

analysis. The laser repetition rate and the

Table 12.2 Typical average values measured in Corning A glass

Oxide Average Standard deviation Oxide Average Standard deviation

Values in % Values in ppm

B2O3 0.20 0.01 SrO 964 18

Na2O 15.0 0.2 Y2O3 0.45 0.05

MgO 2.43 0.01 ZrO2 49 3

Al2O3 0.74 0.03 Nb2O3 0.67 0.05

SiO2 66.8 0.3 Ag 17 1

P2O5 0.13 0.01 Cs2O 0.21 0.03

Cl 0.13 0.01 La2O3 0.4 0.1

K2O 3.01 0.05 CeO2 0.6 0.5

CaO 5.08 0.14 PrO2 0.1 0.0

TiO2 0.68 0.04 Nd2O3 0.2 0.1

MnO 1.00 0.01 Sm2O3 0.04 0.02

Fe2O3 1.10 0.03 Eu2O3 0.02 0.02

CoO 0.17 0.01 Gd2O3 nd nd

CuO 1.26 0.04 Tb2O3 0.01 0.00

SnO2 0.17 0.003 Dy2O3 0.05 0.00

Sb2O3 1.54 0.04 Ho2O3 0.01 0.00

BaO 0.42 0.02 Er2O3 0.02 0.00

PbO 0.067 0.005 Tm2O3 0.01 0.00

Values in ppm Yb2O3 0.03 0.01

Li2O 103 4 Lu2O3 0.02 0.03

V2O5 61 3 HfO2 1.1 0.1

Cr2O3 30 2 Ta2O3 0.12 0.01

NiO 231 6 Au 0.2 0.1

ZnO 496 22 Bi 8.1 0.4

As2O3 30 2 ThO2 0.34 0.03

Rb2O 98 4 UO2 0.27 0.04

Table 12.3 Range of detection limits achieved for glass

characterization with the analytical protocol developed

with the Element XR

Average range of ldd

values Elements

Below 10 ppb Pr, Tb, Ho, Tm, Lu, Ta,

Th, U

Between 10 and 25 ppb Y, Nb, In, La, Ce, Nd, Sm,

Dy, Er, Yb, Hf, Bi

Between 50 and 100 ppb V, Au

Between 100 and 500 ppb Co, As, Rb, Sr, Zr, Ag, Sb,

Cs, Eu

Between 500 and 1000 ppb Ni, Zn, Gd

Between 1 and 10 ppm Li, B, P, Ti, Cr, Mn, Cu,

Sn Ba

Between 25 and 50 ppm Mg, Fe, Pb

Between 200 and 700 ppm Na, Al, K, Ca, Cl
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ablation duration depend of the thickness of the

analyzed glass structure. A blank measurement is

not carried out independently, but is done during

the first 15 s of acquisition. DP-LA-ICP-MS is

usually carried out on a shorter list of isotopes

even if it can be also performed on the full list of

isotopes. The list of analyzed isotopes depends

on the questions to be addressed (characteriza-

tion of metal foil between two glass layers or of

surface layers, analysis of highly corroded

glasses, etc.).

Profile measurements are conducted with the

same parameters on samples and on SRMs. The

above calculation method is then applied to

obtain oxide concentrations for each time slice.

A time slice is an individual scan of the whole

mass range. It lasts from 0.2 to 0.3 s depending

on the analytical parameters. If the value of each

Ky factor does not vary in time for the different

reference materials, an average Ky factor is used

to calculate the concentrations for the whole

profile. Depending on the duration of the profile,

chemical fractionation may occur for some

elements such as zinc or lead causing a time

dependence of Ky. For these elements, the Ky

factors are calculated for each time slice. In

both cases, we assume that the sum of the

concentrations of all the elements, in weight per-

cent, is equal to 100 % for each time slice. From

a general point of view, when using profile anal-

ysis, the glass compositions are calculated when

the signals of the elements of interest reach a

plateau.

12.4 DP-LA-ICP-MS Applied
to Ancient Glass

12.4.1 Estimation of the Analyzed
Depth for Profile Analysis

In order to estimate the depth reached during

analysis, ablation was performed on glasses

with different colors and compositions and for

different durations (1, 5 and 10 min) with laser

frequencies of 5 and 10 Hz. Two different dia-

phragm apertures (0.08 and 0.12 mm) were used.

The results show that the analyzed depth varies

according to the glass type (color and composi-

tion) and the diaphragm apertures. Depths of

0.50 and 0.74 mm were reached, respectively,

for apertures of 0.08 and 0.12 mm, with a laser

frequency of 5 Hz and a duration of 5 min. Slight

variation of the crater diameter was observed for

the same diaphragm aperture, depending on glass

type. During the first seconds the relationship

between the depth and the number of laser shots

is not linear as at first the laser is focused on the

surface and then defocuses progressively. After

one minute, a linear relationship between the

ablation duration and the ablation depth is

observed. For ablation durations longer than

5 min, an average ablation rate varying between

0.3 and 0.5 μm/shot according to the glass type

and the diaphragm aperture is obtained. Working

at 5 Hz with an aperture of 0.12 mm, an average

ablation rate varying between 0.41 and 0.49 μm/

shot is reached for five minutes of ablation. It

corresponds to an analyzed depth of 0.65 to

0.74 mm. The measured average ablation rate

after one minute of ablation appears to be more

variable: from 0.64 to 1.0 μm/shot, i.e. a depth

which varies from 0.2 to 0.3 mm after one minute

of ablation. With the same parameters the

analyzed depth reaches from 1.2 to 1.5 mm

after 10 min. Our measurements show that the

ablation rate is not affected by the laser shot rate:

for the same type of glass, the depths reached

while working at 5 Hz for 10 min or 10 Hz for

5 min are equal. In corroded glass the ablation

rate is much more important and depending on its

structure, its thickness and its cohesion, the cor-

rosion layer will be crossed over more or less

rapidly.

12.4.2 High Potassium (LMHK) Glass
Beads of the Late Bronze Age
in Western Europe

During the Late Bronze Age, glass beads with a

particular mixed alkali glass composition,

referred as LMHK glass by Henderson (1988,

1989), are found through all Western Europe

from the British Isles (Raftery and Henderson

1987) down to the north of Greece (Nikita
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et al. 2009), including Bohemia (Venclová

et al. 2011), France (Azemar et al. 2000; Gratuze

et al. 1998; Gratuze and Billaud 2003; Guilaine

et al. 1991), Belgium (Cosyns et al. 2005),

Germany (Hartmann et al. 1997), Switzerland

(Henderson 1993) and the north of Italy

(Angelini et al. 2004; Biavati and Verità 1989;

Bellintani et al. 1998; Brill 1992). Among the

different typologies encountered for this type of

material, three of them are largely predominant

outside Italy: small annular copper blue beads,

barrel shaped beads decorated with a continuous

spiral of white opaque glass, and globular glass

beads decorated with three or four prominent

horns formed by stratified blue and white glass

layers (Bellintani and Stefan 2009). As shown by

numerous studies, this particular glass probably

originates from the region of Frattesina di Fratta

Polesine, Rovigo province, northern Italy

(Biavati and Verità 1989).

During the same period, another glass compo-

sition, represented by only a few specimens, has

been identified. In this glass, soda is practically

entirely replaced by potash. This particular com-

position, which represents a high potash type of

LMHK glass, has been found in northern Italy

(Angelini et al. 2004) and elsewhere (Ploin

et al. 2012; Venclová et al. 2011). While the

classic LMHK glass appears to be quite resistant

to corrosion, its potash rich counterpart seems to

suffer strongly from weathering effects as shown

in Fig. 12.1. Their corroded aspect makes the

high potash LMHK glass beads easily recogniz-

able from other beads by simple visual examina-

tion (Fig. 12.1). The fragility of these beads,

which are often nearly entirely corroded, may

explain why they are less represented in most

studied Bronze Age sites.

The recent discovery of the Mathay deposit

(Doubs, France) gives us the opportunity to study

a large representative population of the glass

beads exported by northern Italian glass

workshops. At this site, more than one thousand

glass beads, together with copper and gold

ornaments, were discovered in a ceramic jar.

Among these glass beads, 127 show evidence of

strong corrosion. Twenty-two of these beads

were selected for DP-LA-ICP-MS analysis after

careful examination of their surface with a bin-

ocular microscope.

The results show that for a large part of these

beads, the average signal measured using the

Fig. 12.1 Mathay glass beads. The cracked surface of

the highly corroded potash glass bead on the left hand side
consists mainly of hydrated amorphous silica. The

classical soda-potash glass bead on the right hand
side shows no sign of weathering
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standard laser ablation time, which is about 60 s

after 20 s of uptake time, is not representative of

the whole glass composition but reflects instead

the composition of the corroded glass at the sur-

face of the beads (Fig. 12.2a). In some cases, a

chemical enrichment of elements such as tin or

phosphorus occurs at the interface between the

weathering layer and the pristine glass

(Fig. 12.2b). Thus, due to the presence of this

weathered layer, which has a highly variable

thickness, standard LA-ICP-MS analysis will

first underestimate potash and soda content, and

may secondly overestimate the content of other

elements such as tin. However, a good estimation

of the glass composition can be derived from the

concentration profiles measured for most of these

beads. Table 12.4 gives the major constituent

compositions of these beads measured first by

standard LA-ICP-MS and then by DP-LA-ICP-

MS.

12.4.3 Seventeenth Century Lead Gold
Ruby Glass

In 2010, PIXE and LA-ICP-MS analyses were

carried out on 14 whole glass pieces attributed to

Bernard Perrot (Biron et al. 2010). This Italian

glass worker, who settled in Orléans (France) in

1662, is known for the use or invention of differ-

ent glass recipes to produce lead glass, gold ruby

glass and white porcelain glass. The present anal-

ysis focuses on a particular type of gold ruby

glass attributed to Bernard Perrot. This red glass

was manufactured using gold and arsenic rather

than gold and tin chloride, as described for the

Purple of Cassius made by Kunckel (von

Kerssenbrock-Kosigk 2008). All measurements

with PIXE and LA-ICP-MS were conducted in a

quasi-non-destructive manner, directly on the

surface of the objects without any sample prepa-

ration. The detection limits for gold with both

methods are below the ppm level.

Gold concentrations show wide variability:

they range from no gold (gold concentrations

below the detection limits) to 287 ppm for

PIXE measurements and from 60 to 284 ppm

for LA-ICP-MS measurements. This variability

in gold concentration was attributed to the possi-

ble presence of a thin colorless glass layer over

the red glass (Biron et al. 2011). The recent

discovery in Orleans of a broken piece of glass

with ruby red and porcelain white decorations,

which probably comes from a glass cup produced

by Perrot (Geyssant 2010; Geyssant et al. 2010:

54, 104, 148–149) confirms this hypothesis.

Although it appears that the red glass occurs at

the surface, observation of the broken edge of the

object shows that this glass is embedded in a

colorless glass layer. The thickness of this color-

less layer, which varies from 100 to 300 μm
(Fig. 12.3c) prevents the measurement of gold
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Fig. 12.2 (a and b) Concentration profiles measured on

two high potash glass beads from Mathay. A strong

depletion in potash and soda is observed in (a) at the

beginning of the ablation, although a 20 s ablation uptake

time was employed. In (b), enrichment in tin oxide is

observed at the interface between the corroded zone and

the uncorroded glass
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Table 12.4 Composition of the surface (corroded zone) and the interior (uncorroded glass) of the glass beads derived

from profiles shown in Fig. 12.2

Left profile Right profile Composition of potash glass beads

Surface Interior Surface Interior Average Standard deviation

Na2O 0.02 0.66 0.03 0.66 1.1 0.6

MgO 0.86 0.62 0.62 0.52 0.70 0.17

Al2O3 1.69 1.70 2.59 2.26 1.72 0.47

SiO2 84.1 70.8 82.7 71.4 71.3 1.5

P2O5 0.21 0.17 0.19 0.12 0.24 0.10

Cl 0.052 0.039 0.002 not detected 0.04 0.04

K2O 1.91 17.1 1.83 16.9 16.3 1.2

CaO 2.12 1.79 1.91 1.67 2.23 0.74

MnO 0.0092 0.0077 0.0081 0.0070 0.0095 0.0028

Fe2O3 0.56 0.44 0.41 0.32 0.45 0.11

CoO 0.0033 0.0027 0.0029 0.0024 0.0027 0.0008

CuO 8.10 6.45 7.13 5.91 5.53 1.33

ZnO 0.013 0.009 0.012 0.006 0.010 0.004

As2O3 0.0094 0.0063 0.0088 0.0046 0.052 0.015

Rb2O 0.017 0.020 0.015 0.019 0.023 0.006

SrO 0.012 0.010 0.012 0.010 0.013 0.006

ZrO2 0.0015 0.0013 0.0016 0.0014 0.0017 0.0006

Ag 0.0012 0.0018 0.0014 0.0016 0.0017 0.0011

SnO2 0.31 0.19 2.54 0.21 0.30 0.24

Sb2O3 0.0033 0.0026 0.0034 0.0021 0.0023 0.0014

BaO 0.0068 0.0059 0.0068 0.0059 0.0071 0.0019

Au 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

PbO 0.0005 not detected not detected not detected 0.0058 0.0075

All values are expressed in mass percent

Fig. 12.3 (a) Perrot’s glass fragment; (b) and (d) detail of the red and white glasses; (c) and (e) ablation craters on the
colorless and red glasses and on the colorless and white glasses
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when using PIXE and seriously alters the average

gold signal measured with conventional

LA-ICP-MS, as the resulting measured values

are obtained from an unknown mixture of color-

less and gold ruby glasses. By carrying out mea-

surement of concentration profiles it is possible

to determine the composition of both glasses: the

colorless layer and the embedded red ruby (or in

other cases, white porcelain) glass. As this object

gave us the possibility to measure the composi-

tion of the different glasses (red, white and

colourless) either directly or via the concentra-

tion profile, it was used to test the validity of

compositions determined using depth-profiling.

In the present case, a much greater glass thick-

ness must be characterized than for the late

Bronze Age glasses analysed in the previous

example (about 1 or 2 mm instead of a few

tenth of mm). The use of a longer ablation time

and a higher laser repetition rate (10 Hz instead

of 5 Hz) to allow measurement at greater depths

however leads to the occurrence of chemical

fractionation relative to silicon for some

elements. In Fig. 12.4a, it is apparent that the

response coefficient factor for elements such as

lead, zinc, gold, tin, antimony and arsenic tend to

increase over the course of ablation, while

coefficients for alkaline elements (Na, K)

decrease. Those of aluminum, magnesium, and

calcium tend to be fairly stable for the duration of

ablation (Fig. 12.4b). In order to assess the impact

of chemical fractionation, concentration profiles

measured for red and white glasses (Fig. 12.3c, e)

have been plotted in two different ways: with and

without fractionation corrections (Figs. 12.5 and

12.6 for red glass and 12.7 to 12.9 for white

glass). Concentrations calculated from corrected

profiles were then compared to those determined

directly on the different glasses by conventional

LA-ICP-MS (Tables 12.5 and 12.6).

In Figs. 12.5, 12.6, 12.7, 12.8 and 12.9, which

show the corrected and uncorrected profiles

measured for red and white glasses, we observe

that the uncorrected profiles (normal line) for

oxides of elements such as sodium, phosphorus,

potassium, zinc, arsenic, antimony, gold and lead

do not show a concentration plateau but a contin-

uous increase or decrease of their elemental

concentrations. Concentration plateaus are how-

ever observed for these elements on the corrected

profiles (bold line). However, for some other

elements such as magnesium, calcium, manga-

nese, cobalt, zirconium and barium, both profiles

are identical and the differences between the two

curves are mainly due to the fact that it is assumed

that the sum of all oxides is equal to 100 %. It is

also apparent in Fig. 12.7 that no real plateaus are

observed for the white glass for antimony and

arsenic oxides. This is probably due to the fact

that white glass is not homogeneous but contains

small opacifier crystals made of antimony, arse-

nic and probably lime. Some areas with higher

concentrations of opacifier crystals (brighter

white spots) can be observed on Fig. 12.3e.

Another interesting feature is evident when

sodium oxide profiles are compared (Figs. 12.5

Fig. 12.4 Evolution of average response coefficient

factors (calculated from NIST610 and Corning B, C and

D) for different elements during ablation. Coefficients for

lead, tin, antimony, gold, zinc, arsenic and phosphorus

tend to increase while those of sodium and potassium

decrease. Others coefficients such as those of calcium,

manganese, magnesium and aluminium exhibit greater

stability over the course of ablation
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Table 12.6 Compositions of the red and white glasses of the Bernard Perrot cup obtained directly by single spot

analysis (LA-ICP-MS) and calculated from two different depth profiles (DP-LA-ICP-MS)

Red glass White glass

Direct LA-ICP-

MS analysis

1st

profile

2nd

profile

Direct LA-ICP-

MS analysis

1st (top)

white filigree

2nd (under)

white filigree

Single

white tube

Na2O 0.72 0.57 0.52 3.06 3.15 1.24 3.19

MgO 0.14 0.11 0.13 1.09 1.12 0.90 0.99

Al2O3 0.34 0.31 0.29 0.86 0.69 0.56 0.82

SiO2 59.7 59.8 59.9 60.5 59.2 57.8 63.3

P2O5 0.14 0.15 0.18 0.20 0.27 0.33 0.20

Cl 0.50 0.50 0.48 0.22 0.21 0.35 0.16

K2O 13.5 13.1 13.7 8.90 9.3 10.9 11.0

CaO 1.12 0.92 1.08 5.55 5.83 5.10 5.29

MnO 0.059 0.053 0.064 0.069 0.056 0.056 0.069

Fe2O3 0.14 0.12 0.13 0.49 0.47 0.42 0.49

CoO 0.0004 0.0003 0.0003 0.0004 0.0003 0.0003 0.0003

CuO 0.0065 0.0057 0.0047 0.011 0.010 0.010 0.011

ZnO 0.0064 0.0035 0.0035 0.020 0.024 0.031 0.021

As2O3 1.09 1.28 1.04 0.27 0.20 0.19 0.17

Rb2O 0.0089 0.0073 0.0069 0.0074 0.0052 0.0052 0.0062

SrO 0.0033 0.0030 0.0034 0.025 0.028 0.027 0.026

ZrO2 0.017 0.019 0.017 0.018 0.020 0.022 0.024

AgO 0.0031 0.0039 0.0031 0.0006 0.0014 0.0022 0.0012

SnO2 0.0018 0.0018 0.0019 0.0078 0.0065 0.0076 0.0075

Sb2O3 0.035 0.053 0.038 5.81 6.12 7.68 4.20

BaO 0.011 0.0094 0.0083 0.015 0.014 0.013 0.015

Au 0.021 0.023 0.023 0.0000 0.0000 0.0000 0.0000

PbO 22.4 23.0 22.4 12.8 13.3 14.4 10.0

All values are expressed in mass percent

Fig. 12.5 Corrected (bold
line) and uncorrected

(normal line) profiles

derived from the ablation

data measured on the

colorless and red glasses

(crater on Fig. 12.3c) for

some major and minor

oxides
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and 12.7). In Fig. 12.5, one can observe a small

layer of glass with lower sodium content, then a

first plateau which corresponds to the colourless

glass and a small increase in concentration when

the red glass is reached. Information measured

after the red glass is altered by the memory effect

of the cell. In Fig. 12.7, we observe again a small

layer of glass with lower sodium content but after

we have a continuous increase of sodium which

reaches a maximum concentration in the middle

Fig. 12.6 Corrected (bold line) and uncorrected (normal line) profiles derived from the ablation data measured on the

colorless and red glasses (crater on Fig. 12.3c) for some minor and trace oxides

Fig. 12.7 Corrected (bold
line) and uncorrected

(normal line) profiles

derived from the ablation

data measured on the

colorless and white glasses

(crater on Fig. 12.3e) for

some major and minor

oxides
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of the white glasses and then slowly decreases.

Sodium is the only element which exhibits this

particular profile. All the others elements show a

sharper change in concentration from one glass

layer to the other, even when memory effect is

present. The presence of a small glass layer of

different composition is confirmed when we

observe other oxides profiles such as those of

aluminum, tin, and barium for example. These

particularities provide some information on the

making of the object. Firstly, Bernard Perrot

probably used preformed glass rods made of red

Fig. 12.8 Corrected (bold
line) and uncorrected

(normal line) profiles

derived from the ablation

data measured on the

colorless and white glasses

(crater on Fig. 12.3e) for

others minor oxides

Fig. 12.9 Corrected (bold line) and uncorrected (normal line) profiles derived from the ablation data measured on the

colorless and white glasses (craters on Fig. 12.3e) for trace oxides
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and white glass already embedded in colorless

glass, which were then applied on a colorless

glass core. Secondly, the colourless glass of the

rods probably originates from a different batch

than the colorless glass of the cups, as small

concentration plateaus are observed for the

colourless glass. Thirdly, the preparation of the

white filigree probably took a longer time than

the red rod, as sodium has significantly diffused

from the white glass to the colorless glass.

These profiles were measured at a laser fre-

quency of 10 Hz. A lower laser frequency may

have generated a more detailed profile, but would

not have permitted removal of material to as

great a depth and sensitivity would have been

negatively impacted, jeopardizing the reliable

measurement of some elements. The use of a

time of flight mass spectrometer might help in

obtaining a more detailed profile. Using a

double-focusing mass spectrometer with the

operating conditions reported here, it takes 2.7 s

to carry out mass scanning from sodium to lead.

Thus not all elements are recorded at exactly the

same depth, and it may thus mask the interface

between different layers. Time of flight mass

spectrometers have shorter mass scanning times

(less than 1 ms), it is possible to record precise

data for each laser shot. Such a system combined

with a low memory cell would allow for a perfect

definition of glass structure. The memory effect

depends directly on the total volume of the cell. It

is thus possible to reduce this effect to below two

seconds instead of a few tens of seconds in the

present case, by using smaller ablation cells

(Fricker et al. 2011).

12.5 Conclusion

The accurate determination of archaeological

glass sample composition is challenging due to

possible heterogeneity. The surfaces of ancient

artifacts are typically weathered and do not

reflect internal composition. Consequently,

most available non-destructive analytical

methods, such as EPMA, SEM-EDS, PIXE or

XRF, will produce non-representative results

when carried out on an unprepared sample. If

the corrosion layer is too thick, even LA-ICP-

MS conducted in a conventional manner (line or

spot ablations) may not be able to reach pristine

glass and will produce data that will not reflect

the original glass composition. In other cases,

glass objects may be composed of different

glass layers of varying composition. The deter-

mination of inner glass composition will then be

possible only on cut slices of the object.

Compared to these methods, depth profiling by

LA-ICP-MS offers the possibility to analyse

sub-surface unaltered glass with minimum dam-

age to the object, as shown by the concentration

profiles generated here for late Bronze Age glass

beads and red and white inlays glass from the

seventeenth century. As laser sampling causes no

visual damage to the object, DP-LA-ICP-MS

analysis can be carried on a larger number of

objects than would be possible with more conven-

tional methods which require cutting a profile.

Compared to EPMA, XRF and PIXE, DP-LA-

ICP-MS offers the same advantages as conven-

tional LA-ICP-MS, for instance the ability to

measure a greater number of trace elements

with lower detection limits. It thus gives the

possibility to compare chemical compositions

on a large range of chemical elements and thus

permits establishment with greater confidence

the concordance or the difference between the

compositions of two objects. As was shown for

the profile generated on the seventeenth century

glass made by Bernard Perrot, profile analysis

can also provide information on glass making

by identifying the different glass structures pres-

ent in an object (rod and filigree in this case). One

of the only limiting factors for LA-ICP-MS anal-

ysis is the case of heterogeneous opaque glass,

where EPMA or SEM-EDX offer indispensable

complementarity information.
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Orléans and Paris, pp 95–184

Giussani B, Monticelli D, Rampazzi L (2009) Role of

laser ablation–inductively coupled plasma–mass spec-

trometry in cultural heritage research: A review. Anal

Chim Acta 635:6–21

Glaus R, Koch J, G€unther D (2012) Portable laser ablation

sampling device for elemental fingerprinting of

objects outside the laboratory with laser ablation

inductively coupled plasma mass spectrometry. Anal

Chem 84(12):5358–5364

Gratuze B (1999) Obsidian characterisation by laser abla-

tion ICP-MS and its application to prehistoric trade in

the Mediterranean and the Near East: sources and

distribution of obsidian within the Aegean and

Anatolia. J Archaeol Sci 26(8):869–881

Gratuze B, Billaud Y (2003) La circulation des perles en

verre dans le Bassin méditerranéen de l’Age du
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A Proficiency Test for LA-ICP-MS
Laboratories Analyzing Ancient Glass 13
Laure Dussubieux

Abstract

LA-ICP-MS is now one of the most common methods used for glass

analysis in archaeology, and has the potential to build large databases

for comparison. However, the actual comparability of measurements

generated in different laboratories has not yet been addressed systemi-

cally. Here, the results of a round-robin comparison test on two modern

glass samples with compositions comparable to ancient glasses is

presented. The test involved nine laboratories using a diversity of mass

spectrometers and lasers, as well as different calibration protocols and

standard reference materials. Measured values differ significantly

between labs for some elements, reflecting differences in calibration and

instrumentation. However, these differences do not cause overlap between

the glass samples that might confuse provenance in archaeological stud-

ies, but are significant enough to make finer-grained assignments to

individual glass batches difficult or impossible when comparing across

different laboratories.

13.1 Introduction

In a 2007 paper, Shortland et al. reported analysis

of glass samples from Egypt and Mesopotamia

dated from the Late Bronze Age period with

LA-ICP-MS. The glass samples from both

regions were manufactured with similar recipes

involving low alumina sand and soda from

halophytic plant ashes; however distinct trace

element patterns reflecting different geologic

environments for the raw materials available in

these two different regions appeared. Elements

such as Ti, Zr, La and Cr were found particularly

useful for separating the Mesopotamian and

the Egyptian produced glasses. Subsequently,

Walton et al. (2009) used the Shortland

et al. (2007) dataset to provenance glass beads

found in Mycenaean contexts and could establish

by comparison that this Mycenaean material was

in fact made from Egyptian glass for some beads

and from Mesopotamian glass for others.
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These two studies illustrate the capacity of

LA-ICP-MS to address provenance issues for

ancient glass, but also the usefulness of building

datasets of glass compositions for comparative

purposes; however, a careful examination of the

data published in these two articles raises the

issue of the comparability of different datasets

obtained by different research teams. If the

concentrations of the diagnostic elements for

sourcing Egyptian and Mesopotamian Late

Bronze Age glass vary in the same range in the

Shortland et al. (2007) and the Walton

et al. (2009) datasets, other elements, specifically

Sc, with respective average concentrations of

1.4 � 0.5 ppm and 12 � 3 ppm, exhibit wide

discrepancies between the two publications. Is

this difference real? Is this due to a problem of

transcription of the results, of calculation of the

concentrations or of calibration of the instru-

ment? In this case, such a discrepancy between

results from two laboratories has no consequence

on the data interpretation, levels for Sc being

similar in the Egyptian and the Mesopotamian

glass; however, each LA-ICP-MS laboratory

analyzing ancient glass should be able to show

that the results they produced are comparable

with the results produced by other laboratories

conducting similar types of measurements.

Inter-laboratory comparison performed on a

regular basis is a way to assess the quality of

the results generated by a given laboratory by

comparing them with the results obtained by

other laboratories when measuring identical

samples. This paper reports on an inter-

laboratory comparison involving nine LA-ICP-

MS laboratories that occasionally or regularly

analyze ancient materials, and specifically

ancient glass. Two glass samples were tested.

The results provided by the different laboratories

are compared to each other through the calcula-

tion of similarity coefficients. The results will

also be compared to the concentrations measured

by the organizing laboratory, the Elemental

Analysis Facility (EAF) at the Field Museum.

The results of this inter-laboratory comparison

test will be discussed in the context of archaeo-

logical research.

13.2 Inter-comparison Test

13.2.1 Factors Impacting Inter-
laboratory Comparability

Different factors can explain discrepancies

between results produced by different

laboratories; some of them were highlighted in

two recent articles (Bertini et al. 2013; Wagner

et al. 2012). These factors fall into three different

categories: laser type and settings, standard ref-

erence materials, and data acquisition and data

reduction.

Ideally, all the isotopes to be measured should

be ablated and transported to the plasma with the

same efficiency so as the composition of the

object and the composition of the ablated mate-

rial in the plasma are the same. In reality, inter-

element fractionation can modify the composi-

tion during the ablation and transportation pro-

cesses. This phenomenon depends on a wide

range of parameters including laser wavelength,

pulse duration, laser frequency, laser energy and

gas carrier. To summarize (and to simplify),

shorter wavelength lasers produce smaller

particles. In the plasma, they will be atomized

and ionized more efficiently, limiting fraction-

ation (Kuhn and G€unther 2004). In addition,

shorter pulse durations (e.g., in femtosecond

lasers) create ablation without heat dissipation

through the sample avoiding any preferential

vaporization (Russo et al. 2002). Fractionation

has also been linked to ablation depth (Eggins

et al. 1998; Košler et al. 2005). Selecting a depth

to diameter ratio <6 for the ablation crater

reduces fractionation for elements that are most

sensitive to this problem (Mason and Mank

2001). The choice of the gas carrier in the laser,

generally He or Ar, will affect elemental frac-

tionation as well (Eggins et al. 1998; G€unther and

Heinrich 1999; Wang et al. 2006).

To obtain quantitative results, standard refer-

ence materials (SRM) are measured between

groups of samples with unknown compositions.

Among the most commonly used SRMs are the

61X glass series from the National Institute for

Standard and Technology (NIST) and Corning
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glasses A, B, C and D. Other SRMs more specif-

ically developed for geological applications are

also sometimes used. Most of these SRMs have

compositions that are fairly different from the

compositions of ancient glass (Corning glasses

being an exception). As different glass matrices

lead to different ablation efficiencies (Bertini

et al. 2013), laboratories using different sets of

SRMs will obtain slightly different results. Also,

heterogeneous distribution of some elements has

been observed in the NIST 61X SRM series (see

Jochum et al. 2011) and in the Corning glasses

(Vicenzi et al. 2002; Wagner et al. 2012) that are

among the most widely used SRMs for ancient

glass analysis Additionally, for those SRMs that

have been in circulation for a number of years,

several sets of concentrations are available. Gen-

erally speaking, most laboratories use the values

that were most recently published at the time

they began their analyses, and consequently,

newer laboratories tend to use different sets of

SRM concentrations compared to older

laboratories. For an older laboratory, updating

concentration values for one or more of its

SRMs implies re-calculating all previously

measured compositions. This is a daunting task

for long-established laboratories that have

accumulated thousands of measurements, and it

is therefore rarely done.

Lastly, data acquisition and data reduction are

important steps that can influence the final

concentrations measured in the samples in differ-

ent ways. Acquisition mode, scanning mode,

dwell time and other acquisition parameters

have an influence on measurement error. Most

of the laboratories included in this study have

adopted the approach described in Gratuze

(1999) for data reduction. In this approach, all

elements are measured with LA-ICP-MS and one

of them is used as internal standard. The compo-

sition of the sample is then calculated, assuming

that the sum of all the major and minor

constituents, expressed as oxides, is 100 %; how-

ever, another approach exists. It involves the

measurement of the internal standard (Si or Ca

in the case of glass) using an independent analyt-

ical method. The concentration of the internal

standard, obtained for each sample and standard,

is used in a second step to calculate the

concentrations of all the elements measured

with LA-ICP-MS (e.g. Saitowitz 1996). In cases

where some constituents of the samples are not

measured with LA-ICP-MS (e.g. S, Cl, etc.) but

are present in significant quantities, the two

approaches will result in different concentrations

for measured elements.

13.2.2 Samples

In the 1970s, Corning produced four different

glasses matching the composition of four differ-

ent types of ancient glass: glass A is similar to

soda plant ash glass, glass B is similar to a

mineral soda glass, glass C is a lead-barium

glass, and glass D is a lime-potash glass. They

have been widely used by LA-ICP-MS (and

other) laboratories for standardization and qual-

ity control, but being manufactured from pure

modern raw materials, their trace element con-

tent remains much lower than those generally

encountered in ancient glass (Vicenzi

et al. 2002; Wagner et al. 2012). As a conse-

quence, they have been deemed unsuitable for

this inter-laboratory comparison test.

The selection of glass samples for this inter-

laboratory comparison test was made according

to a certain set of criteria. First, the samples had

to be free or very cheap. They had to be

reasonably homogeneous, at least as homoge-

neous as ancient material can be. Trace element

concentrations in the samples and in ancient

glass had to be in the same range. The glass

samples had to be available in sufficient

quantities so as to be divided before being

distributed to 10 different laboratories. After test-

ing many potential samples, two with maximally

dissimilar compositions were selected: a group of

dark blue “snake” beads (called Blue through this

paper) and a green wine bottle (Green).

Snake beads were manufactured in

Czechoslovakia around the beginning of the

twentieth century, and were molded using the

Prosser technique (Francis 1999: 24). As the

beads selected for this study, although all similar,

might have been made from different glass
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batches, it was decided to crush them and to melt

them in a crucible placed into a furnace heated at

900 �C. This temperature was the maximum the

furnace could reach. The result was a block of

glass with visible heterogeneities such as bubbles

and inclusions. One of the participating teams

(Dudgeon and Tromp) produced a map of the

composition of their Blue glass sample with a

scanning electron-microscope attached to an

energy dispersive spectrometer. It revealed

calcium-enriched areas measuring 10–-

20 microns. Blue has a soda-alumina rich com-

position with significant quantities of potash

(~4 %). This glass was colored with cobalt.

The second sample was a modern bottle of

Italian red wine.Wine bottles are made of recycled

glass and contain significant levels of trace

elements. They also receive a surface treatment to

make them more resistant to scratches. This treat-

ment unfortunately results in tin enrichment of the

outside surface of the container that one participant

(Hector Neff) noticed when this part of the bottle

was ablated. It was therefore recommended that

participants sample the glass on the broken edge

of their respective fragments. Green is a soda lime

glass with magnesia and alumina concentration

around 2 %. The color of Green is due to iron,

which is quite likely accidently introduced with

the sand used to produce the glass.

13.2.3 List of Participating Laboratories

The EAF organized this inter-laboratory compar-

ison test and participated in it. The two fragments

of glass were also shipped to 12 other

participants. Nine laboratories (Table 13.1)

returned results. One of the laboratories asked

that its results be removed after a first draft of

this paper was circulated among the participants.

Therefore, this report will only discuss the results

obtained by eight laboratories in addition of the

results generated by the EAF. In Table 13.1,

laboratories appear by alphabetical order of the

Table 13.1 List of participating laboratories with instrumentation and standard reference materials used

Participating

individuals Institution

Type of

ICP-MS

Type

of laser Standard reference materials

Donatella

Barca

Università della Calabria,

Arcavacata di Rende, Italy

Quadrupole-

ICP-MS

213 nm NIST 612

John

Dudgeon

Monica

Tromp

Idaho State University,

Pocatello, ID, USA

Quadrupole-

ICP-MS

213 nm GSC-1G, GSD-1G, GSE-1G, BHVO-

2G, BCR-2G, BIR-1G

Laure

Dussubieux

Field Museum of Natural

History, Chicago, IL, USA

Quadrupole-

ICP-MS

213 nm NIST 612 and NIST 610

Corning B and D

Bernard

Gratuze

Institut de Recherche sur les

ArchéoMATériaux

Centre Ernest-Babelon,

Orléans, France

HR-magnetic

sector-ICP-MS

266 nm NIST 610, Corning B, C, D and a

in-house glass standard (mainly for Cl)

Hector Neff University of California—

Long Beach, CA, USA

Time of Flight-

ICP-MS

213 nm NIST 614, 612 and 610

Corning B and D

Klaus Simon Georg-August-Universität

Göttingen, Germany

Quadrupole-

ICP-MS

193 nm NIST 610

Johannes

Van Elteren

National Institute of

Chemistry, Ljubljana,

Slovenia

Quadrupole-

ICP-MS

213 nm NIST 610 and 612

Corning B, C and D

Society of Glass Technology 2, 3, 4 and

5

P&H Developments Ltd. DLH6, 7 and 8

Barbara

Wagner

University of Warsaw,

Warsaw, Poland

Quadrupole-

ICP-MS

213 nm NIST 610

Marc Walton Formerly Getty, Los

Angeles, CA, USA

Time of Flight

-ICP-MS

213 nm NIST 610, 612, 614

Timothy

Ward

Millsaps College, Jackson,

MS, USA

Quadrupole-

ICP-MS

213 nm NIST 612
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individuals that carried out the measurements. To

preserve confidentiality, a number ranging from

one to nine was randomly attributed to all the

participating laboratories with the exception of

the EAF.

Most of the participating laboratories are

equipped with quadrupole mass spectrometers.

Time-of-Flight ICP-MS instruments were used

by two participants, and a High Resolution Mag-

netic Sector ICP-MS by one laboratory. All

included Laser ablation systems operate at

213 nm with two exceptions: one laboratory is

equipped with a 266 nm laser, and another one

with a 193 nm laser. Standard reference materials

610 and/or 612 manufactured by the NIST are

used by almost all the laboratories for external

standardization. Other standards used by several

laboratories are NIST SRM 614, and Corning

glasses A, B, C and D. One laboratory used

Society of Glass Technology SRMs 2, 3, 4, 5

and P&H Developments Ltd. SRMs DLH6,

7, 8. Another participating laboratory uses

USGS Microanalytical Reference materials

GSC-1G, GSD-1G, GSE-1G BHVO-2G,

BCR-2G, and BIR-1G for quantification.

The lists of elements provided by each labo-

ratory also differ, ranging from 28 to 58measured

and/or quantified elements. One laboratory did

not provide concentrations for major elements

(lab 2) and another one measured a very limited

number of trace elements (lab 1). Elements that

were only measured by a single laboratory will

not be taken into account, as no comparison is

possible. The participants were asked to carry out

three series of 10 measurements on each sample

on different days to test repeatability and

reproducibility. Not all laboratories performed

the reproducibility test.

13.3 Results

13.3.1 Heterogeneity of Samples

Before assessing the results of inter-laboratory

comparison, one major issue that needs to be

dealt with is the potential heterogeneity of Blue

and Green glasses. To assess the degree of het-

erogeneity in these samples, the repeatability of

the results obtained at the Field Museum is

reported. The repeatability (or precision) of a

measurement depends on the stability of the sig-

nal (for a given element) provided by the instru-

ment, but also of the homogeneity of the

analyzed sample. Repeatability can be calculated

as the relative standard deviation (RSD) on ten

successive measurements carried out on a sample

or SRM. For a SRM, assumed to be “ideally”

homogeneous, the repeatability will only reflect

the stability of the instrument. A sample can be

considered homogeneous when the RSD calcu-

lated for a given element in the sample is close to

the RSD for the same element in the SRM(s).

However, it is important to keep in mind that

heterogeneity is not the only factor affecting the

repeatability of measurement. Low

concentrations near the limits of detection can

adversely affect repeatability as well.

For the SRM NIST 610, repeatability is gen-

erally 5 % or less. For Blue and Green, it varies

in a wide range (Fig. 13.1). It is near 1 % for

some major elements such as potassium or

Fig. 13.1 RSD calculated from 10 measurements on SRM NIST 610, Blue, and Green
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calcium (in Green), but can be as high as 96 % for

arsenic (in Blue) or 109 % for gold (in Green).

These two elements have concentrations very

near their respective limits of detection. From a

general point of view, the repeatability obtained

for Blue and Green does not appear significantly

worse than that of some archaeological glass

samples tested in Dussubieux et al. (2009),

which were generally less than 20 %, at least for

elements not involved in coloring and opacifying

the glass.

13.3.2 Comparison of Results from
Different Laboratories

Direct comparison of the results (see Tables 13.2

and 13.3) is of course difficult. To assess the

homogeneity of the results provided by the nine

participating laboratories, similarity coefficients

were calculated. To measure the similarity of the

results produced by two given laboratories, the

following equation was used (Hunt et al. 1998):

d A;Bð Þ ¼
Pn

i¼1

Ri

n
ð13:1Þ

where:

d A;Bð Þ ¼ d B;Að Þ ¼ similarity coefficient for com-

parison between laboratory A and

laboratory B.

i ¼ element number

n ¼ number of elements in calculation

Ri ¼ XiA

XiB
, if XiA > XiB ð13:2Þ

Ri ¼ XiB

XiA
, if XiB > XiA ð13:3Þ

XiA ¼ concentration of element i as measured by

laboratory A

XiB ¼ concentration of element i as measured by

laboratory B

A similarity coefficient is one or less. A value

of one is obtained when two identical sets of data

are compared and in Tables 13.4 and 13.5, when

the composition for a given sample obtained by a

laboratory is compared with itself. Values rang-

ing downwards from one reflect increasing dis-

similarity between two sets of measurements

(Tables 13.4 and 13.5).

For Green, similarity coefficients range from

0.70 to 0.90, and for Blue, from 0.72 to 0.91. The

highest similarity coefficients occur for both

glass samples when laboratories 1 and 2 are com-

pared. These two laboratories only have

15 elements in common and the comparison is

based on far fewer elements than for the other

laboratories.

For a more detailed analysis of the results

produced by each laboratory, comparisons were

carried out with results obtained at the EAF. As

Blue and Green do not have known

concentrations, and were not measured in

advance by multiple independent laboratories

employing well-established methods for the

trace analysis of glass, it is impossible to assess

the accuracy of the results provided by the dif-

ferent participants. Instead, all results were com-

pared to the EAF measurements using the

following equation:

Xi ¼ Xi � XEAF
i

XEAF
i

ð13:4Þ

Xi ¼ value provided by a given laboratory for

element i
Xi
EAF ¼ value measured at the EAF for element i

The magnitude of xi is an indication of how

well a given laboratory performed compared to

the EAF. Values for xi that are negative indicate

an overestimation of the concentration by the

EAF compared to the other laboratories. Ideally,

all xi values for an element i should be close to

zero, which would mean that the EAF and all the

participants provided very similar values for a

given element, increasing the likelihood that
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Table 13.2 Compositions provided by the participating laboratories for Green

wt% 1 2 3 4 5 7 8 9 EAF

Li 20.9 43.3 20.2 13.5 23.7 21.1 19.7

Be 1.07 1.48 1.28 2.26

B 106 97.0 112 112 92.0

S 215

Cl 208

Na2O 11.6 % 13.3 % 12.2 % 14.3 % 11.7 % 12.2 % 12.6 % 13.6 %

MgO 2.12 % 2.10 % 2.02 % 1.80 % 2.63 % 2.14 % 1.66 % 2.18 %

Al2O3 1.74 % 1.52 % 1.51 % 2.35 % 2.02 % 2.02 % 1.41 % 2.19 %

SiO2 73.2 % 72.9 % 69.2 % 72.3 % 72.1 % 74.6 % 70.7 %

P2O5 0.02 % 0.07 % 0.01 % 0.03 % 0.03 %

K2O 0.69 % 0.74 % 0.61 % 0.54 % 0.82 % 0.63 % 1.10 % 0.72 %

CaO 9.6 % 8.6 % 9.2 % 11.1 % 10.2 % 10.2 % 7.9 % 10.0 %

Sc 2.68 7.47 42.2 2.0 5.43 24.0 1.48

Ti 296 413 290 339 350 478 325 311 306

V 10.6 10.9 12.5 11.0 11.8 9.7 11.2 8.1 12.1

Cr 863 929 940 887 959 810 852 935 933

Mn 159 162 194 160 191 153 153 126 179

Fe 2474 2600 2487 2673 1630 2509 1995 2604

Co 7.86 8.28 10.40 7.79 8.29 7.09 6.95 8.02 8.34

Ni <65 10.3 11.5 12.7 11.5 9.6 10.9 34.6 9.49

Cu 14.4 15.2 22.0 20.3 14.8 15.0 13.2 13.7 16.9

Zn 52.2 58.1 51.4 62.1 64.8 64.8 56.3 43.2 45.5

Ga 8.08 15.86 2.19 1.78 28.2

Ge 0.87 0.76 0.64 7.15

As 9.85 9.55 12.5 7.13 9.08 11.6 8.27

Se 26.10

Rb 25.6 27.3 30.7 26.9 31.1 26.8 33.0 30.5

Sr 102 118 113 103 130 121 84 122

Y 4.28 3.49 3.41 4.77 4.81 4.67 2.58 4.82

Zr 101 115 96 110 148 127 67 134

Nb 2.72 2.47 2.42 2.78 2.83 2.81 2.07 3.33

Mo 1.32 1.34 1.26 1.22 1.32 2.13 1.57

Ag 0.50 0.48 0.43 0.36 0.61 0.51 0.37

Cd <12 3.25 0.32 0.15 0.26 1.14 1.12

In 0.15 0.12 0.10 0.10 0.06

Sn 22.1 22.0 29.4 20.4 23.2 20.4 34.5 26.6 22.6

Sb 8.35 12.5 17.6 14.0 11.9 14.3 13.2 11.1

Cs 1.89 1.95 1.58 1.81 1.69 1.93

Ba 377 419 492 395 465 463 441 509 427

La 5.41 5.32 4.65 6.29 5.86 6.42 6.05 5.50

Ce 20.3 24.5 19.7 22.6 22.0 23.4 18.6 22.3

Pr 1.07 1.12 1.00 1.20 1.33 0.95 1.24

Nd 4.40 3.20 3.72 4.68 4.36 4.83 3.57 4.27

Sm 0.94 0.56 0.64 0.74 0.76 0.80 0.75 0.77

Eu 0.29 0.17 0.22 0.21 0.20 0.25 0.26 0.20

Gd 0.71 0.49 0.66 0.75 0.70 1.06 1.05 0.63

Tb 0.11 0.10 0.10 0.12 0.11 0.14 0.12 0.12

Dy 0.76 0.44 0.53 0.69 0.64 0.70 0.52 0.64

Ho 0.15 0.12 0.11 0.14 0.14 0.15 0.08 0.14

(continued)
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those values are close to the “real” concentra-

tion in the sample. If all xi values are different

from zero but close to each other, this means

that all the laboratories provided similar values,

these values being different from the ones

measured at the EAF. It is likely in this case

that the value obtained by the EAF is further

away from the real glass concentration com-

pared to the values provided by the other

participants. In reality, the xi values are quite

different from one laboratory to another for a

given element (Fig. 13.2). More implications

for the xi values obtained for a given element

are discussed below.

A few general trends can be inferred from the

comparison of the results from the different

participants and from the EAF. For most of

the laboratories and most of the elements, the

relative difference between the participants and

the EAF results are within �50 %. This is

particularly true for trace elements such as the

lanthanides (from La to Lu), with most of

the values within 25 % of those measured at

the EAF. However, for some elements, a more

significant dispersion of the results is evident.

Generally speaking, dispersion of the results

can be attributed in some cases to low

concentrations that are close to detection limits.

Gold is present at very low concentrations

in Blue and Green and concentrations and

limits of detection for this element are in

the same range, as shown in Table 13.6.

Table 13.6 gives the range of the limits of

detection reported by seven of the laboratories

involved in this inter-laboratory comparison test.

Limits of detection vary considerably, and the

extreme values differ by two to four orders of

magnitude.

While heterogeneity of the samples certainly

accounts for some of the dispersion evident in the

results obtained by the different laboratories,

other factors may also contribute to variance in

measured concentrations. For an element such as

indium, an interference of its more abundant

isotope (115In) with one of the isotopes of tin,

an element which is always far more abundant

than indium in glass samples, creates a need for

correction that may introduce a large error for the

measurement of indium concentrations. Some

elements such as scandium are systematically

over- or underestimated by a given laboratory

in the two samples. Other elements such as Li,

Na, or Ba (Fig. 13.3a–d) display the same pat-

tern, suggesting that for some elements calibra-

tion problems exist. A critical aspect of the

calibration of the measurements, as mentioned

earlier, is the selection of the appropriate values

for the concentration of each element present in

the utilized SRM(s). For NIST SRM 610, 612 or

614, certified values are provided by the

Table 13.2 (continued)

wt% 1 2 3 4 5 7 8 9 EAF

Er 1.84 1.07 1.36 1.81 1.74 1.93 1.10 1.66

Tm 0.07 0.06 0.06 0.06 0.07 0.06 0.07 0.08

Yb 0.58 0.33 0.36 0.43 0.47 0.51 0.37 0.45

Lu 0.07 0.07 0.07 0.07 0.07 0.08 0.06 0.08

Hf 3.34 2.61 3.84 4.43 3.37 2.01 3.32

Ta 0.34 0.21 0.30 0.28 0.18 0.30

W 0.53 0.49 0.30 0.49 0.48

Au 0.04 0.04 0.02 0.06

Tl 0.07 0.09 0.04 0.22

Pb 136 150 242 161 182 144 150 185 200

Bi 0.48 0.92 0.74 0.77 0.60 0.78 6.13 0.61

Th 1.40 1.10 1.20 1.69 1.84 1.88 0.78 1.31

U 0.84 1.06 0.94 1.01 0.88 1.06 0.90 0.84

Te 4.08

Re 0.03
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Table 13.3 Compositions provided by the participating laboratories for Blue

wt% 1 2 3 4 5 7 8 9 EAF

Li 12.5 42.1 15.4 18.7 14.1 12.1 13.6

Be 3.40 3.64 2.97 3.26

B 548 450 374 659 541 521

S 310

Cl 988 1521 814

Na2O 12.2 % 13.2 % 11.9 % 14.6 % 12.4 % 12.9 % 13.0 % 14.1 %

MgO 0.17 % 0.19 % 0.17 % 0.14 % 0.17 % 0.18 % 0.13 % 0.21 %

Al2O3 9.76 % 10.8 % 8.99 % 13.0 % 11.7 % 12.5 % 10.9 % 9.09 %

SiO2 70.5 % 68.5 % 63.6 % 66.7 % 71.2 % 67.3 % 68.5 % 70.0 %

P2O5 0.12 % 0.25 % 0.14 % 0.19 % 0.16 % 0.17 % 0.17 %

K2O 4.32 % 4.45 % 3.87 % 3.39 % 3.10 % 4.40 % 4.80 % 4.45 %

CaO 1.10 % 1.11 % 1.26 % 1.14 % 1.20 % 1.15 % 1.11 % 1.18 %

Sc 3.35 8.20 40.9 2.44 6.30 24.2 2.43

Ti 126 167 149 214 156 259 153 219 111

V 2.80 2.76 3.53 3.18 3.51 2.86 3.02 2.54 3.37

Cr 14.4 17.6 15.3 13.2 18.4 14.4 13.0 18.6

Mn 417 402 470 399 512 443 402 333 564

Fe 2067 2200 2144 2334 1519 2130 1904 1944

Co 5564 5699 5800 5801 6417 5613 5886 7363 4644

Ni 105 104 112 107 123 102 98.2 42.4 105

Cu 256 279 332 371 294 215 235 203 323

Zn 387 401 354 376 473 406 392 336 429

Ga 13.5 13.1 11.8 10.2 13.1

Ge 1.41 1.68 1.35 3.74

As 12.9 11.4 14.1 3.47 10.8 13.5 9.22 5.24 10.5

Se 33.0 1.52

Rb 110 103 117 99 122 100 120 104

Sr 44.8 47.6 56.4 39.5 49.5 42.9 31.1 36.5

Y 3.42 3.98 2.94 3.59 4.17 3.19 2.47 2.48

Zr 21.5 21.3 21.1 22.6 24.5 23.2 14.4 15.3

Nb 2.65 2.83 2.50 2.89 3.38 2.81 3.06 2.52

Mo 0.26 0.44 0.19 0.24 1.66 0.28

Ag 0.21 0.71 0.17 0.33 0.19 0.13

Cd 31.5 30.1 35.1 18.2 34.3 31.9 34.2

In 0.27 0.98 0.19 0.19 0.04

Sn 41.7 38.4 55.0 34.4 45.4 40.9 46.1 51.3 34.8

Sb 2.51 3.94 5.44 4.25 3.75 4.34 4.63 3.20

Cs 2.78 3.21 2.69 2.83 3.38 2.62

Ba 117 126 172 115 131 141 113 140 94.3

La 2.09 2.79 1.98 2.83 2.45 2.10 2.31 1.55

Ce 4.41 5.83 4.24 5.87 5.10 4.52 4.09 3.73

Pr 0.53 0.67 0.50 0.65 0.57 0.40 0.45

Nd 2.18 2.09 1.79 2.58 2.35 2.17 1.50 1.56

Sm 0.78 0.62 0.56 0.61 0.69 0.63 0.71 0.46

Eu 0.12 0.13 0.14 0.13 0.14 0.12 0.29 0.10

Gd 0.64 0.58 0.53 0.59 0.70 0.57 0.50 0.42

Tb 0.10 0.14 0.11 0.12 0.12 0.13 0.10 0.08

Dy 0.72 0.64 0.55 0.69 0.70 0.72 0.52 0.48

Ho 0.13 0.14 0.11 0.11 0.13 0.13 0.10 0.08

(continued)
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manufacturer for the concentrations of a small

number of elements. For other values,

laboratories rely on published data. Jochum

et al. (2011) report new values for the NIST

SRM 610-617 glasses that differ as much as

10 % from the Pearce et al. (1997) values. Two

laboratories using two different sets of assumed

concentrations for the same SRM will produce

results that will differ at least in the same propor-

tion as the published concentration values.

Table 13.3 (continued)

wt% 1 2 3 4 5 7 8 9 EAF

Er 0.38 0.30 0.30 0.30 0.35 0.34 0.22 0.23

Tm 0.05 0.06 0.08 0.04 0.06 0.05 0.03 0.04

Yb 0.61 0.38 0.33 0.33 0.42 0.38 0.30 0.28

Lu 0.08 0.07 0.07 0.05 0.06 0.06 0.07 0.04

Hf 0.70 0.79 0.89 1.05 0.91 0.61 0.57

Ta 0.55 0.45 0.58 0.52 0.47 0.41

W 0.61 0.54 0.57 0.72 0.45

Au 0.09 0.05 0.09 0.07 0.08

Tl 0.13 0.15 0.12 0.19

Pb 32.5 31.0 48.1 39.3 35.9 30.2 31.0 41.5 37.1

Bi 0.48 0.97 0.70 0.71 0.72 0.80 1.97 0.53

Th 0.94 0.97 0.79 1.48 1.05 0.97 0.68 0.65

U 0.64 0.84 0.85 0.82 0.72 0.78 0.77 0.63

Te 0.01

Re

Table 13.4 Similarity coefficients for Green

1 2 3 4 5 EAF 7 8 9

1 1

2 0.90 1

3 0.79 0.76 1

4 0.89 0.81 0.83 1

5 0.83 0.87 0.78 0.81 1

EAF 0.88 0.88 0.80 0.82 0.89 1

7 0.86 0.87 0.75 0.78 0.84 0.87 1

8 0.87 0.88 0.79 0.84 0.88 0.86 0.87 1

9 0.79 0.74 0.74 0.76 0.70 0.76 0.70 0.75 1

Table 13.5 Similarity coefficients for Blue

1 2 3 4 5 EAF 7 8 9

1 1

2 0.91 1

3 0.82 0.82 1

4 0.83 0.81 0.78 1

5 0.84 0.85 0.82 0.77 1

EAF 0.86 0.78 0.74 0.77 0.77 1

7 0.88 0.86 0.85 0.78 0.83 0.72 1

8 0.89 0.90 0.86 0.87 0.86 0.80 0.88 1

9 0.77 0.75 0.75 0.77 0.74 0.75 0.73 0.79 1
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Fig. 13.2 Relative

difference between results

from each participating

laboratory and those from

the EAF. Grey
square ¼ Blue, black
diamond ¼ Green
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13.4 Archaeological Implications

The following discussion will explore the impact

of the dispersion between laboratories noted in

this comparative study on archaeological inter-

pretation. Statistical analysis was performed on

rare earth element (REE) compositions of the

two different glasses provided by seven of the

participating laboratories and the EAF. In Blue

and Green glasses, the concentrations for the

REEs are sufficiently close to one another that

they permit a good simulation of trying to sepa-

rate two groups of ancient glass with different

compositions. These elements are very helpful as

they usually characterize the silica source used

for glass production, and are generally unaf-

fected by the colorants potentially added to a

glass.

Statistical routines obtained from Missouri

University Research Reactor implemented

through Gauss Runtime 8.0 were used to perform

a principal component analysis (PCA) and hier-

archical cluster analysis on logged (base 10) REE

concentrations. Projection of PCA1 and PCA2 on

a bi-plot display two clusters, one for each glass

sample (Fig. 13.4). For each glass, one laboratory

provided results that fall outside the 95 % confi-

dence ellipse for all measurements on each sam-

ple. However, a different laboratory falls outside

of the 95 % confidence interval for Green and

Blue.

Cluster analysis separates the two glasses

(Fig. 13.5). If Blue and Green were two archaeo-

logical glasses, it is quite likely that all the

laboratories involved in the inter-laboratory

comparison test would have been able to place

them accurately into their respective chemical

group, each chemical group being related to a

Table 13.6 Comparison between the range of limits

of detection from the different participating laboratories

and the average measured concentrations for the same

elements in Green and Blue

ppm

LOD Green Blue

Min Max Average

Li 0.002 0.1 23 18

Be 0.01 0.04 2 3

B 0.01 2 104 515

Sc 0.05 2 12 13

Ti 0.01 4 345 275

V 0.01 0.5 11 3

Cr 0.06 10 901 16

Mn 0.3 1 164 438

Fe 3 24 2371 2030

Co 0.001 6 8 5865

Ni 0.006 2 14 100

Cu 0.4 5 16 279

Zn 0.08 4 55 395

As 0.2 3 10 10

Rb 0.01 0.2 29 109

Sr 0.002 0.1 112 44

Y 0.002 0.1 4 3

Zr 0.0005 0.2 112 20

Nb 0.002 1 3 3

Mo 0.0007 0.2 1 1

Ag 0.003 0.3 0.5 0.3

In 0.0009 12 0.1 0.3

Sn 0.06 1 25 43

Sb 0.02 0.7 13 4

Cs 0.0006 0.3 2 3

Ba 0.001 0.6 443 128

La 0.0008 0.2 6 2

Ce 0.001 0.06 22 5

Pr 0.0006 0.7 1 0.5

Nd 0.002 0.4 4 2

Sm 0.003 0.5 0.7 0.6

Eu 0.001 0.9 0.2 0.1

Gd 0.002 0.1 0.8 0.6

Tb 0.0005 0.3 0.1 0.1

Dy 0.002 0.2 0.6 0.6

Ho 0.0005 0.5 0.1 0.1

Er 0.001 0.5 1.6 0.3

Tm 0.001 0.6 0.1 0.1

Yb 0.003 0.3 0.4 0.4

Lu 0.0005 0.6 0.07 0.1

Hf 0.004 0.2 3 0.8

Ta 0.0007 0.03 0.3 0.5

W 0.002 0.01 0.5 0.6

Au 0.03 0.03 0.04 0.1

PbO 0.03 0.3 172 36

(continued)

Table 13.6 (continued)

ppm

LOD Green Blue

Min Max Average

Bi2O3 0.005 0.2 1 0.9

Th 0.002 0.4 1 0.9

U 0.002 0.2 0.9 0.8
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glass producing workshop or region. However, it

would be much more difficult for these

laboratories to characterize different glass

samples taken from a single batch. If a batch

can be defined as the quantity of glass produced

in one operation, this word designates a rather

complex notion as far as ancient glass is

concerned. Freestone et al. (2000) report on the

chemical analysis of glass produced at a large-

scale glass making center in Israel, where several

furnaces able to melt nine tons of glass at once

were discovered. Samples taken from a single

furnace presented a large range of concentrations

for oxides such as soda (~11 to 16 %) inversely

correlated with silica, suggesting that either the

batch was heterogeneous or that several batches

with slightly different proportions of sand and

soda-rich flux were used to charge the furnace

Fig. 13.3 (a–d)
Concentrations of different

constituent elements in

Green and Blue

Fig. 13.4 Bi-plot for

PCA1 and PCA2 with

95 % confidence ellipses

for measurements on Green

and Blue
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Fig. 13.5 Dendrogram for the compositions of Blue and Green as determined by the different participating

laboratories

Fig. 13.6 (a and b) RSD calculated from the

concentrations for each element as measured by each

participating laboratory compared to the RSD calculated

from the measurements carried out at the EAF on the

samples sent to each participating laboratory

210 L. Dussubieux



through the firing process. On the other hand,

Freestone et al. (2009) identified a group of

objects that had such similar compositions (the

variation of the concentration for all measured

elements was within experimental error) that not

only did the author attribute them to a single

workshop, but also it was assumed that they

were manufactured from a single glass batch.

If the RSD calculated from the results from

the different laboratories are compared to the

RSD calculated for the same elements measured

on the same pieces sent to each laboratory by the

EAF, generally, a larger dispersion of the results

is observed for the results obtained by the differ-

ent laboratories (Fig. 13.6a, b). The variation in

the results provided by the different participating

laboratories would probably make it impossible

to identify glass samples from a single batch with

a very homogeneous composition across differ-

ent studies.

13.5 Conclusion

This is the first inter-laboratory comparison test

for laboratories involved in the measurement of

the elemental composition of ancient glass using

LA-ICP-MS with a focus on trace element deter-

mination. Firstly, it should be acknowledged that

this test was not ideal, as the two samples tested

presented heterogeneity that might impact the

results reported by the different laboratories.

Secondly, a list of elements should have been

provided to the laboratories so as the all range

of elements that can be analyzed using LA-ICP-

MS could be compared.

This test indicates that results produced by nine

different LA-ICP-MS laboratories concur quite

well. From the results provided by these different

laboratories, it should be possible to interpret the

resulting data reliably in terms of group

attributions. However, some information might

be lost due to the observed dispersion between

laboratories. It would for example likely be impos-

sible to identify different objects manufactured

from a perfectly homogeneous batch of glass.

This experiment shows that there is a need to

develop a more uniform protocol between

laboratories, and for those laboratories that use

the same standards for quantification, consensus

values for their composition should be used

instead of different values published in different

journals at different times. In the future, another

improved inter-laboratory comparison test

should be organized, to insure that the

recommendations resulting from this study result

in improved comparability between laboratories

measuring ancient glass with LA-ICP-MS.
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Characterization of Slag Inclusions
in Iron Objects 14
Maxime L’Héritier, Stéphanie Leroy, Philippe Dillmann,
and Bernard Gratuze

Abstract

Tracing the origins of iron artifacts generates great interest in iron metal-

lurgy. Chemical analysis of non-metallic slag inclusion (SI) entrapped in

iron produced in bloomery furnaces is an efficient mean for provenance

studies as, within their composition, SI do not only carry the conditions of

production but also the chemical signature of the iron ore initially used.

The analytical protocol is a three stage process: (a) metallographic identi-

fication and selection of SI, (b) characterization of their main component

using SEM-EDX, (c) traces element determination using

LA-ICP-MS. LA-ICP-MS analysis allows to quantify up to 39 trace

elements in the fayalitic-rich matrix of SI with detection limits at the

ppm level. Compositional ratios are then compared with one another and

to the chemical signature of previously analysed regions of production.

The methodology was applied on iron armatures from the cathedral of

Bourges to study their fabrication, their installation in the building and

their provenance. Results obtained allow a better understanding of the role

of these armatures and the supply of this construction site.

14.1 Introduction

Since the Iron Age, iron based materials have

played an essential role in the technical and eco-

nomic history of ancient societies, and tracing

the origins of iron artifacts to understand their

circulation and the distribution of ancient

markets and commercial routes has always been

among the major questions that generate great

interest among historians and archaeologists in

iron metallurgy. For example, recent archaeome-

tallurgical studies suggest that in the late Iron
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de la liberté, 93 526 Saint Denis, France

e-mail: maxime.l_heritier@univ-paris8.fr

S. Leroy • P. Dillmann
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Age, iron production was organised around

major political and economic centres which

concentrated post-reduction forging activities

thanks to the provision of raw blooms (Berranger

and Fluzin 2007). Metallographic analyses of

iron bars coming from Roman shipwrecks off

the coasts of Saintes-Maries-de-la-Mer in the

Mediterranean Sea proved that these semi-

products were classified and might have been

selected according to their quality

(Pagès et al. 2011). In the Middle Ages, historical

sources also testify that iron products could be

traded locally or internationally. As one example

among many, Spanish iron is found in the con-

struction records of several cathedrals of the

French kingdom: in Rouen and Amiens, cities

which are close to the coasts and even in Troyes,

an inland city far from the usual maritime trading

routes of Spanish iron, although iron was also

produced locally (L’Héritier et al. 2010). Was it

chosen for its better quality? Verna (2001) states

that high quality fer de Foix (“iron from Foix”)

was traded over several hundreds of kilometres

and for example entered into the construction of

the now collapsed Lion tower in Arles.

To date, these written sources have been the

only means to trace the provenance of iron

products, but in the past 10 years, several studies

have attempted to trace their origins using trace

elements analysis of slag inclusions

(SI) embedded in the metallic matrix, which

carry the chemical signature of the iron ore

initially used. After a brief review of these previ-

ous studies, this chapter will detail the analytical

protocol used to perform provenance analysis on

iron objects with an emphasis on the role of

LA-ICP-MS. An example from medieval world

will be used to illustrate the results that can be

obtained using these new analytical techniques,

by considering the iron supply of an emblematic

monument of the thirteenth century, the cathedral

of Bourges. Medieval buildings used tons of iron

armatures, thus providing a great deal of well-

dated iron artifacts for study (L’Héritier

et al. 2010).

14.2 Background

A succession of chemical, physical and mechan-

ical transformations are necessary to obtain a

usable object from iron ore. We will focus here

on the bloomery process, which is the main pro-

cess used until the end of the Middle Ages. In the

bloomery furnace, where iron ore is mixed with

charcoal at high temperature (>1200 �C), most

iron ore compounds are not removed, or not

entirely, and become rejects known as slag,

which have to be evacuated. Yet, as the entire

reduction process takes place below the melting

temperature of the metal (1535 �C), some

non-metallic second phase particles, known as

slag inclusions (SI), can remain entrapped in the

metallic matrix of the object. These SI are com-

posed of a partly fayalitic matrix sometimes

containing w€ustite dendrites. Within their com-

position, slag and SI carry information not only

about the conditions of production (charcoal,

lining, flux), but also the chemical signature of

the iron ore initially used. Many studies of iron

materials have therefore tried to obtain quantita-

tive chemical information about the SI (Hedges

and Salter 1979; Tylecote 1970).

The earliest analytical studies on SI focused

on major (and minor) element composition with

SEM-EDS (Scanning Electron Microscope-

Energy Dispersive Spectroscopy) (Blakelock

et al. 2009; Buchwald 2005; Buchwald and

Wivel 1998; Dillmann and L’Héritier 2007;

Gimeno Adelantado et al. 2003; Hedges and

Salter 1979; Paynter 2006). In very favourable

cases, i.e. very particular archaeological and geo-

logical contexts, it is possible to distinguish

objects coming from very specific ores. Leroy

(1997) used the very different compositions of

two ores found in Lorrain—the siderolitic ore

called “fer fort,” and the oolithic ore better

known as “minette,” to trace their respective

use in the region. A similar example is found in

Scandinavia, where Buchwald and Wivel (1998)

were able to differentiate Danish iron artifacts

from those from other Scandinavian regions
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such as Norway and Sweden. However, in most

cases, scattering due to contamination of the

major elements by flux, charcoal or furnace

linings is too strong, even between two smelts

using the same ore (Dillmann and L’Héritier

2007; Kronz 2003; Lychatz and Janke 2000), to

use these major elements as relevant geographic

markers.

Research gradually turned to trace elements,

which are more numerous than major elements

and less likely to be polluted (Coustures

et al. 2003, 2006; Desaulty et al 2009; Leroy

2010; Leroy et al. 2011a; Schwab et al. 2006).

They can be classified in three main groups:

lithophile elements which tend to be

concentrated in the silicate phase during iron

ore smelting in the bloomery furnace (the slag),

siderophile elements which are preferentially

retained in the iron phase, and volatile elements

which will evaporate. Coustures et al. (2003)

suggested that highly lithophile elements can be

considered for provenance study, as their ratios

are not likely to vary from the ore to the slag

during the whole process of iron production,

meaning that samples with a same origin should

display a linear correlation. This suggestion of

conservation of ratios from ore to slag and SI has

been confirmed experimentally (Desaulty

et al. 2009; Leroy 2010). A few lithophile trace

elements (Ba, Zr, Sr, Rb) should however be

discarded from provenance studies, as they are

likely to be contaminated by furnace linings,

flux, or charcoal when present in small quantities

in the initial ore, as shown by these experiments.

A crucial point of any provenance study there-

fore resides in the choice of the best suited analyt-

ical method to quantify trace elements. INAA

(Instrumental Neutron Activation Analysis) or

solution ICP-MS are relevant methods currently

used for macroscopic analyses of ore and slag,

with detection limits below 1 ppm for all of

these elements (Desaulty et al. 2008; Mariet

et al. 2008). Their small size (<1 mm) and the

fact that SI are embedded in the iron matrix pre-

vent any easy adaptation of these techniques for

their analysis, however. Several micro-analytical

methods such as EPMA (Electron Probe Micro-

Analysis), μ-XRF (X-ray fluorescence) and

LA-ICP-MS, which permit targeted investigations

at the scale of SI inclusions, were tested to quan-

tify trace elements concentrations in SI.

Schwab et al. (2006) used EPMA to quantify

trace elements in iron objects coming from the

oppidum of Manching (Germany) and compare

them with known sources of ores (iron crust, bog

ores and bean ores). The analytical set-up for SI

(WDS with an accelerating voltage of 20 kV, a

beam current of 40 nA and counting times of

10 s) allowed a quick quantification of major

and trace elements at the same time. Iron

contents seem to be overestimated in small

inclusions, although this problematic size limit

is not mentioned by the author. Moreover, typical

detection limits for this method are between

50 and 500 ppm depending on the element and

matrix, which is clearly above the concentration

of many trace elements. The author himself

regards the sensitivity of the EPMA as a limiting

factor. In this study, only Ce, Ba, Sr, and Zr could

be accurately quantified along with minor

elements such as V, Cr, and Ti, most of which

are likely to be impacted by contamination, and

are therefore not fully appropriate for provenance

studies. Therefore, results of this EPMA study

cannot be considered as totally relevant: even

though most objects seem to have a SI composi-

tion compatible with bog ores, it is clearly not

possible to reach a firm provenance assignment

based on EPMA.

Other provenance studies have relied on

LA-ICP-MS for trace element analysis in SI

(Coustures et al. 2003, 2006; Desaulty

et al. 2009; Leroy 2010). In each study, a Nd:

YAG (neodymium-doped yttrium aluminium

garnet) laser operating at 266 nm was used for

SI ablation. The size of the resulting crater varied

between 80 μm and 300 μm after a 50 to 160 s-

long analysis. Therefore, only SI exceeding this

size could be analysed. More than 30 trace

elements including the rare earth group can be

quantified by LA-ICP-MS, with detection limits

below 1 ppm. However, due to interferences

caused by the recombination of matrix major

elements (notably O, Si, Fe. . .) or argon, some
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very light elements such as scandium (45Sc ver-

sus 29Si16O+) are hardly detectable with this

method and therefore cannot be accurately

quantified (Desaulty et al. 2009).

These three studies provided relevant results

in the field of iron provenance: highlighting

differences between various origins was possible

thanks to the large number of quantified

elements. However, despite the measurement

accuracy, the reliability of the results differs

from one author to another, depending on the

gathered analytical corpora but also on the choice

of relevant elements to characterize each prove-

nance. For example, whereas Desaulty and Leroy

analysed on average ten SI per sample, Coustures

et al. only analysed 13 SI coming from five

different iron bars, which seems to be insufficient

for estimating dispersion (Desaulty et al. 2009),

and no metallographic analysis was carried out

beforehand to understand whether the studied

metallic matrices were homogeneous or not.

They also used elemental pairs behaving like

quasi-isotopes (e.g. Zr/Hf), which should be

avoided as their elemental ratios usually do not

vary from one region to another and are therefore

not relevant for a particular region (Desaulty

et al. 2009). Moreover, whereas pointing out

dissimilarities between samples from different

origins is sometimes easy using bivariate plot

diagrams, validating a provenance hypothesis is

much more difficult, as many ratios have to be

considered. Other treatments using multivariate

statistical analysis were therefore developed to

check the similarities and incompatibilities

between several ensembles of elements (Leroy

2010; Leroy et al. 2011a; Disser 2014).

Although LA-ICP-MS gives very good results

for quantifying trace elements in SI, to have a

sufficient signal with the analytical set-ups used

so far, only SI larger than 80–100 μm could be

analysed. Finding such SI is usually easy in iron

by-products or poorly manufactured objects such

as construction iron. On the other hand, it can

remain a challenge in highly manufactured

objects such as tools, weapons or armour. To

attempt to overcome this limitation, Leroy tested

confocal μ-XRF using Synchrotron Radiation on

medieval Italian armour samples, which required

a non-destructive analysis of much smaller SI

(<30 μm) (Leroy et al. 2011b). The main fluo-

rescence peaks are Rb, Sr, Y, and Zr for trace

elements, whose detection limits could be

estimated at around 10 ppm (for an energy of

22 KeV) by comparison with LA-ICP-MS and

ICP-MS. No other trace elements are likely to be

detected unless present in very high quantities

(e.g. Ba � 4000 ppm). Interferences may occur

between peaks with very close energies (e.g. Kβ
(Rb) and Kα(Y) or Kβ(Sr) and Kα(Zr)), thus
preventing the detection of Y and Zr if Rb or Sr

respectively are too concentrated. Despite the

small numbers of trace elements which can be

quantified with this method—among which most

are likely to be contaminated—it might prove

relevant in certain specific cases. For example,

Leroy was able to reject the hypothetical Lom-

bard provenance for some of the studied armours,

as their SI compositions do not match the

region’s chemical signature.

Table 14.1 sums up the characteristics of the

analytical methods tested so far for trace element

analysis in SI. Among them, LA-ICP-MS is

clearly the best suited to quantify lithophile

trace elements at the ppm levels in SI from iron

objects, although size is likely to be an issue for

small inclusions (<80 μm). However, more sen-

sitive—and more recent—devices should partly

be able to overcome this last issue.

Table 14.1 Characteristics of analytical methods tested for trace element analysis in slag inclusions (advantages in

bold, hindrances in italic)

Analytical method Number of analysed trace elements Detection limits Size of analysis Time of analysis

EPMA 4 50–500 ppm Not mentioned

(a few microns?)

10 s

μ-XRF 4 �10 ppm 5–30 μm
depending on Z

10 min in average

LA-ICP-MS >30 <1 ppm 80–300 μm 50–160 s
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14.3 Protocol

Prior to LA-ICP-MS trace element analysis, a

rigorous protocol (Fig. 14.1) has to be followed

to carry out a reliable provenance study

(Desaulty et al. 2009; L’Héritier et al 2013;

Leroy et al. 2011a). It consists in (a) performing

a complete metallographic analysis on each arte-

fact to consider the history of the artefact, in

particular to evaluate if its forging required vol-

untary welding of iron from different origins for

technical reasons or simply because of recycling

and (b) selecting relevant SI for provenance stud-

ies, i.e. produced during the smelting stage. First,

one (or several) cross-sections should be chosen

on the artefact to evaluate its potential heteroge-

neity, especially when the object was likely to

have been forged from different metals (e.g. tools

with a steel point or edge). After mounting in

epoxy resin and polishing using SiC abrasive

paper (grade 80 to 1200) and diamond polishing

(medium 9, 3 and 1 μm), a preliminary observa-

tion is performed on the sample using an optical

microscope. This allows distinguishing the dif-

ferent kinds of inclusions and possible welding

lines, suggesting different zones of interest on the

artifact. Metallographic etching such as Nital or

Oberhoffer etchings can also be used at this stage

to better identify these potential features by

revealing the metallic structure (carbon and

phosphorus content).

Next, major composition analyses of the SI

are performed using Energy Dispersive Spec-

trometry (EDS) coupled to a Scanning Electron

Microscope (SEM). As proposed by Dillmann

and L’Héritier (2007), at least 50 SI per zone of

interest on the sample should be analysed to

select only those which are characteristic of the

reduction system (ore, fuel, lining, flux),

i.e. which come from the smelting stage. These

SI can easily be identified as their Non-Reduced

Compounds (NRC) ratios (i.e. Al2O3, SiO2,

MgO, CaO, K2O) are constant throughout the

sample. SI whose compositions vary from these

ratios are likely to have undergone phase

partitioning during the chaine opératoire or to

come from the use of additives (antioxidants)

during the forging stage. In both cases, these

cannot be considered for provenance studies

and should consequently be discarded from any

trace element analysis. Moreover, if several con-

stant NRC ratios are found within the same

object, matching with previously identified

zones of interest, it is likely that the object was

forged out of iron pieces coming from different

smelts and therefore potentially having different

origins. Each zone of interest with a different

signature should then be considered separately

during trace element analysis. The combination

of optical metallographic analysis with SI major

element analysis by SEM-EDS allows

(a) identification of iron objects likely to have

been recycled (i.e. to have several origins),

(b) selection within each homogeneous section

of the artefact of up to a dozen SI with a
Fig. 14.1 Schematic diagram of the protocol used for

provenance analysis
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sufficiently large size (>80 μm wide) whose

compositions are related to the ore’s chemical

signature.

Analyses performed at the Centre Ernest-

Babelon of the IRAMAT (Orléans) are carried

out with an Element XR mass spectrometer from

Thermofisher Instrument and a VG UV micro-

probe ablation device (quadrupled frequency Nd:

YAG operated at 266 nm). The concentrations of

39 elements are routinely determined in SI,

among them the main lithophile elements present

in SI including most of the rare earth group and

some siderophile elements mainly present in

metallic iron. Among these elements, only

12 (mainly the rare earth and some related

elements) are routinely used to determine the

geochemical signature of the ore. Others

elements are however useful either to obtain an

estimation of the metallic iron present in the

ablation (Mo, Sb, W, Cu, Ni. . .), or to distinguish

objects coming from very specific ores or to

check contamination during the reduction pro-

cess (Ti, V, Ba, Zr, Sr, Rb. . .). Silicon is

measured on the 28Si isotope and is used as

internal standard.

While new laser ablation systems have laser

beam sizes as small as 4 μm, the 266 nm laser

ablation device used in this study does not allow

ablation below 20 to 30 μm. Moreover, for SI

with average silica content (<40 %), an 80 μm
ablation is usually required to generate sufficient

signal. One of the first problems encountered

with SI analysis using LA-ICP-MS is linked to

the size (diameter and thickness) of the studied

material. These objects are often too small to

carry out line analysis and their thickness is

unknown when using spot analysis. The ablation

of pure SI is therefore nearly impossible, and the

ablated material will generally be a combination

of siliceous slag and metallic iron. As SI contain

iron as well, distinguishing between iron oxides

and silicates contained in the SI and metallic iron

from the surrounding matrix is thus not possible

and the classical internal standard procedure used

to calculate the composition of glass and metal is

consequently not applicable to SI.

Therefore, a compromise has to be made to

obtain reliable results representing the

geochemical signature of the ores. Assuming

that the concentrations of lithophile elements of

interest are negligible in the metallic phase, rela-

tive concentrations of these elements, rather than

absolute values, can however be calculated using

the silicon values determined by SEM-EDS and a

semi-quantitative internal standard calculation

procedure. Our aim is not to determine absolute

rare earth concentration but to obtain the geo-

chemical signature of the sample assuming that

rare earth element ratios remain unchanged from

the ore to slag and SI as shown by Desaulty and

Leroy (Desaulty et al. 2009; Leroy 2010). To

check the representativeness of the ablated mate-

rial, the relative proportion of metallic iron can

be estimated by measuring the signal of

siderophile elements such as Mo and Sb and by

comparing the intensity of the raw signal values

obtained for silicon with the one obtained for

glass SRM610 used as a reference material.

Inclusions with high Mo and Sb signal and low

Si signal should then be rejected.

LA-ICP-MS analysis of SI operates as

follows. The objects are put in a large ablation

cell (12 cm in diameter and 4 cm height) together

with a glass disc of SRM610. The 266 nm Nd:

YAG laser is operated at 5–7 Hz with a beam

diameter of between 30 and 80 μm depending on

the size of the SI and its silica content (usually

80 μm). Argon carrier gas at a flow rate of 1.35 L/

min is used along with a cool gas at 16 L/min and

auxillary gas flow at 1.07 L/min. There is 15 s of

uptake time prior to SI analysis, and 3 min prior

to each blank between two different samples. All

isotopes except 28Si are measured in dual mode

with four points per peak; 28Si is measured using

a Faraday cup with ten points per peak

(Table 14.2). Scan time for 39 isotopes is

1.96 s, with 25 scans for a total analysis time of

49 s.

For each sample, between 9 and 12 SI are

selected per zone of interest. To improve repro-

ducibility and to correct instrumental drift or

changes in ablation efficiency, SRM610 standard

is measured at least once per hour, approximately

every four or five samples. SI analyses are car-

ried out in a random order by groups of three.

Each analysis consists of a blank measurement

218 M. L’Héritier et al.



followed by three ablations of different SI from

the same sample. Then, the next iron sample is

analysed. When three SI have been measured on

each sample, we start again on the first one and so

on, until totalling 9 to 12 SI analyses per sample

or zone of interest. This procedure allows us to

check instrumental drifts, thus insuring that if

two sets of SI from two different samples show

different behaviours, they could really be

interpreted in terms of different ores or prove-

nance without being due to analytical artifacts.

At the end of the analytical sequence, the refer-

ence materials are analysed again.

The glass standard reference material

SRM610 manufactured by NIST (National Insti-

tute of Standards and Technology) is used to

calculate the response coefficient factor KY as

defined by Gratuze (1999) and thus convert sig-

nal data into quantitative values. Concentrations

in SRM610 are taken from Pearce, Norman and

Hollocher (Hollocher and Ruiz 1995; Norman

et al. 1996; Pearce et al. 1997). Concentrations

are then calculated using the silicon content

determined by SEM-EDS. For measurement car-

ried out directly on archaeological slag an addi-

tional reference material, Corning glass B (Brill

1999), is used.

The following formula is used to calculate the

relative concentrations for all elements:

Y½ � ¼ Si½ �SEM�EDS �
IY

ISi � KY

ð14:1Þ

where IY and ISi are the net intensity counts rates,

corrected for isotopic abundance, measured for

elements Y and silicon.

KY is the response coefficient factor for

element Y, calculated as follows:

KY ¼ IYN610
� SiN610½ �

ISiN610 � YN610½ � ð14:2Þ

where IYN610 and ISiN610 are the net intensity

counts rates, corrected for isotopic abundance,

measured for elements element Y and silicon in

the standard material SRM610 and [YN610] and

[SiN610] are their concentrations.

For slag analysis, the complete analytical pro-

tocol developed for glass is used (see Gratuze,

Chap. 12). Iron concentrations are determined by

using the 57Fe isotope of iron, and Corning B

glass is used to calculate KFe. As the analysed

material (slag which can contain more than 50 %

iron) differs strongly in composition from this

reference material (Corning B iron concentration

is only 0.23 %), the validity of our protocol and

the absence of matrix effects for slag were

checked by analysing a set of slag samples

using both LA-ICP-MS and ICP-MS in liquid

mode (liquid ICP-MS measurements were car-

ried out by ALS Minerals). Data obtained on

these slag samples using both methods shows a

good agreement between laser ablation values

and liquid mode values (Table 14.3). If we then

compare the element concentrations determined

with the slag inclusion protocol and the full ana-

lytical protocol, a good agreement is observed

between rare earth element ratios.

The trace elements determined in slag

inclusions are mainly concentrated in the silica

phase, and for a determined laser spot size, their

detection limits are strongly dependent on both

the size of the analysed SI and its silica content.

Silica content of SI can vary from 10 % up to

70 %, however it is more often in the range of

20 to 40 %. The net signal intensity measured for

silica is between 2 and 30 times lower than the

Table 14.2 Measured isotopes, detection mode and main interferences

Used isotope Detection mode

Main

interferences

Si28 (used as internal standard) Faraday, 10 points per peak Fe56++

(negligible)

Be9, Sc45, Ti47, V51, Cr52, Co59, Ni60, Cu63, Zn66, Ga69,

Ge72, As75, Rb85, Sr88, Y89, Zr90, Nb93, Mo95, Pd108, Sn118,

Sb121, Cs133, Ba137, La139, Ce140, Pr141, Nd146, Sm147,

Eu153, Gd157, Tb159, Yb172, Hf178, Ta181, W182, Pb208,

Th232, U238

Dual mode: pulse counting or

analogue, 4 points per peak
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one measured for the SRM610 standard glass.

The detection limits given in Table 14.4 are

calculated for SI containing an average value of

30 % silica and with a net Si signal intensity on

the order of 12 % of the one measured for

SRM610. In that case, detection limits range

from a few ppb to 15 ppm for all elements except

titanium, whose detection limit on 47Ti is

130 ppm. This high value is due to the high

background value measured at mass 47 as well

as low isotopic abundance (7 % of 47Ti), while

the other elements are measured on positions

with lower background and with more abundant

isotopes. The achieved detection limits could be

up to five times lower or higher, depending on the

size of the SI and on its silica content.

Precision has been estimated by considering

both the standard deviation of the sensitivity

coefficient KY calculated for SRM610 (which is

below 5 % relative standard deviation for most

elements) and the measurement error on the peak

intensity (which is equal to the ratio of the square

root of the signal intensity divided by the signal

intensity). Precision ranges from 5 to 10 %

depending on the intensity of the measured sig-

nal. As the aim of this work is to obtain the

reliable geochemical signature of the sample

rather than the exact concentration values of

elements, the uncertainty of silica measurement

by SEM-EDS has not been taken into account.

For a given SI, silica concentration can be con-

sidered as a constant. Variations in its content are

not likely to affect element ratios, but only real

element concentrations and thus the accuracy of

the determined value.

14.4 Archaeological Application:
The Tie-Rods of Bourges
Cathedral

The cathedral of Bourges was rebuilt in its cur-

rent gothic form after 1195, under the reign of

Bishop Henri de Sully, who donated money for

its reconstruction. According to art historical

studies, the eastern half of the nave up to the

6th bay was erected before 1214 (Branner

1962). Then, after a break in construction which

is clearly visible thanks to changes in the

masonry, the western parts were probably

begun under Simon de Sully. According to

Ribault (1995), the nave was finished before

1232, yet more recently Epaud (2011) proved

that it was only roofed in 1256, endorsing

Branner’s first assumptions about a later comple-

tion date. Among the ferrous armatures that were

used inside the building, five meter long tie-rods

were placed in the side-attic over the aisles at the

triforium level. These tie-rods are used to attach

the nave pillars to the corresponding abutments

and are inserted above the transverse arches

spanning the vaults (Fig. 14.2). They weigh

more than 45 kg each and therefore needed the

welding together of several blooms, which is

partly visible from the existing forging marks

on their surface. Despite their amazing

dimensions, these tie-rods are not very deeply

anchored inside the masonry: only 17 cm deep

with a 5 cm long hook (Férauge and Mignerey

1996). Moreover, their distribution is not totally

regular: on the northern side, the first tie-rod still

in place corresponds to bays 2 and 3, whereas on

the southern side, they start at bays 5 and

6 (Fig. 14.3). Considering the substantial restora-

tion work that this part of the church underwent

in the eighteenth and nineteenth centuries,

Férauge and Mignerey (1996) question their

installation date, not knowing whether to classify

them as “iron armatures used a priori for a tem-

porary consolidation” or “iron armatures used a

Table 14.4 Range of detection limits achieved for a slag

inclusion whose silicon net signal intensity is approxi-

mately 12 % of the one measured for SRM610 glass

reference material

Average range of LOD values Elements

Below 15 ppb Th, U

Between 30 and 100 ppb Y, Nb, La, Ce, Pr, Tb,

Yb, Hf, Ta, W

Between 150 and 500 ppb V, Zr, Mo, Pd, Sb, Nd,

Sm, Eu

Between 500 and 1000 ppb Ga, Rb, Sr, Cs

Between 1 and 5 ppm Be, Co, Ni, Cu, Zn, Ge,

As, Sn, Ba, Gd

Between 6 and 15 ppm Sc, Cr, Pb

Between 100 and 150 ppm Ti
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posteriori for a definitive consolidation,” two

totally different groups architecturally speaking.

Thanks to the collaboration of architect

P. Ponsot and curator J.-P. Blin, some sampling

was carried out on these tie-rods to understand

(a) if these 45 kg bars were forged by welding

blooms from the same or from different origins

and (b) if their supply matches the known con-

struction phases, particularly the so-called

“Branner break” between the 5th and 6th bays.

Forty sampleswere taken from the 13 available

bars (Table 14.5) totalling up to five samples per

bar to check their homogeneity. Most analysed

samples are too small (about 5 mm long) to give

an idea of the structural homogeneity of the

metallic matrix and of the forging techniques

which were used by the smith, yet all of them

but two contained sufficient SI to perform major

and trace element analysis. Larger samples could

only be studied on tie-rod TN7. One of them

Fig. 14.2 View of the

northern aisle tie-rods

Fig. 14.3 Location of the

tie-rods in Bourges

cathedral (plan at the

triforium level)
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(TN7H) displays a welding line, which proves

that several pieces of metal were indeed welded

together to forge this tie-rod (Fig. 14.4).

Major element analysis by SEM-EDS shows

that most SI come from the smelting stage and

that they are therefore relevant for provenance

studies. This feature also proves that little or no

flux was added by the smiths during forging.

However, SI coming from different samples of

the same tie-rod sometimes show two distinct

constant NRC ratios (Fig. 14.5). It is in particular

true for tie-rod TN7, where SI have a different

composition on each side of the welding line,

thus giving evidence of blooms from diverse

workshops.

Trace elements analysis emphasizes this fea-

ture, when comparing the chemical signatures of

several samples from the same tie-rod (12 trace

elements were considered: Y, Nb, La, Ce, Nd,

Sm, Eu, Tb, Yb, Hf, Th, U). Indeed, for TN3,

TN4, TN6, TN7, TS8, TS9 and TS11, at least one

bivariate plot diagram shows at least two distinct

Table 14.5 List of the samples coming from Bourges

cathedral tie-rods

Tie-rod

reference

Location

(bay)

Number of samples

(analysed by

LA-ICP-MS)

TN3 North 2–3 4

TN4 North 3–4 4

TN5 North 4–5 3

TN6 North 5–6 4

TN7 North 6–7 3

TN8 North 7–8 3 (2)

TN9 North 8–9 4 (3)

TS6 South 5–6 3

TS7 South 6–7 2

TS8 South 7–8 5

TS9 South 8–9 3

TS10 South 9–10 1

TS11 South 10–11 3

Fig. 14.4 Metallographic observations on sample TN7H with location of SI analyses by SEM-EDS (zone 1 green;
zone 2 red)

Fig. 14.5 NRC ratios for sample TN7H (zones 1 and

2 correspond to the squares in fig. 14.4)
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correlation trends (Fig. 14.6). This is also proba-

bly true for TN5 and TS6, although chemical

differences between the different samples are

not as marked as for other tie-rods. The homoge-

neity of TS10 could not be checked as only one

sample was taken from that tie-rod.

Thus, most bars were made by welding iron

pieces from different origins together (Table 14.6),

providing quite a different picture than was

foreseen on the basis of major element analysis.

Although there seems to be no more than two

different origins per tie-rod, the repartition of

samples of diverse provenance reveals that at

least four blooms or bars were required to forge

tie-rod TS8. This first result proves that these

massive tie-rods were not imported as a whole

from a single bloomery controlling all stages of

iron production. On the other hand, total mixing of

iron from different origins highlights the existence

of at least one intermediate who gathered iron

by-products (blooms or bars) to forge the tie-

rods. They might therefore have been forged on

demand either in a forge at the building yard, by an

urban locksmith, whose iron supply can easily

vary or even by a hydraulic smithy specialised in

the fabrication of this kind of product. This last

hypothesis might be most likely given the huge

dimensions of these tie-rods, as neither a regular

urban locksmith nor the building yard were likely

to have the suitable equipment to easily forge such

bars. Account books of Troyes cathedral from the

early fifteenth century give an example of such

orders for 150 lb iron bars “according to the

dimensions given by the fabric master” to the

distant “great forge” of Doulevant, 75 km away

from Troyes, but also to a closer forge in the Pays

d’Othe (L’Héritier et al. 2010).

Trace element analysis also allows

comparisons between the tie-rods. A few bivari-

ate plots (notably Nd/Sm, Y/La and U/Th), as

well as the use of multivariate statistics in this

case, Principal Component Analysis as proposed

by Leroy et al (2011a) strongly discriminate a set

of SI with a particular distinct composition, here

labeled ‘Group A’ (Fig. 14.7). The specific

Nd/Sm ratio of Group A is not compatible with

local production areas like the Allogny forest

(Bordeloup 1995) or the region around Noirlac

abbey (Dunikowski 1987) in which slags were

collected and analysed using the same analytical

set-up. Group A includes tie-rods TN8, N9, S7,

S9, S10 and S11 (although only partly for S9 and

S11) and maybe also S6, which all happen to lie

beyond the so-called “Branner break” located

between the 5th and 6th bays (Table 14.6). This

drastic change in SI composition might illustrate

a change in the supplying smithy. It also reveals

that these tie-rods match the known construction

phases and were therefore probably installed at

the beginning of the thirteenth century to help the

side walls sustain the transverse thrust of the

vault.

Trace element analysis on SI from tie-rods at

Bourges cathedral permitted us to clarify several

Fig. 14.6 Bivariate plots showing different ratios for samples of tie-rod TS8
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Fig. 14.7 Bivariate

Sm/Nd plot (a) and
Principal Component

Analysis (b) on the

tie-rods samples. The

bivariate plot also shows a

comparison with local slag

coming from Allogny

forest & Noirlac abbey

surroundings
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questions raised up in the 1990s about the struc-

ture of the cathedral and the role of metallic

armatures. A further step would involve geo-

graphical provenancing of the iron, first with

local production areas (except for Group A) and

then with extra-regional areas. Leroy

et al. (2011a) have demonstrated the possibility

of determining the origin of iron artifacts by

applying a methodology based, in particular, on

a combination of LA-ICP-MS analysis and mul-

tivariate statistical methods. The multivariate

methodology developed permits linking an

elemental-based signature of a given ore extrac-

tion area with ore to artifacts of unidentified

origin by comparison of chemical signatures.

This approach was tested to characterize the

medieval iron market of Ariège, France (Leroy

et al. 2011a).

14.5 Conclusion

LA-ICP-MS is to date the best suited method to

quantify trace element composition in SI

entrapped in ancient iron objects as a means of

determining provenance. Unlike other methods

tested to date (confocal SR-μ-XRF, EPMA), LA-

ICP-MS can quantify most lithophile elements

below the ppm level. The only hindrance in the

analytical set-up used so far is the ablation crater

diameter, which limits the minimal analysis size

to about 80 μm and therefore prevents the study

of refined objects presenting only smaller SI,

especially below 30 μm. However, decreasing

the wavelength of the laser (e.g. from 266 nm

to 193 nm), would improve ablation yield and

increase signal strength, even for smaller SI, and

thus allow analysis of smaller SI. Similarly,

using an ICP-MS with better sensitivity than the

one used in this study, it would also be possible

to generate reliable results on a reduced quantity

of ablated matter. Therefore, characterization by

LA-ICP-MS of small inclusions should be possi-

ble by changing the wavelength of the laser or the

increasing the sensitivity of the ICP-MS.

To obtain relevant results, a very rigorous

protocol has to be followed, however, beginning

with an initial complete metallographic analysis

of the artifacts under study, including major ele-

ment analysis by SEM-EDS to understand the

genesis of SI. The application of this combined

metallographic/LA-ICP-MS protocol, in con-

junction with recent developments in data treat-

ment such as the use of multivariate statistics,

opens new prospects in the field of provenancing

iron objects.
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Table 14.6 Main results summary regarding major and trace element analyses

Tie-rod

reference

Number of

samples

Homogeneity of NRC ratios

(MEB-EDS)

Groups of different origins

(LA-ICP-MS)

Presence of

“Group A”

TN3 4 Yes 2 (P1&P2/P3&P4)

TN4 4 Yes 3 (P1&P4/P2/P3)

TN5 3 ? 2 (P1/P2&P3) ?

TN6 4 No 3 (P1/P2/P3&P4)

TN7 3 No 2 (F&G&Ha/Hb)

TN8 3 (2) Yes 1 X

TN9 4 (3) Yes 1 X

TS6 3 Yes 2 (P1/P2&P3) ? X (?)

TS7 2 Yes 1 X

TS8 5 No 3 (P1/P3/P2&P4&P5)

TS9 3 Yes 2 (P1&P2/P3) X (P1&P2)

TS10 1 – – X

TS11 3 Yes 2 (P1/P2&P3) X (P2&P3)

“?” means uncertain
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Relevance of NH4F in acid digestion before ICP-MS

analysis. Talanta 77:445–450

Norman MD, Pearson NJ, Sharma A, Griffin WL (1996)

Quantitative analysis of trace elements in geological

materials by laser ablation ICPMS: instrumental

operating conditions and calibration values of NIST

glasses. Geostand Newslett 20:247–262

Pagès G, Dillmann P, Fluzin P, Long L (2011) A study of

the Roman iron bars of Saintes-Maries-de-la-Mer
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Expanded Applications of Laser
Ablation-ICP-MS in Archaeology 15
Mark Golitko

Abstract

This chapter briefly reviews novel and expanded archaeological

applications of LA-ICP-MS as presented in the chapters in Part IV of

this volume.

15.1 Expanded Applications of LA-
ICP-MS

The papers in this section detail new applications

of LA-ICP-MS, either to materials not previously

studied with this technique, or by using the par-

ticular strengths of the technique to expand study

of material types previously analyzed by other

means. An informal review of applications of

LA-ICP-MS published in two leading archaeo-

logical sciences journals reveals an overwhelm-

ing use of the technique for analyzing ceramics,

glass (both natural and synthetic), and metals and

alloys. These materials of course each have a

long history of study by other means of chemical

characterization, and LA-ICP-MS has been

utilized in some cases as an alternative means

of generating essentially the same kinds of infor-

mation, either because of small sample size, the

need for low detection limits, or minimal

destructiveness when compared to other

available options, as detailed in prior chapters

in this volume. For instance, applications of

LA-ICP-MS for obsidian provenience studies

(see Chap. 10) have largely sought to mimic

bulk characterizations by INAA and other

techniques, albeit with less damage to artifacts

and the ability to avoid phenocrysts and other

inclusions that might impact bulk composition.

Analysis of ceramics, glass and metals have

utilized unique properties of LA to analyze only

particular phases or components of ceramic

vessels (e.g., slip/paint, tempers, or paste),

while analyses of glass and metals have used

the time- and depth-resolved capabilities of LA

to avoid corrosion layers and analyze multi-

component objects.

The first two papers in this section deal with

expanding the use of LA-ICP-MS to study rock

types that are less frequently subject to

archaeometrical study. Carter (Chap. 16)

examines the provenance of garnet beads found

throughout Southeast Asia, exploring the poten-

tial of trace elements to sort out provenance

issues in a geological material that is

characterized by end-members with highly
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variable major element concentrations, moving

beyond studies that have relied on SEM-EDS and

other such techniques. Baron and Gratuze

(Chap. 17) utilize LA-ICP-MS to measure trace

element content in what they term “black rocks,”

a diverse group of rocks unified by high carbon

content (jet, lignite, oil shale). While carbon can-

not be effectively measured by ICP-MS directly,

they produce concentrations of trace elements

normalized to an assumed carbon content, and

distinguish major sources of carbonaceous rocks

in Europe utilized during the Iron Age.

These studies, as well as other published LA-

ICP-MS studies on materials such as ochre

(Scadding et al. 2015; Zipkin et al. 2015) and

carnelian (Gliozzo et al. 2014; Insoll et al. 2004)

highlight the difficulties inherent in analysis of

highly heterogeneous rock categories, including

the selection of appropriate means of quantifica-

tion. The wider range of standards being pro-

duced specifically for LA-ICP-MS analysis

currently, for instance USGS powder rock

standards fused as glass discs, opens up new

potential for quantifying concentrations in some

of these types of materials, although some

elements like carbon remain beyond the ability

of LA-ICP-MS to quantify and studies using LA-

ICP-MS would in many cases still benefit from

complimentary measurement by other techniques

such as SEM-EDS.

Dudgeon and colleagues (Chap. 18) follow

such a joint approach in their study of human

teeth from Bronze Age Armenian burials. After

laser ablation, they use subsequent SEM-EDS

quantification of major element content at the

same locations, using a series of in-house apatite

standards and USGS powder rock standards to

quantify trace elements. Their study utilizes LA-

ICP-MS raster mapping of tooth surfaces to

explore impacts of elemental uptake from the

burial environment in relation to elements that

may have entered teeth and bones through life-

activities (Arsenic-Bronze production in this

case). While LA has to date been employed

only sporadically to analyze biological materials

in the field of archaeology, there is potential in

the application of multi-collector ICP-MS with

laser sampling to generate isotopic ratios at fine

spatial scale across teeth and bones in order to

explore subtle or short-term changes in resi-

dence, diet, and activity in prehistoric people,

although interferences have been noted that

impact accurate measurement of Sr isotopes

(Copeland et al. 2010; Simonetti et al. 2008).

LA-MC-ICP-MS represents a promising

approach for a number of materials, but has been

only occasionally used in the past to study

materials such as lead glazes on ceramics (e.g.,

Habicht-Mauche et al. 2002). Iñañez and his

coauthors (Chap. 19) use LA-MC-ICP-MS to ana-

lyze such glazes on colonial ceramics to deter-

mine whether these were produced from

European or Central/South American ore sources.

While employed primarily for analysis of lead

glazes, LA-MC-ICP-MS could hypothetically be

used to examine isotope ratios in other

components of ceramics such as temper grains as

a means of estimating geological age of the rock

deposits fromwhich these materials came, or even

to conduct isotopic studies on ceramic paste itself

to provide complementary provenance analysis

information with trace element chemistry. For

instance, differing isotopic ratios between temper

grains and paste might conclusively indicate dif-

ferent basic geological and geographical origins

for the components of that ceramic matrix.
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Determining the Provenience
of Garnet Beads Using LA-ICP-MS 16
Alison K. Carter

Abstract

Stone and glass beads have been found at Iron Age (500 BC–AD 500) sites

across Southeast Asia and are often assumed to be indicators of contact

with South Asia. However, recent research on glass, agate, and carnelian

beads indicates there may have also been local production of these

materials. In Cambodia, two different types of garnet beads have been

identified at several Iron Age sites. The first type is spherical, well-

polished, and appears to have been drilled with a diamond drill, a drilling

technique that is strongly associated with Indian bead production. The

second type of garnet bead is unpolished, unshaped, and drilled using a

variety of different drilling methods. Based on these initial differences, it

was hypothesized that there were two different bead-making traditions

represented amongst the garnet beads, and that the second type of garnet

bead may have been locally produced. To investigate this question more

thoroughly the garnet beads were analyzed using laser ablation-

inductively coupled plasma-mass spectrometry (LA-ICP-MS) in order to

determine their chemical composition. Geological source samples from a

variety of garnet sources across South and Southeast Asia were also

analyzed using LA-ICP-MS. Results indicate that LA-ICP-MS is an

excellent tool for differentiating between garnet sources and analyzing

archaeological garnet artifacts with minimal damage. Furthermore, the

results of the study confirm that the two types of beads were made from

distinctly different garnet sources, although the locations of these sources

remain unknown.

16.1 Introduction

The Iron Age period of mainland Southeast Asia

dates from approximately 500 BC–AD 500 and is

marked by the first appearance and use of iron,
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increasing social stratification, and the first signs

of contact with South Asia (Higham 2014).

Long-distance trade and interaction with South

Asia, primarily the modern countries of

Bangladesh, India, Pakistan, and Sri Lanka, is

assumed to have been an important factor in the

processes leading to the development of the first

complex societies in Southeast Asia (e.g. Glover

1996). Therefore, the study of trade and interac-

tion between these two regions has important

implications for understanding socio-political

development in Southeast Asia during the Iron

Age period. Stone and glass beads are often the

first archaeological indicators of contact with

South Asia and are ubiquitous at many Southeast

Asian sites. Consequently, beads have been at

the center of several studies examining their

role in trade and socio-political development

(e.g. Bellina 2003, 2007, 2014; Carter 2013,

2015; Francis 2002; Theunissen et al. 2000).

More recent research has focused specifically

on evidence for possible stone and glass bead

manufacture in Southeast Asia, in addition to

the importation of these materials from South

Asia (Bellina 2007, 2014; Lankton and

Dussubieux 2006, 2013; Lankton et al. 2008;

Theunissen et al. 2000). The possibility of local

production of beads in Southeast Asia has several

implications for our understanding of sociopolit-

ical development in Southeast Asia. Vidale and

Miller (2000) have argued that crafts that employ

complex technologies, such as stone bead pro-

duction, but made with local materials are a

hallmark of increasing social stratification and

hierarchy, most commonly associated with com-

plex chiefdoms or state level societies. This

allows elites to control the production of highly

valuable prestige objects, whilst also having easy

access and control of these raw materials.

Theunissen et al. (2000) have argued that there

may have been local production of agate beads in

Thailand using a local central Thai agate source.

At the peninsular Thai site of Khao Sam Kaeo

there is evidence for stone and glass bead and

ornament manufacture (Bellina 2007, 2014;

Lankton et al. 2008). Bellina (2003, 2007,

2014) has argued that evidence from Khao Sam

Kaeo also indicates that South Asian craftsmen

may have been living and making stone beads

under the patronage of Southeast Asian elites.

Rather than controlling all aspects of production

of beads, Bellina argues that, “patronizing for-

eign craftsmen was, in itself, a symbol of power

and authority” (2003: 294). In order to further

investigate organization of bead production in

Southeast Asia, it is crucial to understand where

and how beads were being made. This can be

achieved in part through the use of compositional

analysis and sourcing studies of archaeological

beads.

The studies discussed above have focused

solely on glass, agate, and carnelian beads. How-

ever, beads made of other materials have also

been found, although in lesser quantities. This

study focuses on two sets of garnet beads found

at Iron Age sites in Cambodia. Previous exami-

nation of their morphology as well as their drill

holes indicates that these two sets of beads are

distinct from one another, and that beads found at

sites in southeast Cambodia may represent a

local bead-making tradition (Carter 2012). The

current study investigates this question further by

using laser ablation-inductively coupled plasma-

mass spectrometry (LA-ICP-MS) analysis to

determine the composition of these garnet bead

artifacts and compare them with a variety of

garnet geologic sources from South and South-

east Asia. This reflects a methodological

advancement in that the measurement of major,

minor, and trace element concentrations allows

for both the identification of garnet types, and

when compared to geologic sources samples, can

be used to determine where the raw material was

obtained. The results show that the two groups of

garnet bead artifacts are compositionally distinct

from one another, although the sources for both

sets of artifacts remain unknown.

16.2 Garnet Samples

Garnet is a type of gemstone commonly found in

metamorphic as well as igneous rocks and detri-

tal sediments (Deer et al. 1982). Garnets can be

found in a variety of colors, from the more com-

mon deep red and purple, to orange, yellow, and
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green. The garnet group contains several species,

all of which share the same chemical formula:

X3Y2Z3O12 (Table 16.1). These different species

of garnet have been sub-divided into two series in

which there is fairly continuous variation

between the species within the series. The

pyralspite series contains pyrope, almandine,

and spessartine garnets and is the primary focus

of the current study. The ugrandite series

contains uvarovite, grossular, and andradite

garnets. However, garnets rarely occur in their

pure end-member forms and a single sample can

often contain a mix of these species. Geochemi-

cal analysis of garnet is an ideal way to identify

the different elements within a sample and recent

research can assist with the conversion of this

data into molar proportions of various

end-member components (Locock 2008). It

should also be noted that previous geochemical

studies of garnets have identified instances of

chemical zoning, in which certain elements are

not evenly distributed throughout the sample

(Deer et al. 1982: 546, discussed further below).

Due to the varying proportions of different

garnet species in a single sample, geochemical

analyses of garnets have been employed to assist

in the identification of specific optical and physi-

cal characteristics that can be used to classify

species of garnet using standard gem-testing

equipment (Stockton and Manson 1985). Geo-

logically, garnets have also been used in sedi-

ment provenance studies (Morton 1985).

Different species of garnet are also known to be

strongly associated with specific rock types

(Wright 1938) and therefore have been used as

indicator minerals for more valuable stones, such

as diamonds. For the purposes of this study, it is

significant that the composition of a garnet is

associated with that of its host rock (Bimson

et al. 1982: 51). While major and minor elements

can assist with determining the type of garnet and

perhaps identifying the type of host rock in which

garnets were formed, it was expected that the

additional minor and trace elements associated

with the host rock should assist in providing a

unique fingerprint for garnets from specific

sources. LA-ICP-MS is an ideal technique for

measuring the concentrations of these minor

and trace elements.

16.2.1 Previous Geochemical Studies
of Garnet Artifacts

There have been several recent archaeological

studies attempting to provenience garnets using

a variety of methods including PIXE (Calligaro

et al. 2002; Farges 1998; Mathis et al. 2008;

Perin et al. 2007) electron microprobe (Rösch

et al. 1997; Quast and Sch€ussler 2000; Velde

and Courtois 1983), X-ray fluorescence analysis

(Bimson et al. 1982) and X-ray diffraction anal-

ysis (Sch€ussler et al. 2001). While these studies

were able to successfully analyze garnets using

non-destructive methods, they were only able to

provide preliminary conclusions about the source

of garnet artifacts because no geological source

samples were analyzed. Several prior studies

(e.g. Calligaro et al. 2002; Perin et al. 2007)

relied on previously published data of

non-specific sources from Europe and South

Asia from Quast and Sch€ussler (2000). Other

studies focused more specifically on classifying

garnet end-member components and determining

different groups, but not identifying their source,

or else only compared analyzed garnets to other

archaeological garnets (Bimson et al. 1982;

Farges 1998; Mathis et al. 2008; Rösch

et al. 1997; Sch€ussler et al. 2001). This study

aims to rectify these problems and build on this

previous research by examining both geologic

sources and archaeological artifacts using a

more robust method of chemical characteriza-

tion, LA-ICP-MS.

Table 16.1 Chemical formulas for the different varieties

of major garnet species (from Deer et al. 1982)

Garnet species Chemical formula

Pyrope Mg3Al2Si3O12

Almandine Fe3Al2Si3O12

Spessartine Mn3Al2Si3O12

Grossular Ca3Al2Si3O12

Andradite Ca3(Fe
3+, Ti)2Si3O12

Uvarovite Ca3Cr2Si3O12

Hydrogrossular Ca3Al2Si2O8(SiO4)1�m (OH)4m
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LA-ICP-MS was chosen over other methods

for several reasons. Firstly, LA-ICP-MS is virtu-

ally non-destructive and requires no sample prep-

aration, making it ideal to use on archaeological

artifacts. Secondly, LA-ICP-MS has low limits

of detection and can determine concentrations of

major, minor, and trace elements. Previous stud-

ies have focused solely on the major and minor

elements in garnet samples, and one of the pri-

mary goals of the present study was to evaluate

the possibility that trace element concentrations

would vary systematically enough to distinguish

between sources and allow for accurate assign-

ment of archaeological artifacts to sources.

16.2.2 Garnet Artifacts Analyzed in This
Study

A total of 15 garnet artifacts were analyzed using

LA-ICP-MS (Table 16.2). Five garnet beads,

which I call AB (Angkor Borei) Garnet Drill

Type DD 1, were recovered from the site of

Angkor Borei (Fig. 16.1), and all were composi-

tionally characterized. Angkor Borei was an

important center during the Iron Age and Early

Historic period, and may have been the capital of

the ancient polity known as Funan (Stark 2004).

The beads were excavated from a densely packed

cemetery that has been dated from 200 BC to AD

200 (Stark 2001). These beads are purple, round

or spherical in shape, and range from approxi-

mately 3–4 mm in diameter, with one bead being

slightly larger at about 5–6 mm in diameter

(Fig. 16.2). In the context of this study, the clas-

sification of these beads as AB Garnet Drill Type

DD 1 is not related to their specific shape or

morphology, but is instead determined by their

manufacturing method. Type DD 1 beads have

been shaped and polished, and SEM (Scanning

Electron Microscope) analysis of drill-hole

impressions indicates they were drilled using a

double-diamond drill (Fig. 16.3; Carter 2012).

This drill uses two small diamond chips crimped

at the tip of a metal drill. As a bead is drilled, the

two chips create unique and identifiable concen-

tric grooves in the bead hole (Gwinnett and

Gorelick 1986). Diamond drilling techniques,

especially double-diamond drills, are strongly

associated with West Indian bead-making tech-

nology (Kenoyer and Vidale 1992).

A second set of garnet beads classified as SEA

(Southeast Asia) Garnet Beads were excavated or

collected at the Iron Age sites of Village 10.8,

Prohear, and Bit Meas in southeast Cambodia

(Fig. 16.1). A total of 18 beads were recorded

from these sites, primarily from burial or possible

burial contexts, and 8 were chosen for LA-ICP-

MS analysis. These sites are considered to be

roughly contemporaneous with one another and

with Angkor Borei (Table 16.2). The SEA Gar-

net Beads are unusual in that they appear to be

natural stones or pebbles, deep purple in color,

and approximately 5–10 mm in length

(Fig. 16.4). Unlike the AB Garnet Drill Type

DD 1 beads, they show no evidence of shaping

or polishing. SEM analysis of drill hole

impressions confirms that their drilling method

is different from those beads. The SEA Garnet

Bead holes are conical, as opposed to the cylin-

drical drill holes found in diamond-drilled beads.

Furthermore, the patterns on the sidewall of the

bead are distinct from the regular concentric

grooves found in diamond-drilled beads

(Fig. 16.3; Carter 2012). Experimental studies

are ongoing, however it appears the SEA Garnet

Beads may have been drilled with a copper drill,

or perhaps a bamboo or wood drill with abrasive.

In addition to the beads discussed above, two

additional garnet artifacts were opportunistically

included in the LA-ICP-MS analysis sample

(Fig. 16.5). Both were part of a larger selection

of glass artifacts analyzed by Laure Dussubieux

at the Field Museum Elemental Analysis Facility

(EAF). The first is a garnet bead from the site of

Porunthal in south India (Fig. 16.6). This bead

appears to have been a natural pebble that was

polished and drilled. The exact archaeological

context of this garnet bead is unknown, however

a cultural deposit at Porunthal containing

thousands of glass beads and other materials

has been tentatively dated from the first century

BC to third century AD (Rajan 2009). The second

is a piece of raw undrilled garnet found in

excavations at the site of Phu Khao Thong,

henceforth PKT (Fig. 16.7). PKT is located on
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the Thai peninsula, close to the important trading

and craft production site of Khao Sam Kaeo

(Chaisuwan 2011).

It should be noted that no diamond-drilled

beads have been identified at sites in southeast

Cambodia and no SEA Garnet Beads have been

found at Angkor Borei. However, similar SEA

Garnet Beads have also been reported at other

sites in the region, including the site of Krek

52/62, Cambodia (Albrecht et al. 2001) and Go

O Chua, Vietnam (Reinecke personal

communication) (Fig. 16.1). Garnet beads made

from natural stones are not unique to Southeast

Asia. In addition to the Porunthal sample

discussed above, garnet beads made from natural

stones similar to the SEA Garnet Beads have also

been reported at other sites in India, including

Arikamedu (Francis 2004: 493) and Kodumanal

(Gwen Kelly personal communication) (Fig. 16.6).

While it appears that many of these beads were not

shaped, they may have been polished. As the drill

holes on these beads have not been investigated, it

Fig. 16.1 Archaeological sites in Cambodia and southern Vietnam mentioned in the text
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is however unclear whether or not they were

drilled using diamond drills. However, visual

inspection of the Porunthal sample shows the

drill hole to be more similar to the AB Garnet

Drill Type DD 1 than the SEA Garnet beads.

Polished, spherical garnet beads similar to those

found at Angkor Borei, as well as shaped and

polished beads in a variety of other forms have

been reported at the coastal site of Giong Ca Vo in

southern Vietnam (Nguyen 2001) and at the

nearby Mekong Delta site of Oc Eo, Vietnam

(Malleret 1962: 221–222) (Fig. 16.1).

16.2.3 Garnet Source Samples Included
in This Study

A total of 69 samples from nine geologic sources

were analyzed as a part of this study (Table 16.3).

Three geologic samples from India were acquired

Fig. 16.2 AB (Angkor Borei) Garnet Drill Type DD1 beads from Angkor Borei. Scale: One bar is equal to 1 cm

Fig. 16.3 Scanning Electron Microscope (SEM) images of drill-hole impressions taken from an AB Garnet Drill Type

DD1 garnet bead (left) and a SEA garnet bead (right)
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from gem dealers, including samples from south

India, Orissa, and an additional unknown source

location in India (Fig. 16.6). The exact location of

the south Indian source is unknown, however gar-

net is currently mined in Tamil Nadu and Andhra

Pradesh (Shigley et al. 2010). Additionally, the

Fig. 16.4 Examples of

“SEA garnet beads” from

Southeast Cambodia.

Scale: One bar is equal to

1 cm

Fig. 16.5 Garnet artifacts

from Porunthal, India (left)
and Phu Khao Thong,

Thailand (right)
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south Indian village of Kondapalli, Andhra

Pradesh is well known for its garnets and garnet

gemstones (Bauer 1968: 354), as are Mahurjhari,

Arikamedu, and Kodumanal (Francis 2002).

Sri Lanka is another important center for

gemstones (Fig. 16.6), and may have been

discussed by ancient travelers as early as the

fourth century BC (Zwaan 1982). Garnet beads

may have been produced at the two Early

Historic period sites of Anuradhapura and

Tissamahara (Coningham et al. 2006; Hannibal-

Deraniyagala 2001, 2005) (Fig. 16.6). Currently,

almandine and pyrope-almandine garnets are

mined in central Sri Lanka, especially at the

mines of Elahera (Gunawardene and Rupasinghe

1986) and in the southern part of Sri Lanka,

including the famous mine of Ratnapura

(Dissanayake et al. 2000: 14; Shigley

Fig. 16.6 Map of South Asian garnet sources and sites discussed in the text
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et al. 2010) (Fig. 16.6). Two groups of samples

were acquired from Sri Lanka, including one

group from an unknown source and a second

that may be from the mines at Ratnapura (Katie

Lindstrom, personal communication).

Garnet is also quite widespread across main-

land Southeast Asia, however it is not mined in

the quantities seen in India and Sri Lanka. Gem

quality garnets have been found in Myanmar

(Shigley et al. 2010), Thailand (Aranyakanon

Payome 1983), Cambodia (Chrea Vichett

et al. 1999), and Vietnam (Van Long

et al. 2004). Two groups of garnet geologic

samples were obtained from sources in Vietnam

(Fig. 16.7). The first are from a garnet mine in

Phu Tho province in northern Vietnam. The sec-

ond set of samples consists of two garnet

inclusions in a piece of quartz from Lam Dong

Fig. 16.7 Map of

Vietnamese and Thai

garnet sources and sites

discussed in the text
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province in southern Vietnam. This source was

selected for analysis based on a suggestion that

garnets from Lam Dong province may have been

the source of the garnet beads found at the Early

Historic site of Oc Eo, Vietnam (Francis 2002:

142).

Garnets from the Anthill garnet source in

Arizona, and garnets from a garnet mine in

Mozambique, Africa, well-known sources out-

side of Asia, were also sampled to determine if

LA-ICP-MS could accurately distinguish

between these samples and those collected from

Asian sources. Although it is ideal to have all

possible sources included in any sourcing study,

the current analysis relies primarily on materials

obtained through retailers and colleagues, and in

several cases the exact location from which

source materials were collected is unknown. It

is anticipated that this ambiguity will be

corrected with future studies that analyze a

broader selection of accurately sourced geologic

samples.

16.3 Method

The 15 garnet artifacts and 68 geological samples

were analyzed by the author in the LA-ICP-MS

laboratory at the Field Museum’s Elemental

Analysis Facility (EAF) in Chicago, Illinois.

The equipment used includes an Analytik Jena

(formerly Varian) quadrupole ICP-MS

connected to a New Wave UP213 laser unit (for

more details on the technique and its perfor-

mance, see Dussubieux et al. 2009). To be able

to determine elements with concentrations in the

range of ppm and below without leaving a visible

trace on the surface, we use the single point

analysis mode with a laser beam diameter of

100 μm, operating at 70 % of the laser energy

(0.2 mJ) and at a pulse frequency of 15 Hz.

Signal acquisition begins after a 20 s

pre-ablation period to avoid surface contamina-

tion as much as possible. A portion of the minute

stone particles released is transported to the

argon plasma torch using helium gas. The

8000 �C plasma rapidly dissociates the stone

particles into constituent ions, and these ions

pass through the quadrupole mass spectrometer.

The quadrupole flight path through the spectrom-

eter separates the ions by mass and charge before

they are measured in the ion detector. Detection

limits for most elements range from 10 ppb to

1 ppm, with an accuracy of 5–10 % depending

on the elements and their concentrations.

The ICP-MS was set to scan the mass range

three times and average the resulting signal. This

process was repeated eight times, for a total of

nine replicates. The nine replicates were then

combined into a single average, and this process

Table 16.3 Geologic sources analyzed in the current study

Source name

Number of

samples

analyzed

Range of

sum-normalized

Ca

Range of

sum-normalized

Fe

Range of

sum-normalized

Mg

Range of

sum-normalized

Mn

Sri Lanka Group 1 10 2–4 % 73–80 % 10–12 % 4–15 %

Sri Lanka Group

2 (Ratnapura?)

6 2–4 % 80–85 % 9–17 % <1–2 %

South India 10 3–4 % 80–84 % 10–14 % 1–6 %

Phu Tho province,

Vietnam

10 4–8 % 52–67 % 22–41 % 1–7 %

“India” 9 1–4 % 67–75 % 22–29 % 1–2 %

Orissa, India 10 2–7 % 57–71 % 25–40 % 1–3 %

Anthill, Arizona 6 10–27 % 31–56 % 27–58 % 1 %

Mozambique,

Africa

6 7–9 % 52–57 % 33–38 % 1–2 %

Lam Dong

province, Vietnam

2 1 % 12–16 % <1 % 83–87 %

Total 69
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was repeated at five locations per garnet sample.

If the signal for a particular element was less than

three times the blank, it was noted as being below

the limits of detection (<LOD) in our spread-

sheet (Appendix). As many of the garnet

pieces analyzed were quite small, the locations

for sampling were randomly selected from the

portion of the sample that was clearly visible

within the chamber. The data from each of the

five point ablations were then averaged together

to calculate elemental concentrations in each

sample.

In order to obtain quantitative data, four glass

standards with known compositions were also

analyzed. National Institute of Standards and

Technology Standard Reference Materials

(NIST SRM) 610 and 612 are silica glasses

made with sodium and calcium and doped with

varying levels of trace elements, approximately

500 ppm for NIST SRM 610 and 50 ppm for

NIST SRM 612. Corning glass standards B and

D were also used for the analysis of major

elements. NIST SRM 610 and 612 were run

before beginning analysis of the garnet samples.

During analysis, NIST SRM 610 and another

glass standard were run every 3–4 samples in

order to correct for possible instrumental drift.

Silica (29Si) was used as an internal standard. As

part of the calibration procedure, the Si concen-

tration was measured for each analysis location

along with all other elements. These were aver-

aged to produce a value for the sample as a

whole. The analytical protocol and calculation

methods used were adapted from Gratuze

(1999). Final measurements for all archaeolog-

ical and geological samples are listed in Appen-

dix; 54 elements are included with major and

minor elements reported as percent oxide and

trace elements as parts per million.

16.4 Identifying Compositional
Differences Between Garnet
Groups

As a garnet crystal grows, the distribution of

elements can vary between the core and outer

layers in a process called zoning. Identification

of the zoning patterns of major elements (Fe, Ca,

Mn, Mg) has assisted with understanding the

temperature and pressure under which garnets

were formed (Tracy et al. 1976). Trace element

zoning of garnets has also been identified (see

Hickmott et al. 1987; Hickmott 1988; Spear and

Kohn 1996). In previous archaeological studies

involving garnets, zoning has produced samples

with a wide spread of values in certain elements,

for example, yttrium values in an earlier study

ranged from 100 to 1000 ppm (Calligaro

et al. 2002). Heterogeneity in garnet

compositions was common for most of the

elements in the current study. LA-ICP-MS has

successfully measured heterogeneous materials

such as ceramics (Dussubieux et al. 2007) and

agate (Carter 2013; Carter and Dussubieux

2016). Therefore, the inclusion of heteroge-

neously distributed elements was not expected

to adversely affect results. However, it is impor-

tant that multiple samples from a single geologic

source are examined in order to measure the

range of elemental variation within a source and

effectively record this heterogeneity.

In the course of calculating concentrations, it

was also discovered that several elements were

not present in high enough quantities so as to be

easily measured by the LA-ICP-MS. As noted

above these elements were recorded as being

below the limits of detection (LOD). The use of

elements that were measured in all or nearly all

of the samples assists in more accurately

characterizing and differentiating the sources.

Table 16.4 lists the elements and number of

samples from each geologic source in which the

sample was at or below the LOD for that ele-

ment. Elements such as Ag, Au, Be, Cs, K, and

Na, which were at the LOD in 85 % or more of

the samples were not used in statistical analyses.

However, the presence and absence of certain

elements was notable and in some cases helpful

in distinguishing between sources. For example,

copper (Cu) was at the LOD for all of the samples

from the India source, whereas the presence and

varying concentrations of phosphorus (P) helped

distinguish the Mozambique, India, and Orissa

sources from others in the Almandine-Pyrope

group.
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Elements that assisted with the discrimination

of the different garnet sources were identified

through exploratory bivariate plots and ternary

diagrams, both of which have been used in earlier

studies (e.g. Calligaro et al. 2002). In addition to

these methods, principal components analysis

(PCA), using IBM SPSS v. 20.0, assisted in the

evaluation of a large number of elements

measured by LA-ICP-MS and the identification

of compositional differences between sources.

Prior to performing all multivariate statistical

analysis, all major element concentrations were

converted fromweight percent to parts per million

(ppm) and all elements were log10 transformed.

Elements that were below the LOD were replaced

with a zero for the statistical analyses.

16.5 Results and Discussion

Following LA-ICP-MS analysis, the first step

was to determine which garnet species were pres-

ent. As noted earlier, garnets rarely occur in their

pure end-member form, and are often a mixture

of several sub-species. Recent research has

provided a way to easily convert chemical

analyses into molar proportions of various

end-member components (Locock 2008). How-

ever, this method assumes a different stoichiom-

etry than that assumed for converting from silica-

normalized oxide weight percentages to elemen-

tal concentrations during calibration and LA-

ICP-MS measurements, and therefore a different

approach was needed. For this reason, the major

elements of almandine (Fe), pyrope (Mg), spes-

sartine (Mn), and ugrandite series garnets

(Ca) were sum-normalized to 100 % as a proxy

to determine the major sub-species present

within a single garnet sample (see Tables 16.2

and 16.3). Based on the varying quantities of

these major elements, the garnet sources were

divided into three groups (Fig. 16.8).

The almandine-rich group contains samples

from Sri Lanka Group 1, Sri Lanka Group

2, and South India. Per the sum-normalized

table, garnets in this group are predominantly

iron rich almandine (73–85 % Fe) with moderate

amounts of pyrope (9–17 % Mg) and lesser

amounts of spessartine and ugrandite-series gar-

net. Figure 16.9 presents these groups plotted by

their first and second components using the

elements Co, Dy, Tb, Y, and Zn, which account

for 97 % of the variation. These sources are

clearly compositionally different from one

another. The Sri Lanka Group 1 source contains

higher concentrations of Co (17–21 ppm), Dy

(45–131 ppm), Tb (3–8 ppm) and Y

(322–1148 ppm) than the other groups. Con-

versely, Sri Lanka Group 2 had lower

concentrations of Co (3–5 ppm) and Zn

(4–13 ppm). The South India group generally

had moderate to low amounts of the five

elements.

The second group, which I will refer to as

almandine-pyrope, contains garnets with a high

percentage of Fe (31–75 %), but higher levels of

pyrope than the almandine group. These garnets

also contain higher concentrations of Ca than Mn

(Table 16.3). The sources in this group include

Phu Tho, the unknown Indian source, Orissa,

Anthill, and Mozambique. Bivariate plots

identified elements that discriminated the groups

and a PCA was performed using the elements Al,

Ca, Cu, Fe, Li, Ni, P, Sc, Tb, Ti and V. The first

three components are plotted in Fig. 16.10, which

account for 80 % of the variation. There is fairly

good separation between these five source

groups. The Anthill source is notable for higher

concentrations of CaO (approx. 5–13 wt%) and

Ni (3–22 ppm). However, there is also variation

in the major elements, as three samples from this

source (Anthilll2, Anthill4, and Anthill5) had

lower levels of iron than magnesium. The

unknown “India” source was differentiated by

low concentrations of CaO (approx. 1–2 wt%)

and higher concentrations of Fe2O3 (25–29 wt

%), as well as high levels of P (433–712 ppm).

However, one India sample (IndiaGarnet2) con-

sistently plotted with the Orissa samples. The

Mozambique samples were notable for higher

concentrations of Li (13–16 ppm) and lower Sc

(41–49 ppm). The Phu Tho source contained

elevated levels of Al2O3 (23–24 wt%) and CuO

(0.001 wt%) compared to the other sources, as

well as high Sc (69–264 ppm), Tb (0.3–8 ppm)

but lower Ni, with several samples at the LOD.
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The Orissa source was perhaps the most prob-

lematic source group to evaluate, as the samples

are not tightly clustered. This highlights a draw-

back of not personally collecting geologic

samples directly from a source, as we must con-

sider that the variation could be due to the inclu-

sion of samples from multiple distinct sources. It

is hoped that future studies will address these

issues with additional analyses of well

provenienced source samples.

The final group consists of garnets from a

single source: Lam Dong. Although only two

garnets were analyzed, these samples are clearly

different from the other sources and artifacts due

Fig. 16.8 Ternary

diagram of

sum-normalized Fe, Mn,

and Mg showing three

different groups of garnets:

group 1 (almandine rich),

group 2 (almandine-

pyrope), and group 3 (Lam

Dong garnet)

Fig. 16.9 Principal

component analysis of

group 1 almandine garnets

and artifacts from Angkor

Borei and Porunthal. The

first component

summarizes 69 % of the

variance and the second

component accounts for

28 %
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to their high levels of MnO (83–87 %), classifying

them as spessartine garnets. These samples are

also notable for their high concentrations of Ti

(864–1102 ppm) and Zn (187–261 ppm), the

highest concentration of these elements found in

any of the analyzed sources.

In their recent study, Calligaro et al. (2002)

identified three garnets that they believe

originated from South Asia. Type 1, from an

unknown Indian source, is described as quasi-

pure almandine. Type II, believed to be from

Rajasthan, India was classified as almandine

with manganese. Type III, an intermediate “rho-

dolite” or almandine-pyrope, was believed to

come from Sri Lanka. Although compositional

data were only provided for the elements Fe, Mg,

Ca, Mn, Cr, and Y (see Calligaro et al. 2002), it

appears that the South Asian garnets in this study

are distinct from the sources studied by

Calligaro. This highlights the great diversity of

garnet sources found across South Asia, and the

need for analysis of well-provenienced garnet

source samples.

The garnet artifacts can be similarly classified

into different groups based on the

sum-normalized totals of their major elements

(Table 16.2). The Angkor Borei and Porunthal

garnet artifacts belong to the almandine rich

group. However, despite similarities in major

elements, these artifacts are clearly distinct

from the geologic source samples due to higher

levels of Co (25–42 ppm) and Zn (83–138 ppm)

(Fig. 16.9). It is also notable that the Angkor

Borei garnet beads and Porunthal garnets share

a similar composition. Although it is clear that

the geologic source material for these artifacts

has not been found, it appears that they may

derive from the same source area. Due to the

Fig. 16.10 Principal

components analysis of

group 2 almandine-pyrope

garnets and artifacts from

southeast Cambodia and

Phu Khao Thong. The first

component summarizes

50 % of the variance, the

second component

accounts for 20 %, and the

third component accounts

for 10 % of the variance
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high quantity of imported beads from India found

at Angkor Borei (Carter 2015), as well as the use

of the diamond-drilling technique (Carter 2012),

I suggest that these beads likely derived from

South Asia, although a local Southeast Asian

source cannot yet be ruled out.

The Southeast Cambodian garnets and PKT

garnet were placed in the almandine-pyrope

group, although these artifacts are composition-

ally distinct from one another. The Southeast

Cambodian garnets have nearly equal

proportions of Fe2O3 (12–14 wt%) and MgO

(14–17 wt%), high concentrations of CaO

(5–7 wt%) and low concentrations of MnO

(<1 wt%). The PKT garnet has slightly higher

levels of Fe2O3 and lower levels of MgO.

However, when included in PCA with the

almandine-pyrope geologic source groups, these

artifacts plot away from the other sources

(Fig. 16.10). The Southeast Cambodian garnets

are distinguished by their moderate levels of Ca

and extremely high levels of Ti (approx.

2000 ppm), the highest of any garnet artifact or

source sampled in this study (Fig. 16.11). This

composition is similar to the group 3 “common

eclogite group” garnets identified by Dawson and

Stephens (1975: 603). Diamonds are also com-

monly found within the common eclogite group,

and thus examining material from contemporary

diamond mining operations in South and South-

east Asia may assist in identifying this garnet

source. Kane et al. (1991: 153) have also noted

the widespread presence of garnets associated

with sapphire, zircon, and ruby deposits in south-

ern Vietnam. Large garnets have also been discov-

ered near Bien Ho in central Vietnam (Fig. 16.7)

(Kane et al. 1991). It is possible that one of these

deposits could be the source location for the SEA

Garnet Beads, however further analyses will be

needed to confirm this hypothesis.

The PKT garnet is distinguished by low

concentrations of several elements, including Sc

(34 ppm), V (22 ppm), and Y (17 ppm)

(Fig. 16.12). Although the PKT garnet plots

near the Anthill sources, it is highly unlikely

that this garnet piece originated in Arizona.

Rather, it is more likely that the PKT derives

from an unknown source that shares a similar

composition to the Anthill source. It is notable

that the PKT sample is also compositionally dis-

tinct from the other garnet artifacts studied, and

this suggests that complex bead production and

trade networks were in play during the Iron Age

period. As PKT was an important international

trading center for artifacts from South Asia

(Chaisuwan 2011), it is possible that this piece

could derive from a source in either South or

Southeast Asia.

16.6 Conclusion

Although the results of this study are still prelim-

inary, they demonstrate the success of using LA-

ICP-MS on garnet. The ability for LA-ICP-MS to

measure minor and trace elements allows for a

Fig. 16.11 Bivariate plot

of logged Ca vs. Ti

concentrations. Southeast

Cambodia garnets (circled)
have a high concentration

of both elements in

comparison with other

sources and artifacts
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more conclusive differentiation between various

geologic sources and artifacts than when using

major and minor elements alone. However, the

inability to accurately characterize the proportion

of garnet end-members using Locock’s method-

ology (2008) is a drawback to this technique. In

this case, a combination of LA-ICP-MS with

techniques such as SEM-EDS to measure major

elements may be the most effective way to char-

acterize garnet samples. Additionally, in future

studies it may be advisable to use more than five

point ablations per sample in order to better

account for the zoning of elements, as well as

including additional samples in order to better

characterize and understand the variation within

a single source.

The current geochemical study, combined

with previous studies of bead morphology and

drill-holes, demonstrates that there are two

distinct bead-making traditions represented

amongst the garnet beads from Iron Age sites in

Cambodia. Furthermore, analysis of additional

artifacts from peninsular Thailand and southern

India point toward at least three distinct garnet

sources used during the Iron Age period. Compo-

sitional similarity between AB Garnet Drill Type

DD1 beads and the analyzed bead from Porunthal,

the diamond drilling technique used on the

Angkor Borei beads, and the long history of

bead production in South Asia strongly suggest

an origin for these beads in South Asia. This

connection with South Asia is not surprising as

Angkor Borei and the nearby site of Oc Eo,

Vietnam were believed to have been important

trading centers. Excavations at Oc Eo have uncov-

ered numerous artifacts derived from South Asia,

including jewelry, coins, and pottery (Malleret

1962) and glass beads from Angkor Borei have

Fig. 16.12 A three-

dimensional scatterplot of

Sc, V, and Y (logged)

showing the low

concentrations of these

elements in the PKT

sample
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been linked compositionally to a possible produc-

tion center at Giribawa, Sri Lanka (Carter 2013;

Dussubieux 2001).

However, we cannot yet rule out possible

bead production in Southeast Asia. There is

strong evidence for hard stone bead production,

perhaps by Indian craftsmen, at the site of Khao

Sam Kaeo in peninsular Thailand (Bellina 2014).

Despite their unknown manufacturing location, it

is interesting to note that similar beads have not

yet been recorded at other Iron Age sites in

Cambodia and only in small quantities at other

sites in the region, and thus were not broadly

distributed like agate, carnelian, and glass beads.

The SEA Garnet beads are limited to sites in

southeastern Cambodia and southern Vietnam

and link these sites to one another. Their drilling

technique sets them apart from beads made using

the South Asian diamond-drill technology. Fur-

thermore, they are geochemically distinct from

the South and Southeast Asian sources and

artifacts tested in this study, suggesting that the

SEA Garnet Beads reflect a local bead-making

tradition not influenced by South Asia. Southeast

Asian craftsmen were familiar with hard-stone

jewelry production, as objects made from neph-

rite had been manufactured and widely

distributed in Southeast Asia since the Neolithic

period (e.g. Hung et al. 2007; Nguyen 1996).

Nephrite ear ornaments have been found at sites

in mainland Southeast Asia, as well as Taiwan,

Sarawak, and the Philippines. In contrast, SEA

Garnet Beads seem to have been manufactured in

smaller quantities and had a more localized dis-

tribution. They reflect a different scale and type

of craft manufacturing and distribution from

local nephrite jewelry industries. Additionally,

the distinctive SEA Garnet Beads may have

also had unique and localized meanings and

values, separate from imported carnelian and

glass beads, whose value may have been related

to their association with foreign craft producers

(Bellina 2003; Carter 2012).

The identification of SEA Garnet Bead

workshops may be difficult, as it appears natural

stones were drilled without having been shaped

or polished. Ethnoarchaeological studies of con-

temporary agate and carnelian bead-making

workshops in India have highlighted the impor-

tance of debitage and flaking debris in

identifying ancient bead workshops (see Kenoyer

et al. 1991). While ongoing experimental studies

will assist in the better understanding how the

SEA Garnet Beads were drilled, drilling natural

stones produces little material evidence that

would be visible archaeologically, and it is for

this reason that continued geochemical analysis

is important, as it may confirm the presence of

a localized Southeast Asian bead-making tradi-

tion by identifying a local geological source

used to make these beads. The present study

demonstrates the potentiality of LA-ICP-MS as

a means of compositionally sourcing archaeolog-

ical garnets, and lays the groundwork for analysis

of additional garnet artifacts that will contribute

to a more complete picture of bead production

and exchange during the Iron Age period in

Southeast Asia.
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Application of LA-ICP-MS to Black
Stone Objects Used During the Iron
Age in Celtic Europe

17

Anne Baron and Bernard Gratuze

Abstract

Black stones—“mixed rocks” composed of both an organic and a mineral

fraction—were widely used by ancient populations to make ornamental

objects. During the Iron Age in Europe, the Celts made rings, bracelets,

beads, and carved vessels out of these rocks. The identification of the

geological resources used for the production of these objects is essential

for evaluating the distance traveled by these raw materials and for

reconstructing ancient exchange networks. The archaeological objects

are difficult to characterize due to their heterogeneity, and their character-

ization is not as advanced as that of other stones used by ancient

populations. Characterization of geological samples using LA-ICP-MS

has created a preliminary reference database of geological materials,

which allowed for the analysis of more than 200 objects from different

archaeological sites in Europe. It has thus been possible to demonstrate

the great heterogeneity of archaeological materials used and to document

a shift in raw material usage between the Hallstatt and La Tène periods.

Two different acquisition patterns are proposed: in the first, raw material

is transported to manufacturing sites which can be located far from the

extraction site, while in the second, production occurs directly at the

extraction site. These results allow us to present the distribution network

of black stones in Europe. This new approach using LA-ICP-MS is a first

step for characterizing black stone artifacts in order to give a first estima-

tion of the chemical composition of these stones. Due to its

non-destructiveness, as well as its potential for analyzing large objects
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such as bracelet or vessel fragments, LA-ICP-MS constitutes a useful

characterization tool for black stone artifacts.

17.1 Introduction

During the Iron Age in Europe, black stones were

used by Celtic peoples to make ornamental

objects such as bracelets and rings, beads, and

also carved vessels (Fig. 17.1). The large number

of such artifacts at Iron Age sites in Europe

makes understanding the modes of raw material

acquisition, manufacturing, and reconstruction

of ancient exchange networks of great interest.

Relating archaeological objects to their geo-

logical sources is essential for understand-

ing the distribution of the raw material and

the production system of these artifacts, and

for reconstructing the socio-economic system

through which black stones were transported.

The terminology relating to these materials is

complex because ancient people used different

black lithic materials (Baron et al. 2007). After

manufacturing and polishing, these materials

have a similar appearance. Previously, archaeo-

logists have referred to these materials as jet,

lignite, or sometimes fossilized wood, because

these materials are composed of among others

things, decaying wood structures in organic clays

which have been subjected to carbonization. The

actual material utilized cannot be identified by

naked eye alone. As a result, most of the objects

Fig. 17.1 Examples of

black stone objects from

Iron Age sites in Celtic

Europe. (1–2) Carved

vessel, La Tène period;

(3) bracelets, Hallstatt

period; (4) beads, Hallstatt

period; (5) pendant;

Hallstatt period; (6) raw

material, half-fabricated

and finished bracelets,

La Tène period. (Photos:

A. Baron, except

no. 1 Musée de

Normandie #)
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are often inventoried with several terms such as

jet, lignite, sapropelit or shale in the archaeolog-

ical literature and in museum collections. This

problem of designation results from the variety

of materials used by ancient people, but also

through the lack of characterization studies of

these archaeomaterials. Consequently, studies

on these kinds of artifacts have often grouped

several kinds of black lithic materials. To sim-

plify the terminology and to allow for the inclu-

sion of several types of sedimentary rocks, the

general term black stones is proposed for all of

these materials. By this, we mean black sedimen-

tary rocks with variable organic and mineral

fractions. Although their geological sources are

unknown, multiple sources could exist through-

out Europe (Alpern 1981; Barrabé and Feys

1965). Therefore, it is extremely difficult to

characterize these objects and to identify the

resources exploited.

Only a few studies have been dedicated to this

topic and most present limitations. From an

archaeological point of view, these studies are

carried out on a very local scale and hence lack

general perspective. From an analytical point of

view, the use of destructive techniques on

archaeological objects from museum collection

constitutes a limiting factor. Additionally, data

on geological reference materials are generally

lacking. This geological component is important

for linking archaeological objects with the geo-

logical resources exploited to produce them.

Recent work has partly resolved this problem

(Baron 2009).

In this paper, we propose a new methodology

for characterizing these black stones by an ele-

mental chemical approach using Laser Ablation-

Inductively Coupled Plasma-Mass Spectrometry

(LA-ICP-MS). This application on archaeolog-

ical and geological materials is an exploratory

study, and we present here the results obtained

in order to reconstruct the relations between

artifacts and sources. Firstly, we show how a

change of material between the earlier (Hallstatt)

and the later (La Tène) Iron Age resulted

in modification of the techniques used for

manufacturing objects from these stones. Sec-

ondly, we present different case studies of

archaeological sites for which we were able to

reconstruct the relations between artifacts and

sources. For example, geological sources located

in southern Germany were exploited to make

objects recovered at Eckbolsheim (Alsace,

France), while some objects discovered on the

Isle of Yoc’h (Brittany, France) come from

southern England, where a black stone source

was exploited during the Iron Age. These differ-

ent results allow us to suggest the structure of the

diffusion network of black stones during the Iron

Age in Europe.

17.2 Prior Characterization Studies
of Black Stones

Research on the geological origin of black stone

artifacts is not well developed, in contrast to

sourcing studies carried out on other rock types

present in archaeological contexts (Gratuze

et al. 2001; Janssens and Van Grieken 2004).

Only a few studies have been dedicated to this

topic. The first attempts to define the origin of

those artifacts were carried out in Germany

between the 1960s and 1990s (Grasselt and

Volkmann 1991; Ligouis 2000; Rochna 1961,

1962; Rochna and Mädler 1974; Teichm€uller

1992). Since 1995, English researchers have

conducted localized studies within Great Britain,

specifically on Kimmeridge shale, an important

raw material source exploited beginning in the

Neolithic period. Between 1995 and 2000, a

research program dealing with the La Tène occu-

pation of the Lodenice region of the Czech

Republic led by N. Venclová demonstrated that

black stones there were imported from more than

300 km away (Venclová 2001). Different

methods have been utilized to characterize and

distinguish black lithic materials, especially in

England where several studies have been

conducted. Several techniques were used in con-

cert including: i) characterization of the inor-

ganic fraction using techniques such as X-Ray
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Fluorescence and Scanning Electron Microscopy

(Bussell et al. 1982; Davis and Sheridan 1993;

Hunter et al. 1993; Pollard et al. 1981; Sheridan

and Davis 2002), ii) examination of organic

petrology and palynology (Allason-Jones 1996;

Allason-Jones and Jones 1994, 2001; Ligouis

2000, 2006; Teichm€uller 1992; Watts 1996;

Zakova 2001), and iii) characterization of

organic matter using techniques such as Fourier

Transformed Infrared Spectroscopy (FTIR),

Electron Spin Resonance (ESR), and Pyrolysis

Gas Chromatography Mass Spectrometry

(Py-GC/MS) and isotopy (Thierry 1999; Watts

and Pollard 1997, 1998, 1999).

In her PhD thesis, Watts (1996) tested

most of these methods in order to define an

adapted protocol for black lithic materials:

X-radiography and XRF to study their inorganic

component, and FTIR, Py-GC/MS, and extract-

able biological markers to study their organic

part. These methods were carried out on geologi-

cal and archaeological samples from York and

Verulamium, except Py-GC/MS, which was only

used on geological samples. X-radiography and

XRF allowed for differentiation between six

categories of black stones: 1) Jet, 2) Jet/lignite,

3) Lignite/cannel-coal, 4) Cannel-coal, 5)

Cannel-coal/oil shale, and 6) Oil shale.

The identification of such broad categories

quickly reaches its limits in terms of source iden-

tification for archaeological artifacts because it is

impossible to identify a unique chemical signa-

ture for different sources of the same category of

black stone. In addition to using particular

elements measured by XRF such as Fe or Zr to

distinguish between different sources of jet and

black stones materials, Watts (1996) also tried to

interpret the XRF data by application of principal

components analysis (PCA). This last approach

was unsuccessful and compositional groups

identified by PCA were not relatable to different

sources. FTIR appears also to be a good tech-

nique for differentiating between jet and jet-like

material, but within the same type of material,

interpretation of results is more complex because

spectrums are very similar. Watts also found that

even if some compositional trends could be

observed, not all of them applied to all kinds of

materials.

Comparison of the results obtained by XRF

and FTIR demonstrated the complexity of

classifying these different types of black stones.

Using both methods, some artifacts have been

identified as a different type of black stone, thus

revealing the limitations of these methods, which

only provide broad categories. When categories

were too difficult to assign, discriminants

observed in geological samples such as high

levels of Fe or Zr were applied to archaeological

samples. For this reason, these techniques have

been coupled with organic chemical methods in

order to improve results. The Py-GC/MS and

identification of extractable biomarkers have

given promising results on geological specimens,

but have not been applied to archaeological

artifacts to date (Watts 1996; Watts and Pollard

1999). Furthermore, only a few geological

samples were analyzed, meaning that a good

understanding of inter-source variability on a

broader geographical scale. Nevertheless, the ini-

tial results of this new approach are promising,

although these techniques are destructive.

In an unpublished study, Thierry (1999) tested

characterization of different black stones using

carbon and nitrogen isotopy. His results have

shown that δ13C and δ15N are good tracers for

differentiating between black stones recovered

from archaeological sites and those from geolog-

ical sources, as well as between material from

different archaeological sites. However, he found

that variations in δ13C and δ15N exist within

individual outcrops, which are difficult to esti-

mate if the sampling is not representative. This

method also requires samples measuring 5 mm or

more in diameter.

These studies have revealed the problems

linked to the characterization of black stones,

which constitute a barrier to their compositional

measurement and identification of potential geo-

logical sources:
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Heterogeneity is the main problem in

characterizing these materials, because the

variability and distribution of chemical elements

are different in different types of black stones and

depend on the mode of burial and geological con-

text. Migrations of chemical elements can also

occur. Composition can be different between the

beginning and the end of the same seam within a

deposit. Moreover, the contribution of other inor-

ganic elements canmodify the originalmatrix. It is

difficult to understand the origin and distribution

of inorganic elements in black stone deposits.

Alteration of the Materials after their extraction,

archaeological materials are affected by different

climatic factors (temperature, air, oxidation) but

also those linked due to the “life history” of the

object (wear, burial conditions, etc.). These

modifications can lead to mineral formations,

alteration, or migrations of chemical elements.

Conservation some products used during artifact

conservation, such as resins, for example, can

alter the initial composition of black stone objects.

Destructive Methods most of the techniques

used in previous studies were destructive and

do not allow for the analysis of the archaeolog-

ical artifacts conserved in museums.

Geological Sampling Representativeness -

geological outcrops of black stones are not

always sampled in their stratigraphic entirety,

which does not allow for adequate determination

of the compositional variability possible within

rocks extracted from that outcrop. In some cases,

only a few samples from each outcrop were

analyzed, making it difficult to confirm how dis-

tinct they are compositionally from one another.

Because concentrations can vary dramatically

between the beginning and end of a particular

seam, composition observed in only one sample

of an outcrop may be unrepresentative.

Archaeological Sampling Representative-

ness archaeological burial conditions, conserva-

tion problems, and the use of destructive

techniques (see above) do not allow for the analysis

of all black stone objects. If all artifacts from a

particular site are not analyzed, the presence of

certain black stone resources may be missed.

Consequently, considerable work on the rep-

resentativeness of different kinds of samples

(archaeological and geological) must be

undertaken before starting any research on

black lithic materials in order to better under-

stand the materials themselves.

From a geological point of view, reference

data is lacking because raw material collections

do not exist. Therefore, we have created and

expanded a new referential database of potential

European black stone sources (see Sect. 17.3.1).

This database is essential for establishing

connections between archaeological objects and

geological sources. From an archaeological

standpoint, other limitations can also be observed

in these prior studies. From a geographical and

chronological point of view, these studies

included analysis of black stones on only a

local scale or site-specific scale (except for the

Lodenice project in Bohemia) and did not exam-

ine exploitation patterns over the longue durée.

Consequently, it is difficult to reconstruct cul-

tural or material usage over time. From an ana-

lytical point of view, the use of destructive

techniques on archaeological objects from

museum collections constitutes a limiting factor.

For example, petrographic or palynological stud-

ies require crushing a portion of each sample.

Consequently, it has not been possible to analyze

a large number of artifacts, thus resulting in

potential bias in the representativeness of the

sampling for archaeological artifacts. Further-

more, due to the use of different analytical

techniques, it has not been possible to compare

the results of different studies.

These limitations require the development of

an effective methodology using a minimally-

destructive analytical method. Laser Ablation-

Inductively Coupled Plasma-Mass Spectrometry

(LA-ICP-MS) was chosen for several reasons.

Firstly, its minimally destructive sampling capa-

bility (nearly non-visible) is ideal for analyzing
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museum collections and expanding archaeolog-

ical sampling to increase the number of analyses.

Secondly, a large number of elements can be

analyzed, making it possible to produce a near

complete chemical characterization. Thirdly,

samples do not require any preparation prior to

analysis, allowing for substantial time savings.

Finally, use of a series of quartz cells of different

sizes allows analysis of large artifacts such as

bracelets or vessel fragments. LA-ICP-MS

allows us to perform systematic characterization

of both archaeological and geological materials,

and consequently to have comparable data. The

present characterization of black stones using

LA-ICP-MS is an exploratory study, as this

technique has never been tested on this material

type before. Preliminary results are promising,

however (Baron 2009, 2011, 2012; Baron

et al. 2007). Its application provides an estima-

tion of the chemical composition of black stones

from geological and archaeological contexts.

17.3 Materials and Methods

17.3.1 Sampling

Samples were collected from several archaeolog-

ical sites and geological sources throughout

Europe (Fig. 17.2), with particular focus on

archaeological sites where traces of fabrication

have been identified (raw material, partially-

fabricated objects, etc.). However, sites containing

only finished black stone objects were also consid-

ered (Fig. 17.2). Additionally, artifact types spe-

cific to the La Tène period–vessels, plates, and

Fig. 17.2 Map of archaeological sites and geological

sources analyzed using LA-ICP-MS (CAD A. Baron,

Baron 2009: 30, Fig. 7). Stars in the circles indicate the

sources known to have been exploited during the Iron

Age. The names of the archaeological sites in bold italics

are case studies presented in this paper
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lids–have also been sampled. Altogether, black

stones objects from 20 archaeological sites (ten

sites dating to the Hallstatt period and ten sites

to the La Tène period) were analyzed,

representing more than 200 objects in total

(Baron 2009, 2012).

Samples were collected from several different

European geological sources (Fig. 17.2 and

Table 17.1). The creation of this geological ref-

erence database has taken a considerable amount

of time, and it has been to date impossible to

sample all known potential geological sources

of black stones. Therefore, collection of material

from geological sources, known to have been

exploited in the past and identified in prior ana-

lytical studies (Allason-Jones and Jones 1994,

2001; Bussell et al. 1982; Hunter et al. 1993;

Venclová 2001) was first prioritized (see

Fig. 17.2 and geological sources in bold italics

in Table 17.1). Secondly, we have focused on

Table 17.1 List of geological samples analyzed using LA-ICP-MS

Country Region Locale Material Geochronology

Germany Baden-W€urtemberg Boll Posidonia shale Toarcian

Germany Baden-W€urtemberg Ohmden Posidonia shale Toarcian

Germany Baden-W€urtemberg Aichelberg Posidonia shale Toarcian

Germany Baden-W€urtemberg Holzmaden Posidonia shale Toarcian

Germany Baden-W€urtemberg Erzingen Posidonia shale Toarcian

Germany Baden-W€urtemberg Schlierbach-Bolzha€user Posidonia shale Toarcian

Germany Baden-W€urtemberg Dotternhausen Posidonia shale Toarcian

Germany Baden-W€urtemberg Geislingen Posidonia shale Toarcian

Germany Nordrhein-Wesphalen Wistinghausen bei

Oerlinghausen

Posidonia shale Toarcian

Germany Nordrhein-Wesphalen Vehrte Black coal Toarcian

Germany Saar Saarbruck Black coal Unknown

Germany Thuringen Wandersleben Posidonia shale Toarcien

England Dorset Kimmeridge Blackstone/
blackshales

Kimmeridgian

England Yorkshire Whitby Hard jet Low Jurassic

Scotland Hybrides Isle of Mull Black shale Unknown

Scotland West coast Wemyss, Bay Fife Cannel-coal Unknown

Spain ASTURIES Oles, mine of los Molinos Jet Kimmeridgian

France Ain Corbonod, mine of Orbagnoux Bituminous shale Kimmeridgian

France Allier Buxières-les-Mines Bituminous shale Permo-
carboniferous

France Allier Mine of Saint-Hilaire, near of

Moulins

Bituminous shale Permian

France Ariège Near Foix Vitrain Unknown

France Aude Durban Coal Unknown

France Aude Rennes-les-Bains Vitrain Unknown

France Bourgogne Autun Bituminous shale Autunian

France Gard Barjac Lignite Eocene

France Provence-Alpes-Côte

d’Azur

Gardanne Lignite Unknown

France Savoie Voglans, Chambéry Lignite Unknown

Czech
Republic

Bohème Mšecke Zehrovice Kounov-coal Westphalian

Switzerland Vaud Belmont, Lutry Lignite or jet Unknown

Switzerland Bern Blapbach, Emmental Lignite? Unknown

Switzerland Bern Gondiswil Sapropelit Unknown
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potential sources mentioned in the archaeolog-

ical literature that have not been demonstrated

analytically. Lastly, various other geological

sources were sampled in order to confirm or

disconfirm possible exploitation. Some of the

geological sources were sampled during new

fieldwork, while samples from others were

obtained through collaboration with various geo-

logical institutions (Landesamt f€ur Geologie in

Germany, Bureau des Ressources Géologiques et

Minières in France, geologic associations in

France, University of Geology of Oviedo in

Spain and the Scotland Museum). In total, it

has been possible to collect black stones from

more than 20 geological sources (Table 17.1).

All samples were analyzed by LA-ICP-MS

using the same protocol to produce comparable

data, thus constituting the most comprehensive

archaeological, geological, and analytical refer-

ential database for black stones available to date.

17.3.2 Analytical Protocol

Our method is based on the assumption that

every raw material source has a specific chemical

signature and can be characterized by the differ-

ential concentrations of chemical elements. For

the principle of this assumption (the so-called

“provenance postulate”), see previous chapters

in this volume and Baron et al. (2007). Previous

studies—specifically Watts’s work—have shown

that some black stone outcrops have a character-

istic concentration of chemical elements accord-

ing to their sedimentation environment. XRF

analyses have shown that jet is characterized by

a high zirconium and low iron content. An oppo-

site trend can be observed in cannel-coals, where

low zirconium and high iron contents are

observed (Watts 1996; Watts and Pollard 1997).

It is of interest to see whether using

LA-ICP-MS—capable of analyzing more

elements to lower detection limits than XRF—

can add further useful chemical trends to our

suite of tools for distinguishing different

occurrences of black stones.

The instrument used is a VG Plasma Quad

PQXS ICP-MS with a VG UV laser probe ablation

sampling device operating at 266 nm. The Nd:

YAG laser is operated at 7 Hz, with laser spot

size was varied between 20 and 100 μm to obtain

adequate sensitivity, but spot size also depended on

object size, and was varied to avoid detector satu-

ration for some elements such as manganese. The

ablation depth was typically about 200 μm. There

is 20 s of uptake time prior to 50 s SI analysis.

Ablations were performed on object surfaces or in

section when possible in order to estimate the com-

positional heterogeneity within each sample. Abla-

tion produced no marks visible to the naked eye

(Fig. 17.3).

The compositions of black stones are gener-

ally relatively similar to those of sedimentary,

clay-rich rocks that are mostly carbonated or car-

bonaceous. However, it is the mineral fraction

that is important for distinguishing between

sources, and we have accordingly measured

chemical elements present in this fraction. Sili-

con is an abundant element, and we can assume

that its distribution is relatively homogeneous

within black stones. Consequently, silicon was

chosen as our internal standard during analysis.

International standard glasses (NIST 610 and

CORNING B) were used to calibrate our instru-

ment and monitor instrumental precision (Brill

1999; Bronk and Freestone 2001; Pearce

et al. 1997; Popelka et al. 2005; Verità

et al. 1994).

However, using LA-ICP-MS to measure car-

bon is problematic because no certified carbon

standards exist. The carbon concentration in

black stone samples was consequently measured

semi-quantitatively using a graphite pencil tip as

an “internal laboratory relative standard.” This

material appears to have a composition similar to

our studied rock samples (pencil tips are made by

mixing graphite with a calcareous clay binder)

and was the only carbon-rich material available

which produces a fairly stable and reproducible

signal at the scale of laser ablation (μms). The

composition of the pencil tip for the main oxides

(SiO2, Al2O3, CaO, K2O, Na2O, MgO, Fe2O3,
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and TiO2) and the main trace elements (Li, P, V,

Cr, Mn, Cu, Rb, Zr, Sr, Ba, Ce) was determined

first by using standard reference materials

(SRMs) NIST 610, Corning B and

D. However, as none of these SRMs contain

carbon, and as our calculation protocol assumes

that the sum of the contents of the determined

elements (in weight percent) is equal to 100 %,

it was not possible to determine the carbon

concentration of the tip either directly or by

difference with the sum of other elements. We

have thus decided to arbitrarily set the weight

percent concentration of carbon in the pencil tip

at 12 %. This value was chosen in order to

be low enough to produce relatively high

concentrations for other elements. Major

elements are linked with oxygen as silicates,

oxides, or carbonates, and form the main

constituents of rocks. If we include volatile

elements such as oxygen (introduced by

stoichiometry), hydrogen, sulfur, or nitrogen

(we consider that these elements are present

in very low concentrations)—even if these

elements are not measured by LA-ICP-MS—

their total concentration constitutes close to

100 % of each sample. Using this approach it

is obviously not possible to measure real abso-

lute concentrations for carbon in the studied

shale samples. However, we were able to obtain

relative carbon concentration values allow-

ing comparison and classification of the differ-

ent measured samples within our study.

Comparison with other studies is unfortunately

impossible without obtaining the real

Fig. 17.3 Details of laser ablation on archaeological black stone objects (photos: B. Gratuze)
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concentration of carbon within our samples.

Although caution must be exercised, the carbon

measurements obtained allow us to distinguish

between carbonaceous materials and carbonated

rocks.

17.3.3 Reliability of the Results
and Errors

When enough samples from the same geologi-

cal outcrop are available, the compositional

variability present within that outcrop can be

estimated. However, several sources of error or

imprecision must be considered, which can

further add to the variability observed within a

geological source. These include error and

imprecision resulting from instrumentation and

calibration (matrix effect, electronic drifts

etc. . .); error resulting from the assumption that

the major elements measured constitute 100 % of

each sample’s composition (leading to potential

enrichment or dilution of measured elements

if this assumption is not correct); and error

and imprecision resulting from using point

sampling—although several ablations were

performed on each sample, black stone samples

are not homogeneous, as previously noted. Com-

positional variability within the sample volume

volatilized during different ablations was

observed, as a result of compositional heteroge-

neity within each sample (i.e., the presence

of different mineral phases of various sizes).

Ablation yields for these different mineral phases

(compositions and sizes) are not equal, and thus

some elements may be artificially enriched or

depleted in the plasma.

Consequently, each sample was ablated twice

to test its compositional variability. The standard

deviation for each element and for all samples

of an outcrop allow for an estimation of the

global variability in each source. Detection

limits depend of the sensibility of the device,

the value of the background noise and the coef-

ficient of sensibility for each element. The order

of range is included between the fraction ppm to

few tens of ppm for the elements where Z < 30

and of the order of the tens ppb to the fraction

of ppm where Z > 30. These detection limits

depends also of the quantity sent in the torch,

the size of the ablation hole and the frequency of

the laser shooting. They are calculating by tak-

ing three times the root of the background noise.

The average value is calculated on two or three

analytical sessions. Therefore, the relative errors

for major, minor, and traces elements are

presented in Table 17.2. Giving an estimate of

the error for each chemical element is difficult

because black stones are very heterogeneous,

and errors could be different from one type of

black stone to another.

17.4 Results

Complete compositional measurements for each

analyzed sample can be found in Baron (2009,

2012). Only a selection of data for measured

black stones is shown in Appendix 1. All geolog-

ical samples are shown in Table 17.1, but only

Table 17.2 Relative errors for major, minor, and trace elements for the elements measured by LA-ICP-MS in black

stones

Elements Concentration Maximal relative error

Major elements (SiO2, Al2O3, CaO, K2O, P2O5, Na2O, MgO,

MnO, Fe2O3, TiO2)

<~2.5 % 20 %

between 2.5 and 10 % 10 %

>~10 % 5 %

Minor and trace elements (Li, Be, V, Cr, Cu, Zn, Ga, As,

Rb, Sr, Y, Zr, Nb, Mo, Sb, Cs, Ba, La, Ce, Pr, Tb, Lu, W, Th,

Pb, Th, U)

>~500 ppm 10 %

Between 50 and 500 ppm 15 %

Between 5 and 50 ppm 20 %

<~5 ppm Detection limits
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some of the analyzed archaeological samples

are discussed in the following Sects. 17.4.2

and 17.4.3. We have chosen to present only

the archaeological sites for which we are able

to suggest robust relationships with geological

sources, but also in some cases connections

between black stone objects from different

archaeological sites. Therefore, only some char-

acteristic case studies are presented (see

Fig. 17.2). Other archaeological sites listed on

the sampling map are therefore not discussed

in the following sections. We deliberately repre-

sent geological samples and/or archaeological

samples as shaded regions on many graphs

instead of as individual sample symbols because

inclusion of all samples in every case would be

visually uninterpretable.

Black stones are very difficult to characterize

due to their heterogeneity. Furthermore, some

modification of their composition is possible

due to the use-life of the object or its burial

in the ground: for instance, the fixation of

compounds and elements such as carbonates,

phosphates, sulfates, or iron or by the leaching

of humic acids or partially soluble components

of the rock. For example, an anomaly in P2O5

contents can be observed—archaeological

samples have higher concentrations (about

4–5 %), while geological samples have lower

concentrations (about 2 %). This difference in

concentrations can be explained by contamina-

tion and/or anthropogenic alteration, or may have

resulted from a specific sedimentary facies

(dependent on geological context: continental or

marine deposit). Although our geological sam-

pling is not exhaustive, the significantly lower

P2O5 content in geologic samples may be due to

a contamination of an anthropogenic nature for

the archaeological objects.

Several different factors contribute to the

formation of sedimentary rocks, including vari-

able formation environment and the occurrence

of different minerals within their matrices.

Particular chemical associations result from

the occurrence of these minerals in different

black stones. Samples can, for instance, be

more clayey, carbonated, siliceous, or

carbonaceous depending on the minerals present.

De La Roche’s triangular diagrams, which dis-

play particular mineral chemical characteristics

in the form of parametric poles, allow for the

identification of groups or sub-groups character-

istic of different sedimentary facies (De La

Roche 1968, 1972; cf. Fig. 17.4). These

parameters are defined by a quartz axis (parame-

ter Q), clayey axis (parameter A) or calcareous

axis (calcium). Other parameters, Al/3-K, Al/3-

Na, which relate concentrations of Al2O3, Na2O,

and K2O, relate to the composition of the clay

component of the samples (illite vs. kaolinite).

Calculation of these parameters involves a

conversion of the oxide weight of chemical min-

eral compositions to milliatom-grams for every

100 g of rock. This conversion allows us to

situate minerals according to their quantitative

proportions in relation to their mass. According

to these parameters and the distribution of the

data points, it is possible to define the sedimen-

tary facies of a sample according to its place in

the diagram in relation to the other known

minerals. These parameters include minerals

like feldspaths, which are essential and charac-

teristic components of metamorphic rocks. Dur-

ing the sedimentary process, feldspaths are

transformed or deteriorate due to sedimentary

contribution or erosion of the rocks in which

they are contained. Some are transformed

into clays or carbonates, or become partially

deteriorated. According to their degree of alter-

ation, the connections between the different

mineralogic poles (quartz, clays, feldspaths)

demonstrate compositional variation.

17.4.1 Characterization of Geological
Sources

The variability of the chemical elements

contained in black stones results from the forma-

tion environment of the different rocks and

their affiliation to certain sedimentary categories.

Accordingly, this variability suggests which

chemical elements should provide the most

important distinguishing markers between
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different sources of black stones. As black stones

include different kinds of materials—some of

which are more organic or mineral—the resulting

distributions of chemical compositions are

extremely variable (Fig. 17.5). The use of differ-

ent parameters allows us to characterize geo-

graphic supply areas according to the lithology

of the materials available there. Sample

groupings have been formed according to the

distribution of points in the different resulting

graphs (Figs. 17.6 and 17.7). On the Q vs. A

diagram (Fig. 17.6), geological samples vary

between pelitic sandstone, sedimentary rocks,

and carbonated rocks. All of these are fairly

Fig. 17.4 De la Roche

triangular diagrams (after

Ploquin 1975: planche I;

Guillot 1987: 121; De la

Roche 1972: Fig. 3).

Diagrams displaying the Q

parameter (quartz axis) vs.
A parameter (clay axis)

distinguish between detritic

sedimentary rocks and

those that are more

carbonated (Fig. 17.5 and

Table 17.4). More clay-rich

sedimentary rocks are

localized in a zone with

A > 50 while carbonated

rocks occupy a zone with

A < 50. Diagrams

displaying Al/3-K vs. Al/

3-Na distinguish between

advanced sedimentary

rocks and metamorphic

rocks (igneous rocks). The

alkalines Na and K are

divided according to their

rock types. For igneous

rocks, Na, K, and Al exhibit

the similar behavior, while

in sedimentary rocks, Na

deviates from K
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rich in calcium and different types of clays

(a marly trend).

On the diagram Al/3-Na vs. Al/3-K

(Fig. 17.7), carbonated materials are situated

close to the axes, whereas clayey materials devi-

ate from the axes. Some samples fall nearer to the

kaolinite or illite regions on this graph. The Al/3-

Na vs. Al/3-K graph shows that the geological

materials sampled in this study include several

different kinds of sedimentary rocks: 1) rocks

with a pelitic sandstone trend that are fairly rich

in quartz and also display a clayey trend (mainly

kaolinite); 2) rocks with a pelitic trend that are

finely detritic and fairly clayey (kaolinite or illite

mainly); 3) rocks with a marly trend consisting of

a mix of calcareous rocks and clays; 4) rocks

with a calcareous trend and a strong carbonated

component that is fairly rich in magnesium;

5) Carbonaceous rocks, rich in carbon and

characterized by carbonaceous materials.

Fig. 17.5 Variability

observed for major, minor,

and trace elements for

geological samples, which

show significant

heterogeneity
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These different geological materials corre-

spond (more or less) to geological facies

localized in well-defined geographical regions

of Europe (Table 17.3). The following five geo-

logical sources can be distinguish from one

another using their chemical characteristics: 1)

The geological sources of the samples studied

from Germany are composed of carbonated

rocks that are rich in calcium, with siliceous

contents lower than 30 % (unlike the other

Fig. 17.6 Q vs. A
(in milliatom-grams) for

geological samples. When

Q and A >50, rocks are

pelitic; when A is between

50 and �400, rocks present

a marly trend; when

A > �600, rocks are

carbonated. Samples from

the Czech Republic,

Kimmeridge, and

Buxières-les-Mines show

significant variability

between marly and clay

trends. Only a few groups

can be identified

Fig. 17.7 Diagram of

Al/3-K vs. Al/3-Na
(in milliatom-grams)

for geological samples.

Carbonated materials are

localized near the axis

while the other samples are

localized according to the

amount of clays in their

mineral composition.

When Al/3-Na is between

50 and 150 and Al/3-K<50

materials tend towards illite

and those above 50 tend

towards kaolinite
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studied materials); 2) The Kimmeridge source

samples, which are pelites, but with a kaolinic

trend; 3) The Buxières-les-Mines source

samples, which are characterized by both a sand-

stone group and a pelitic group, both of which

are rich in quartz and clays—a small number of

samples have a slight carbonated trend; 4)

Samples from the Czech Republic, the sources

of which are relatively pelitic, however two

groups can be observed: one with an illitic

Table 17.3 Main sedimentary facies represented in the geological samples

Geological sources

Rock types

Greso-pelitic

(quartz and

kaolinite) Pelitic

Marley pelites

(calcareous

and clays) Carbonated

“Dolomitic”

(Ca/Mg) Carboneous

Germany: G-Aich 021, G-Aich-S

027, G-Geis 065, G-Geis 065bis,

G-Dott 028, G-Ohm 019, G-Ohm-

B 020, G-Ohm-L 018, G-Holz

022, G-Holz 025, G-Schl-B

026, G-Bol 017, G-Erz

024, G-Wan 066

X

G-Wis 015 X

G-Saar 078 (Saar) X

Buxières-les-Mines
(France): G-Bux 006, 007,

009, 011, 043, 044, 046, 049,

050, 052, 054, 056, 057

X

G-Bux 008, 010, 041, 042,

045, 047, 048, 051, 053, 055

X

Saint-Hilaire (France): G-Hil 038 X

Chambéry (France): G-Vog 060 X X

Czech Republic (Bohemia):
A-Mkz 013, A-Mkz 121

X

A-Srb 122 X

A-Mkz 246, 247, 248 X

Kimmeridge (England): G-Kim
012, 085, 086, 093, 107, 110, 101

X

G-Kim 084, 087, 088, 090,

091, 092, 094, 095, 103, 104, 105

X

G-Kim 097, 098, 099, 100,

102, 106, 108, 109, 111

X

G-Kim 096, 089 X X

G-Kim 033 X

Switzerland: G-Bel 079, G-Blap
080, G-Gond 081

X

Asturias (Spain): G-Ole 072, 073,
074, 075, 076, G-Ole-Mol

067, 068, 069, 070, 071

X

France various: G-Dur 058, G-Gar
061, G-Foi 004, G-Rlb 062

X

Great Britain various: G-Gb
077, G-Gb 082, G-Whi

030, G-Gb031

X

Scotland: G-Mull 029, G-Wem

032

X
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trend and the other with a kaolinic trend. One

sample is more calcic. They are also richer in

carbon than the other studied sources samples;

5) Carbonaceous materials from various

localities, which are characterized by high car-

bon content and a trend towards potassium or

sodic feldspaths. Jets from Asturias are better

characterized than the other samples in this

group.

The characterization of the geological

materials is also based on discrimination using

minor and trace elements, and characterization

using minor and trace elements can be used to

refine the relationship between archaeological

and geological samples, and allow us to confirm

that different samples belong to the same sedi-

mentary facies. Using a matrix correlations

study (i.e. evaluating the associations between

the different chemical elements using PCA),

some minor chemical elements function as

discriminants between different studied sources

of black stone materials—particularly lithium

(Li), rubidium (Rb), niobium (Nb), cesium

(Cs) and tungsten (W). The significance of vary-

ing contents of these elements could be the result

of the particular sedimentation conditions during

geological formation of these various black

stone sources. During these sedimentation pro-

cesses and according to the erosion of the parent

rocks, these elements can concentrate in the

form of clay minerals, or oxides, but are also

present in the ashes of marine plants. The pres-

ence of these different elements can be favored

by sedimentation in a lagoonal environment.

Some sources have a distinctive chemical trace

element signature, whereas others do not. For

example, W content is significant in discriminat-

ing sources from Allier (Buxières-les-Mines and

Montcombroux) from others. It is also possible to

distinguish between sources using Rb and Cs

content as different concentrations of these

elements could be the result of different behavior

during sedimentary evolution; this is particularly

so with clay-rich black stones. Cs and Rb are

more typically enriched during lakeside organic

sedimentation in humid environments. These

elements can also be found in some potassic

feldspaths, however.

17.4.2 Characterization
of Archaeological Materials

Table 17.4 presents all the results obtained

on archaeological samples and also shows the

diversity of materials used by Iron Age

Europeans. Generally, the composition of the

archaeological objects reflects a pelitic-marly

trend, i.e. a mix of calcareous matrix and clays

in variable proportions. The affinity with specific

kinds of clay (kaolinite or illite, for example)

might indicate that the source used to produce

these objects was heterogeneous, or that these

objects were made using material from different

sources.

17.4.3 Relationships Between Artifacts
and Sources

The correlations between sources and artifacts

can be assessed by use of De la Roche triangular

diagrams or by using major elements such as

iron or potassium, for example. The distribution

of points can differ for geological and archaeo-

logical samples depending on the data projection

chosen. For example, an apparent relationship

between a source and an archaeological site

on a Q vs. A diagram could appear completely

different when viewed on an Al/3-K vs. Al/3-Na

diagram. If the materials are similar, they should

display the same chemical characteristics on

all projections. Any differences in compositional

trends or concentrations between geological and

archaeological samples means that a particular

geological source (or at least the samples taken

from there) was not the supply source for archae-

ological materials. If there is no correlation

between the two main parameters (Q vs. A, Al/

3-K vs. Al/3-Na), further analysis of the data is

not necessary. In order to strengthen the hypo-

thetical relationship between artifacts and
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Table 17.4 Main sedimentary facies represented in the archaeological samples

Archaeological sites

Rock types

Greso-pelitic

(quartz and

kaolinite) Pelitic

Marley pelites

(calcareous

and clays) Carbonated

“Dolomitic”

(Ca/Mg) Carboneous

Illfurth “Britzgyberg” (Alsace, France):
A-Btz 126, 130

X

A-Btz 127, 128, 129 X

Riedisheim “Glaisière Hartmann”
(Alsace, France): A-Rid 131, 133, 134

X

A-Rid 132 X with calcic

trend

Eckbolsheim “Zénith” (Alsace, France):
A-Eck 191, 192, 193, 194, 195, 196,

197, 198, 199, 200, 201, 202, 203, 204,

205, 206, 207, 208, 209, 210

X

Ihringen “Hinter Ehlen” (Baden-
Wurttembergn, Germany): A-Ihr
112, 113, 114, 115, 117, 120

X with marly

trend

A-Ihr 116, 118, 119 X with pelitic

trend

Aslonnes “Camp Allaric” (Poitou-
Charentes, France): A-Alc 161, 162, 169

X with

clayey

trend

A-Alc 163, 164, 165, 166, 167, 168,

170, 171, 172

X

St-Jean-Ligoure “Chalucet” (Poitou-
Charentes, France): A-Chal 173, 174,
175

X with

clayey

trend

Lyon “Dr. Horand” (Rhône-Alpes,
France): A Lyo 032, 033

X

Lyon “Gorge de Loup” (Rhône-Alpes,
France): A Lyo 034, 035, 037, 038

X

Lyon “Sgt. Berthet II” (Rhône-Alpes,
France): A Lyo 039, 041, 043, 045

X

A Lyo 040, 042, 044 X

Bourges “Port-Sec” (Centre, France): A
Brg 001, 006, 007

X

A Brg 002, 003, 004, 005 X more

calcic

A Brg 008 X more

calcic

A Brg 009 X

Bourges “St-Martin-des-Champs”
(Centre, France): A Brg 010

X more

calcic

A Brg 011, 012, 013 X

Bourges “Nation” (Centre, France):
A-Brg 014, 015, 016

X

Bourges “Littré” (Centre, France):
A Brg 017, 018, 019, 020, 021, 022,

023, 024

X

Bourges “hôtel-Dieu”(Centre, France):
A Brg 025, 026

X

A Brg 027 X more

calcic

Bourges-Lazenay “chemin de Gionne”
(Centre, France): A Brg 028

X more

calcic

(continued)
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Table 17.4 (continued)

Archaeological sites

Rock types

Greso-pelitic

(quartz and

kaolinite) Pelitic

Marley pelites

(calcareous

and clays) Carbonated

“Dolomitic”

(Ca/Mg) Carboneous

A Brg 029 X

Bourges-Lazenay “La Rottée”
(Centre, France): A Brg 030, 030Bis

X more

calcic

A Brg 031 X

Bazoches/Vesle “les Chantraines”
(Picardie, France): A-Baz176,
179,180,181, 183

X

A-Baz 177, 178, 182 X

Paule “St-Symphorien” (Bretagne
France): A-Pau 097, 098, 102, 104

X with

clayey

trend

A-Pau 099, 100, 101 X with

illitic

trend

Nacqueville “la Batterie Basse”
(Normandie, France): A-Nac 135, 136,
137, 225, 226, 227, 228, 230, 232, 233,

234, 235, 236, 238, 240, 241, 242, 244

X with

clayey

trend

A-Nac 224, 229, 231, 237, 239, 243, 245 X

ı̂le d’Yoc’h (Bretagne, France): A Yoc

123, 124, 125

X

Longueil-Ste-Marie “l’Ormeon”
(Picardie, France): A Lsm 108

X

A Lsm 109 X

Longueil-Ste-Marie “Vivier des grès”
(Picardie, France): A Lsm 110, 111

X

Verberie “Plaine d’Herneuse”
(Picardie, France): A Vbr 105

X

A Vbr 106 X

Les Martres-de-Veyre “Corent”
(Auvergne, France): A-Cor 184, 186,
187, 189

X with marly

trend

A-Cor 185, 188 X

Montcombroux (Auvergne, France):
A-Mtc 046, 050, 055, 056, 057, 058,

066, 067,082

X with

clayey

trend

A-Mtc 054, 059, 062, 063, 068, 071,

072, 073, 074, 075, 078, 080, 081, 084,

085, 086, 088, 090

X

Buxières-les-Mines “la Chassagne”
(Auvergne, France): A-Bux 138, 139,

140, 141, 142, 143, 144,145, 146,147,

148,149, 150,151, 152, 153, 154,155,

157, 160

X

A-Bux 156, 159 X with

clayey

trend

Bâle “Gasfabrik” (Switzerland): A-Bal
212

X

A-Bal 213 X

A-Bal 214, 216, 220, 221, 222 X with marly

trend
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sources, the workshops of the Allier region

(France) are also represented on the graphs. A

link between half-fabricated artifacts and fin-

ished products can also help in assessing the

distribution range of material from a particular

production place.

First inspection of these plots (Q vs. A and Al/

3-K vs. Al/3-Na) reveals an area of non-overlap

between archaeological and geological samples

included in the study (Figs. 17.8 and 17.9). This

indicates that not all sampled geological

materials were used to produce archaeological

artifacts, and that some of the archaeological

artifacts included in the study cannot be linked

to any analyzed geological materials. However,

the archaeological sites discussed in the follow-

ing sections were chosen as examples because

they are assignable to one of the geological

sources analyzed in this study. Although the

black stones analyzed in this study were found

to be very heterogeneous, a general change in

raw material usage has been identified between

the earlier (Hallstatt) and later (La Tène) Iron

Age (Fig. 17.10): materials of the fifth and sixth

centuries BC were made of carbonated rocks

while materials from the La Tène period were

made of more clayey rocks. This change could be

connected to a change in the manufacturing

techniques identified for the two periods. During

the earlier Iron Age, the technique used for

Fig. 17.8 Binary diagram of Q vs. A (in milliatoms-

gram) for archaeological and geological samples.

This graph shows the diversity of black stones, varying

from pelitic sandstone to material with high carbonate

content. The area of overlap between geological and

archaeological samples is localized in a zone representing

variably marly pelitic rocks and pelitic rocks. Good cor-

relation can be observed between archaeological and geo-

logical samples within this region of the graph
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manufacturing bracelets was a central perfora-

tion that is enlarged during carving, whereas

during the later Iron Age, bifacial carving was

used, with the optional use of a rotary system

in the final steps of fabrication (Fig. 17.10).

Thus, there seems to be a relationship between

materials utilized and techniques employed,

which resulted, during the later Iron Age, in

artisans choosing raw materials that were easier

to carve and work. Some connections between

artifacts and specific sources can be proposed for

two sites included in the study.

Eckbolsheim (Alsace, France) the method

employed in the analysis of black stone objects

from Eckbolsheim (Alsace) has been recently

published in Baron (2011). The objects from

Eckbolsheim are marls with significant clayey

and calcareous fractions; these objects are also

linked to carbonated rocks (Fig. 17.11). A com-

parison between these artifacts and geological

samples demonstrates that they are made of

Posidonia shales from southern Germany

(Fig. 17.12). The material analyzed from

Eckbolsheim demonstrates that raw material

was sometimes imported from distant sources,

thus implying the presence of exchange networks

(Baron 2011).

Montcombroux a complex of “archaeological

sites (workshops)-sources,” localized in Allier

(France), was identified during excavations

conducting during the 1990s (Pouenat and

Vernet 2002). Analytic studies have shown that

the artifacts from there and the local sources

are linked (Thierry 1999; Thomas 2003). In

Fig. 17.9 Binary diagram of Al/3-K vs. Al/3-Na (in -

milliatoms-gram) for archaeological and geological

samples. Although there are areas that do not no overlap

between some geological samples and archaeological

artifacts, these sources may have been exploited, but not

in the production of the studied archaeological samples
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Fig. 17.10 Binary diagram of Q vs. A (in milliatoms-

gram) for analyzed archaeological objects. A significant

difference can be observed between objects of the early

Iron Age (carbonated rocks) and those of the later Iron

Age (pelitic rocks). This change of material also relates to

a change in manufacturing techniques between the two
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Fig. 17.10 (continued) periods, particularly the carving

method used to shape bracelets. When carving a central

perforation, the risk of breakage is higher than when using

bifacial carving because the material is more malleable.

Moreover, the waste material of the later Iron Age tech-

nique could have been reused to make other objects of

smaller size

Fig. 17.11 Q vs. A
diagram for archaeological

samples from Eckbolsheim

and geological sources.

The plot shows some

relations between

archaeological samples and

the Posidonia shales of

southern Germany. Only

part of the Eckbolsheim

sample shows the same

geological characteristics

as this German source

Fig. 17.12 Binary

diagram of strontium and

calcium (CaO in % and Sr

in ppm) for archaeological

samples from Eckbolsheim

and geological sources.

The archaeological

samples and the geological

samples from Germany are

characterized by high

concentrations of Sr and

CaO (black circle in dotted
line)
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the same region, another archaeological site—

Montcombroux-les-Mines—is also known to

have been a workshop for black stones. The

results obtained in this study demonstrate that

the materials of this region (Buxières-les-Mines

and Montcombroux-les-Mines) are similar com-

positionally and that only one geological source

was exploited at the two archaeological sites

(Fig. 17.13; Baron 2009, 2012). These materials

are characterized by pelitic rocks rich in iron

and potassium, but with low calcium content.

Another chemical characteristic of artifacts

from the two sites is high content of Cs and W

(Fig. 17.14). Even if several parts of the same

seam might have been exploited, generally, these

materials present the same geological facies

and belong to the same family of rocks. There-

fore, the study of these two archaeological sites

constitutes a geographical reference point for

production of other archaeological objects from

other sites (Baron 2012).

Yoc’h Island (Brittany, France) the use of De La

Roche’s geochemical parameters allows for the

demonstration of a connection between archaeo-

logical artifacts from Yoc’h Island (Brittany)

and the geological source at Kimmeridge (Dor-

set) in England. In contrast to many of the stud-

ied geologic outcrops, particularly those from

Czech and German sources, the samples from

Yoc’h Island have a pelitic sandstone trend.

Marly, carbonated, and carbonaceous rocks are

all represented among the Yoc’h Island samples

(Fig. 17.15). In Fig. 17.16, it can be seen that the

Yoc’h archaeological samples are relatively sim-

ilar to the Kimmeridge source, but also overlap

with bituminous shale from Montcombroux

(Allier, France). Discrimination using minor

and trace elements is necessary in order to refine

this distinction.

The Allier source is relatively rich in tungsten

(W), while the objects from Yoc’h Island are not,

suggesting that the Yoc’h Island objects did not

originate from Allier (Appendix 1 of Ch. 17). As

noted, other elements that discriminate between

Fig. 17.13 Diagram of Q vs. A and Al/3-K vs. Al/3-Na

(in milliatoms-gram) for archaeological samples from the

Allier region and geological sources. The archaeological

and geological samples from Buxières-les-Mines and the

archaeological samples from Montcombroux have the

same pelitic nature
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Fig. 17.14 Binary diagram of cesium and tungsten

(in ppm) for archaeological samples from the Allier

region and geological sources. Most of the samples from

the Allier region have high contents of W and Cs in

comparison to the rest of the analyzed samples

Fig. 17.15 Binary diagram of Q vs. A (in milliatoms-

gram). The objects from Yoc’h Island belong to the group

of pelitic rocks (black circles within the dotted ellipse).
Some outcrops, such as the German sources, for example,

are clearly distinct from the Yoc’h archaeological

materials. However, a general similarity can be observed

between Yoc’h objects and geological samples from

Kimmeridge, but also with the Allier source (Buxières-

les-Mines and Montcombroux) in France
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geological sources of black stones are rubidium

(Rb), cesium (Cs), and niobium (Nb). A further

overlap between the objects from Yoc’h and the

Kimmeridge geological samples can be observed

in Fig. 17.17, a plot of Rb and Nb normalized

using Cs concentration. Using this elemental pro-

jection, it is possible to isolate each geological

source and propose relationships to the Yoc’h

Fig. 17.16 Binary

diagram of Al/3-K vs. Al/3-
Na (in milliatoms-gram).

Correlations can be

observed between the

geological samples from

Kimmeridge and

archaeological materials

from Montcombroux

(black circles within the

dotted ellipse)

Fig. 17.17 Binary

diagram of Nb/Cs vs.
Rb/Cs. A clear connection

between the objects from

Yoc’h and Kimmeridge

shale can be observed (grey
circles within the dotted
line). Other sources have
distinct elemental ratios
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Island samples. The German, Czech, and Allier

sources are all well differentiated from the

archaeological materials. Therefore, the artifacts

from Yoc’h Island appear to have originated

from Kimmeridge, where raw material is avail-

able on the coast.

Black Stones from Other Archaeological

Sites Comparisons were also made between the

archaeological materials from other archaeolog-

ical sites included in this study. The results of

this comparison demonstrate that some artifacts

from several different archaeological sites dis-

play a similar composition indicative of a com-

mon source of supply, even if its location is

presently unknown. For instance, the analysis of

decorated bracelets discovered at the Hallstatt-

period sites of Chalucet and Allaric’s Camp

(Poitou-Charentes, France) indicates that only

one resource was used for production at both

sites (Baron 2009; Appendix 1). Additionally,

some bracelets from the site of Bourges (Centre,

France) have a similar composition to another

group of undecorated bracelets found at Allaric’s

Camp. These interconnections between sites

allow us to suggest a common supply source,

or at least trade and exchange networks operat-

ing at different geographical scales (Baron 2009,

2012).

17.5 The Procurement of Black
Stones During the Iron Age
in Europe

The results of this research in combination

with prior studies allow us to map the distribu-

tion system of black stones across Iron Age

Europe (Fig. 17.18). During the early Iron Age

period (Hallstatt), the locations of utilized

Fig. 17.18 Distribution map of black stones in the Iron Age in Celtic Europe (Adapted from Baron (2009, 2012) and

previous studies; CAD A. Baron)
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geological resources are presently mostly

unknown, except for the Posidonia shales in

Germany and Kimmeridge shale in England. In

the later Iron Age (La Tène), reconstructed distri-

bution systems are more complex. Two supply

sources have been identified in previous studies:

one at Kimmeridge, which was exploited during

both the early and later Iron Age, the material

from which was primarily distributed throughout

Western Europe; and the other in the Czech

Republic, material from which is present only in

Central Europe. Analyzed artifacts dating to the

La Tène period demonstrate that this source was

not exported to Gaul during the later Iron Age. No

connections between La Tène period artifacts and

the Czech source have been identified to date. In

addition, a third source of supply has been

identified in the central part of France in the

Allier region, but its distribution in Europe is

not yet well defined. However, the Posidonia

shales exploited during the early Iron Age appear
not to have been used during the later Iron

Age. Obviously, this preliminary reconstruction

requires further research and the characterization

of additional sources of black stones potentially

utilized during the Iron Age in Europe.

17.6 Conclusions

This exploratory research using LA-ICP-MS on

black stones is a first step towards characterizing

these kinds of materials to provide a preliminary

estimation of their chemical compositions. The

use of geochemical compositional measurements

allows us to suggest connections between arti-

facts and sources, but also between different

archaeological sites even when sources of some

objects remain unknown. A change of the supply

source between the early (Hallstatt) and the later

(La Tène) Iron Age corresponded to a transfor-

mation in the mode of manufacture. This evi-

dence allows us to demonstrate the circulation

and diffusion of black stones objects across Iron

Age Europe.

We have adapted the approach typically

employed for LA-ICP-MS analysis of other

types of archaeomaterials (e.g., ceramics, metals,

volcanic rocks) in order to characterize the inor-

ganic constituents of black stones. In the future,

this methodology will be coupled with other ana-

lytical techniques to characterize the organic

fraction of these stones in order to produce a

complete characterization of geological and

archaeological materials. Studying the organic

fraction of geological and archaeological black

stones will allow identification of additional

compositional characteristics of these archaeo-

materials, and can give us information about the

environment of their deposition, and therefore

direct us to a possible geographical localization

of their source of extraction. For instance, future

research will explore the method utilized by

Watts Py-GC-MS in order to provide a first esti-

mation of chemical markers for archaeological

materials, even if this method is partially destruc-

tive. Characterization of the organic component

of black stones by this method, when augmented

with characterization of the elemental content of

the inorganic fraction by LA-ICP-MS, will allow

a complete characterization of archaeological

and geological black stone materials.
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tive in France; the Regierungprasidium of Freiburg-im-

Breigsau in Germany; Museum of Poitiers; the Municipal

service of archaeology of Bourges and the Berry’s

museum; the museums of Mulhouse, Poitiers, Lyon,

Cherbourg, and Autun in France; the Archäologische
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dérivés métamorphiques. Sciences de la Terre (Nancy)

17:33–46

Grasselt T, Volkmann N (1991) Latènezeitlicher

Ringschmuck aus Th€uringen. Alt-Th€uringen,
Jahresschrift des Museums f€ur Ur- und Fr€ugeschichte
Th€uringens 26:179–196

Gratuze B, Blet-Lemarquand M, Barrandon J-N (2001)

Mass spectrometry with laser sampling: a new tool

to characterize archaeological materials. J Radioanal

Nucl Chem 247:645–656
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DESS, Université de Bourgogne, Dijon
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Investigating Biogenic Versus
Diagenetic Trace Element Incorporation
in Archaeological Mineralized Tissues
with LA-ICP-MS

18

John V. Dudgeon, Monica Tromp, Bryan K. Hanks,
and Andrei V. Epimakhov

Abstract

In this chapter, we develop a method employing combined SEM-EDS and

LA-ICP-MS analysis of mineralized tissue (bone apatite) to quantify trace

element concentrations. We apply this method to bone and tooth samples

from the Kammenyi Ambar 5 cemetery (Russia) to determine whether a

trace element signal resulting from working of Arsenical Bronze can be

distinguished from post-burial uptake of trace elements. Using raster

mapping of bone and tooth cross-sections, we demonstrate that while

some elements show a pattern consistent with post-burial uptake, other

elements including arsenic appear to reflect uptake related to life activities

including Bronze working. We review mechanisms by which trace

elements may find their way into bone and tooth structure to explain

these differences in incorporation pathway.

18.1 Introduction

Recent developments in the application of laser

ablation-inductively coupled plasma-mass spec-

trometry (LA-ICP-MS) have spurred interest in

its use to probe the inorganic biochemistry

of mineralized tissues (Castro et al. 2010; Cucina

et al. 2011; Durrant and Ward 2005; Scharlotta

et al. 2013). Many questions have been addressed,

such as elemental signatures associated with

locale of origin (Arai et al. 2007; Beard and John-

son 2000; Castro et al. 2010; Cucina et al. 2005,

2007, 2011; Dudgeon 2008), consequences

of epidemiological exposure to toxic or

non-essential elements during growth and devel-

opment (Abdullah et al. 2012; Budd et al. 1998,
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2000; Dolphin et al. 2005; Zaichick et al. 2011),

and studying the process of post-depositional

alteration, including fossilization, in the sedimen-

tary context (Koenig et al. 2009; Kohn 2008; Hinz

and Kohn 2010). These studies exploit the spatial

resolving power of modern laser ablation sam-

pling devices to characterize elemental variation

over micrometer-level scales, and across hetero-

geneous and biologically-important domains

associated with tissue growth and differentiation.

LA-ICP-MS is capable of generating quantitative

multi-isotope elemental data over several orders

of magnitude concentration with low limits of

detection (LOD) for 60þ elements nearly simul-

taneously, all with minimal sample preparation.

Coupled with the ability to perform these analyses

with minimal visible damage to the specimen, it is

no wonder that LA-ICP-MS has been adopted

enthusiastically by archaeologists to answer fun-

damental questions of artifact composition, envi-

ronmental variability and diagenetic alteration. In

this chapter, we use LA-ICP-MS and SEM-EDS

to examine the occurrence and potential causes of

elevated levels of trace elements in archaeological

bone samples from central Eurasia to test the

hypothesis that biogenic incorporation is distin-

guishable from diagenetic uptake infiltration after

death and burial.

18.2 Mineralized Tissues

The utilization of LA-ICP-MS to study archaeo-

logical mineralized tissues has developed slowly

over the past several years. This is probably

due to a growing appreciation of the complex

sets of physiological variables mediating dietary

incorporation ofminor and trace elements in bony

tissues (Burton et al. 1999; Zaichick et al. 2011),

often obscured by the unpredictable and rate-

variable exchange of ions in hydrodynamic sedi-

mentary contexts (Trueman and Tuross 2002).

Unlikemost other classes of archaeological mate-

rial (but see Golitko et al. 2012), biominerals

interact extensively with their environment both

during and after the life of the individual, creating

difficulties for separating the biogenic signature

of life, versus diagenetic alteration after entry

into the depositional environment. The basis

for this high level of interaction is the composi-

tion of the hydroxyapatite crystal [Ca10(CO3,

PO4)6(OH)2] itself. The apatite molecule is

capable of accommodating cation and anion

substitutions: the hydroxyl (OH�) ion can be

readily substituted by anions Cl� and F�; the
phosphate (PO4

3) molecule by AsO4
3�, SO4

2�,
CO3

2�, SiO4
4�; the Ca2þ ion by a variety

of cations, including Kþ, Naþ, Mn2þ, Ni2þ, Cu
2þ, Co2þ, Zn2þ, Sr2þ, Ba2þ, Pb2þ, Cd2þ, Y3þ,
UO2þ (Wopenka and Pasteris 2005). For this

reason, identifying components of incorporation

in both biogenic and diagenetic contexts requires

careful assessment of the overall preservation

of the element under consideration, the bio- or

geochemical pathway of incorporation, a set of

general rules for the expected concentration of

elements in mineralized tissue, and provisional

explanations for the departure of actual from

expected element concentrations.

Previous research in LA-ICP-MS of archaeo-

logical trace element biomineralization have

attempted to measure biogenic incorporation of

trace elements for the purpose of determining

diet (Rasmussen et al. 2009), resolving migration

and residence locale (Cucina et al. 2005, 2007,

2011; Dudgeon 2008; Horstwood et al. 2008),

and epidemiological exposure in past human

populations (Uryu et al. 2003). More recently,

LA-ICP-MS has been applied to the question of

post-depositional alteration and estimating the

extent of diagenetic alteration in both archaeo-

logical and paleontological contexts (Koenig

et al. 2009; Kohn 2008). LA-ICP-MS has proven

to be particularly useful under these conditions

because it is capable of gathering discrete spatial

information for bio-available elements when

micro-scale structures can be sampled at high

precision. This approach enables sampling across

or around histologically-relevant morphologi-

cal features such as dentin-enamel interfaces,

seasonal annuli or compositional structures

associated with osteogenesis. These features

can contain chemical information that informs

on growth and development, and the rate or
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frequency of elemental exposure, as well as the

timing and mechanism of post-depositional or

diagenetic alteration.

Although a variety of quantification strategies

have been employed for laser ablation analysis

of solids (Speakman and Neff 2005), precise

and accurate data calibration is a subject of

debate. A host of alternative calibration

strategies have been offered, including semi-

quantitative standardless approaches (Leach and

Hieftje 2001; Yu et al. 2009), desolvated liquid

standard additions (Aeschliman et al. 2003;

Horn et al. 2000) and certified reference material

(CRM) standardization approaches with vary-

ing levels of calibration assumptions (Craig

et al. 2000; Castro et al. 2010; Gratuze 1999;

Gratuze et al. 2001; Neff 2003. Also see

Speakman and Neff (2005) for a concise sum-

mary). By far the most common calibration

approach for archaeologists is the use of graded

standards whose concentration brackets the

expected concentration and whose matrix com-

position is similar to the sample unknowns

(Bertini et al. 2011; Cochrane and Neff 2006;

Eckert and James 2011; Golitko et al. 2012; van

Elteren et al. 2009). This approach is similar to

the method introduced by Gratuze (Gratuze

1999; Gratuze et al. 2001), which accounts for

instrumental drift and matrix effects by using

an internal standard naturally present at a

known concentration in the unknown sample to

calculate ablation efficiency, and by analyzing

external reference standards between every

few samples. To produce more accurate results,

Gratuze suggests the use of several different ele-

ment “menus” or groups of analytes at similar

ranges of concentration. The first menu includes

all major elements, which are then summed to

100 %, and the element chosen for an internal

standard for the rest of the “menus” is then taken

from this analysis.

Unfortunately, most non-silicate archaeo-

materials are marked by a general lack of effec-

tive analytical calibrating standards spanning

the range of typical occurrence in biological

systems. We have arrived at a methodological

solution to the problem of calibrating archaeo-

logical mineralized tissues which employs the

internal standard correction method of Gratuze

(Gratuze 1999; Gratuze et al. 2001), but

augments it further by utilizing high-precision,

semi-quantitative major and minor element

measurements (proximate to the ablation site)

of weight percent concentration using

SEM-EDS for spatially discrete estimation of

the internal standard concentration. This is an

alternative to the full spectrum method, which

employs assumption of major (Gratuze 1999) or

all element oxide states (Neff 2003) for the

calculation of final concentration. Even though

full spectrum or ‘dual mode’ high–low

concentration approaches based on oxide calcu-

lation produce data in reasonable agreement with

internally-standardized measured values, internal

standardization, where possible, is preferred

(Speakman and Neff 2005).

Because biological mineralized tissues are

rarely in stoichiometric equilibrium, significant

and varying fractions of carbon, nitrogen and

oxygen in biomolecules such as collagen,

non-collagenous proteins and low-molecular

weight peptides (Hedges and van Klinken 1992)

comprise the total ablation volume. The

non-mineralized, organic portion of unaltered

biological apatites varies from around 2–5 % in

dental enamel, 20–30 % in dentin (Gage

et al. 1989; Nanci 2008) and up to 30þ % in

cementum and bone (Hillson 1996). The percent-

age of these organic components is highly vari-

able within each tissue type, depending on the

amount of diagenetic matrix alteration. Ionic

substitutions replace calcium and phosphates in

the burial environment, creating spatially hetero-

geneous major, minor and trace element concen-

tration gradients (Hinz and Kohn 2010; Koenig

et al. 2009; Kohn 2008). To ascertain the degree

of post-depositional alteration and the magnitude

of a biogenic or living signature of trace elements

at a few tens of μg/g to sub-μg/g levels, a robust,

spatially-sensitive internal standardization pro-

cedure—coupled with a matrix-specific external

calibration—is required.

Here, we adopted a dual mode strategy for

overcoming instrumental sensitivity drift of the

ICP-MS, the suppression of signal caused by

high matrix loads in the plasma (space charge)
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and the spatial heterogeneity of major elements

in the material ablated. These uncertainties can

be divided into three primary standardization/

correction strategies: 1) dual inlet GCMS inter-

face for simultaneous liquid standard and ablated

material measurement; 2) frequent external stan-

dard calibration during the ablation experiment;

and 3) estimation of spatially-specific major

element concentrations for internal standard

correction of analyte signals, post laser ablation.

The basic approach to data calibration is a slight

modification of the approach described previ-

ously (Neff and Dudgeon 2006; Speakman and

Neff 2005). ICP-MS data calibration was

performed by fitting standardized concentrations

(ratios to one isotope of calcium; in this case,
43Ca) to normalized counts (ratios of raw analyte

counts to raw 43Ca counts in the standard).

The standardized signal (SS) for analyte

x (background subtracted and liquid internal

standard-corrected) is defined as:

SSx ¼ ICPSx=ICPS43Ca ð18:1Þ
where ICPS are measured intensity counts

per second for each analyte or isotope. The

standardized concentration (SC) for analyte x is:

SCx ¼ Concx=Conc43Ca ð18:2Þ
Using the external standards, regression of

SCx on SSx for each element yields the slope

parameter for calculating the standardized con-

centrations (SCunk) in the unknowns. In principle,

forcing the regression line through zero (as in the

Excel function linest) minimizes the effect on the

slope parameter of residual background signal on

the unknowns, and experience has demonstrated

that forcing the regression through zero produces

the most consistent calibration curve at low sig-

nal intensities. With the intercept forced through

zero, the slope (K ) can now be used to calculate

SCx in the unknowns by:

SCx ¼ K SSxð Þ ð18:3Þ
Because SCx is defined as the actual concentra-

tion divided by the internal standard concentra-

tion, the concentration of each analyte x can be

determined by multiplying the slope parameter

and standardized signal by the internal standard

concentration of calcium (Conc43Ca), as follows:

Concx ¼ Ky SSxð ÞConc43Ca ð18:4Þ

The stoichiometric concentration of calcium

in biological hydroxyapatite [Ca10(PO4)6(OH)2]

is around 39.5 % wt/wt. In living systems

however, calcium concentration by weight varies

from this theoretical value. Because calcium is

used to standardize the laser ablation signal

intensities for each element acquisition,

deviations from the expected stoichiometric con-

centration affect the accuracy of the concentra-

tion determination. We adopted a procedure to

externally measure the actual calcium concentra-

tion at each ablation site, using a Bruker Quantax

200 SDD-EDS system on an FEI Quanta 200F

SEM. A minimum of ten replicate EDS measures

of calcium (normalized weight percent) were

averaged and the mean value used in the internal

standard correction (Conc43Ca) of the unknowns

(see Table 18.1 for SEM-EDS instrument

parameters). SEM-EDS measures at each abla-

tion site on the unknowns were validated by

frequent reference to our synthetic hydroxyapa-

tite blank standard (Ca ¼ 39.5 % wt/wt) to ver-

ify EDS stability and by comparing unknown

Ca/P ratios adjacent to the ablation site with

experimental values for Ca and P from our

ICP-MS acid digests of enamel and dentin in

both modern and archaeological samples (enamel

x̄ ¼ 2.15, sd ¼ 0.011; dentin x̄ ¼ 2.06,

sd ¼ 0.005, determined by mass ratio) to assess

deviations from expected Ca/P ratios.

18.3 Understanding the Biological
Implications
of Archaeometallurgy

We used our LA-ICP-MS—SEM-EDS analysis

strategy to study the epidemiological implications

for archaeometallurgy in a collection of skeletal

material from the Kammenyi Ambar 5 cemetery

(Middle Bronze Age [2035 to 1735 cal. BC]) in the

Karagaily-Ayat River Valley of the southern Ural

Mountains in Russia (Hanks 2010; Hanks and
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Doonan 2009). This project was spurred by pre-

vious research suggesting elevated levels of

bone arsenic in archaeological skeletons were

a consequence of long-term exposure to gaseous

arsenic during the production of arsenical bronze

(Oakberg et al. 2000). A dissenting opinion

was provided by Pike and Richards (2002),

who argued that substantial post-depositional

incorporation resulted in the measured arsenic in

the bone matrix. Due to the disagreement on the

likelihood of preservation of biogenic signatures

ofmetallurgy under complex soil/bone interaction

in the post-depositional environment this question

has engendered a lively debate over the proximate

mechanism for arsenic incorporation in the skele-

ton (Martı́neaz-Garcı́a et al. 2005; Millard 2006;

Table 18.1 Typical instrument operational parameters for LA-ICP-MS and SEM-EDS analyses discussed in the text

Instrumental parameters for LA-ICP-MS analysis

Laser ablation device New Wave UP213 Nd:YAG

Wavelength 213 nm

Energy 0.6 mJ

Spot size 100 μm (imaged aperture)

Fluence 7.35 J cm�2

Rep rate 20 Hz

Passes 1

Depth/pass 5 μm
Laser output power 60 %

Laser on time 40 s, spot mode

Sweep gas (He) 0.313 min�1, constant

ICP-MS Thermo X-series II

Operation mode Dual-mode liquid/laser, GCMS interface

RF power 1403.92 W

Nebulizer flow rate (Ar, dual inlet system) 0.7 l min�1

Sample gas flow rate (He) 0.3 l min�1

Scan mode Peak jumping

Number of mass sweeps per scan 35

Dwell time at standard resolution 10 ms

Dwell time at high resolution 2 ms; (Na, P)

Channels per mass 1

Channel spacing 0.02

Instrumental parameters for SEM-EDS analysis

SEM FEI Quanta 200F ESEM

Accelerating voltage 20 kV

Imaging detector Solid-state backscattered electron detector (BSED)

Imaging mode Low or high vacuum

Spot size 5.0

Working distance Variable; 10.0–12.5 mm

Magnification Variable

EDS detector Bruker Quantax 200 SDD-EDS

Detector Silicon drift detector (129 eV)

Analysis mode Objects—multipoint

Spectra correction Escape, shift, shelf and tail

Element identification Automatic—preset list

Preset element list C, N, O, Na, Mg, P, S, K, Ca and Sr

Spectral deconvolution Series deconvolution

Quantification PB-ZAF (standardless)

Results report format Mass percent (normalized)
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Oakberg et al. 2000; Özdemir et al. 2010; Pike and

Richards 2002). Because arsenic may substitute

for phosphorus in the apatite matrix of bone

and teeth as an AsO3�
4 ! PO3�

4 substitution,

incorporation is possible from inhalation and

drinking water (Kabata-Pendias and Mukherjee

2007) in the biogenic context and infiltration

from soil pore water (Mahoney et al. 2005) in

the diagenetic context.

To determine the concentration and mode of

uptake of arsenic in apatite matrix, it is necessary

to profile the distribution of the element in

both histological and archaeological sedimentary

orientation. When this is coupled with evidence

from mobile elements present in the burial soil, a

record of pre and post-depositional incorpora-

tion can be compiled to trace the source of arse-

nic contamination. Previous work on arsenic

uptake in bone was performed using acid diges-

tion ICP-MS (Oakberg et al. 2000; Özdemir

et al. 2010). While careful precautions were

taken to remove contamination from the cortical

surfaces of bone, averaging effects from using

whole bone samples prevent the interpretation of

the mode of uptake. Our laser ablation approach

to this problem allows us to visualize the

spatially-discrete occurrence of arsenic and to

test the alternate hypotheses of diagenetic diffu-

sion uptake, versus incorporation during bio-

genic formation and remodeling.

18.4 Materials and Methods

Human skeletal samples consisted of 66 bone

fragments (47 femora, 10 tibia, 4 humera,

2 radii, 1 ulna, 1 rib, 1 unknown element) and

15 permanent teeth (5 lower first or second

molars, 9 upper first or second molars and

1 upper premolar). Animal skeletal samples

consisted of 18 individual bone fragments from

7 genera (Bos sp. ¼ 3, Canus sp. ¼ 2, Equus

sp.¼ 3, Sus sp.¼ 2, Ovis sp.¼ 3,Marmota sp.¼
4, Allactaga sp. ¼ 1 [Great Jerboa]). Small

samples (�7.0 mm � 7.0 mm � 3.5 mm) were

cut from the bones using a low speed saw

(Buehler Isomet). The cut bone samples and

whole teeth were mounted in uniform orientation

in polystyrene petri dishes using cyanoacrylate

glue and embedded in low viscosity epoxy

(Buehler EpoThin). The samples were placed in

a vacuum chamber to draw epoxy into voids in

the bone matrix and to remove surface bubbles

obscuring histological features. The epoxy discs

were sectioned to expose the inner bone or tooth

surface, ground using commercial silica and alu-

mina wet/dry sanding paper and polished on a

Buehler Ecomet 2 grinder/polisher with colloidal

silica. Discs were cleaned in an ultrasonic

cleaning bath using 18 MΩ water to remove

grinding contamination and photographed prior

to laser ablation so they could be used as sample

maps when setting up the laser patterns

(Fig. 18.1).

18.4.1 LA-ICP-MS Analysis

Laser ablation analyses were performed on

the flattened and polished discs, and the sampl-

ing and instrument parameters are shown in

Table 18.1. Ablation of each sample was

performed using a variable grid of 100 μm spots

spaced each 250 μm, after pre-ablating the sur-

face with a lower powered 200 μm spot to assure

removal of surface contaminants from grinding,

Fig. 18.1 Cut and polished epoxy disc with embedded

archaeological human bone samples
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polishing and handling. The circular 100 μm spot

was used to provide a compromise between dis-

creteness of ablation target and sufficient abla-

tion volume to achieve quantification above

minimum detection limits for all of the elements

analyzed (Table 18.2). The sampling protocol

used a pre-experiment delay of 5 min to monitor

background signal intensity. Each sample was

run with an uptake time of 15 s, a run time of

15 s and a washout time of 60 s. Calibration

standards were run every 0.5 h, and were brack-

eted by three washouts (equivalent to a liquid

aspiration reagent blank) for a total of 270 s on

either side to allow the backgrounds to reach

stability. A combination of calibration standards

(GSC-1G, GSD-1G, GSE-1G, BHVO-2G,

BCR-2G, BIR-1G and six synthetic apatites)

were employed to calculate the concentration of

35 analytes of interest for evaluating biogenic

incorporation versus diagenetic alteration. Cali-

bration and calculation of element concentra-

tion was performed according to the procedure

outlined above.

We performed a second experiment to com-

pare paired cortical bone and tooth samples taken

from the same individual from the KA-5 ceme-

tery, which gives an empirical perspective on the

process of diffusion and incorporation of trace

elements across different skeletal elements in

histological context (Fig. 18.2). In this second

experiment, grids of laser spots were placed

over the entire crown of the sectioned tooth

(1333 analyzed spots) and bone (440 analyzed

spots) surface (Fig. 18.3). After the laser ablation

data collection was completed, an SEM visual

inspection was made of the ablation surface to

remove spots from the grid matrix that had

missed the bone or tooth and ablated only epoxy.

18.4.2 SEM-EDS Analysis

Immediately after completion of laser ablation

data collection, sample discs were carbon sputter

coated (Structure Probe, Inc.) and major element

concentration by normalized weight percent was

obtained using a Bruker Quantax 200 SDD-EDS

mounted to an FEI Quanta 200 FE ESEM (see

Table 18.1 for instrument parameters). Three

replicate EDS acquisitions were made immedi-

ately adjacent to individual ablation craters, to

provide an estimate of calcium concentration to

incorporate into the internal standard correction

calculation. EDS measurements were performed

in high vacuum mode using the backscattered

electron detector (BSED) to pinpoint areas adja-

cent to ablation craters and to visualize density

variation across heterogeneous domains.

Compact bone is neither solid nor homoge-

neous. It is composed of many morphological

structures which supply blood, mineral transport

and innervation (haversian system, Volkmann’s

canals, canaliculi and lacunae), perform bone

remodeling (osteocytes, osteoblasts and

osteoclasts, and chondrocytes) and define the

cortical margins (periosteum and endosteum).

Because bone histology varies from the outer

cortical aspect toward the trabeculae or bone

marrow at the inner cortical margins of the med-

ullary cavity, it cannot be assumed to be three-

dimensionally homogeneous or of uniform den-

sity. Laser ablations penetrating thin surfaces of

bone may open voids in the matrix that are either

filled with epoxy or are empty, resulting in a

much lower time-averaged intensity signal on

the ICP-MS. To address this, post-EDS inter-

nally standardized values were examined for

normalized phosphorus concentration, to further

exclude partial bone or tooth matrix ablations.

Phosphorus concentrations at each ablation site

were compared to the overall specimen average

for phosphorus and to the average at adjacent

ablation sites. Deviations from overall or

localized average phosphorus concentrations

were subsequently removed from the ablation

matrix and replaced with a blanked node in the

surface trace metal concentration maps plotted

using Surfer (Golden Software, v. 8.01). This

data validation procedure allows us to create

surface plots that are generally free from

artifacts related to laser ablation performance

and increases the representativeness of the

trace element profiles in histological context.

By conducting our laser spot mode analysis

over the entire crown region of tooth and the

cortical to inner trabecular margin of the bone,

18 Investigating Biogenic Versus Diagenetic Trace Element Incorporation in. . . 329



T
a
b
le

1
8
.2

L
A
-I
C
P
-M

S
av
er
ag
e
co
n
ce
n
tr
at
io
n
o
f
ar
ch
ae
o
lo
g
ic
al
sa
m
p
le
s,
ca
li
b
ra
ti
n
g
st
an
d
ar
d
co
n
se
n
su
s
v
al
u
es

an
d
li
m
it
o
f
d
et
ec
ti
o
n
(L
O
D
;
3
*
s
b
)
fo
r
se
le
ct
ed

el
em

en
ts
(a
ll

v
al
u
es

in
p
p
m
,
p
ar
ts
p
er

m
il
li
o
n
;
mg

/g
)

K
A
-5

b
o
n
e

K
A
-5

en
am

el
K
A
-5

d
en
ti
n

G
S
C
-1
G

G
S
D
-1
G

A
p
at
it
e
1

A
p
at
it
e
2

A
p
at
it
e
3

A
p
at
it
e
4

L
O
D

7
L
i

1
.9
3

1
.0
7

1
.2
8

5
.9
0

4
3
.0
0

0
.7
0

0
.7
9

1
.3
3

4
.2
0

0
.1
4

1
1
B

7
.4
2

6
.7
1

2
3
.4
8

2
6
.0
0

5
0
.0
0

1
4
.3
5

2
0
.0
9

4
1
.3
8

1
2
9
.1
0

1
4
.4
7

3
9
K

4
6
.6
3

1
0
4
.7
4

5
0
.9
9

2
5
,7
0
0
.0
0

2
5
,3
0
0
.0
0

9
.9
4

3
1
.1
5

9
3
.2
3

2
5
7
.0
0

3
3
1
.5
5

4
3
C
a

2
4
8
,2
1
3
.7
0

3
3
9
,8
2
9
.0
1

3
4
2
,6
0
3
.0
8

5
0
,7
4
3
.0
4

5
1
,4
5
7
.7
4

3
5
9
,9
7
5
.2
3

3
5
9
,4
5
6
.6
5

3
5
8
,9
3
8
.0
7

3
5
7
,0
3
2
.9
2

5
3
2
.5
3

4
5
S
c

0
.1
5

0
.2
2

0
.2
4

5
.4
0

5
2
.0
0

0
.3
7

0
.5
0

0
.9
7

2
.7
9

0
.2
0

4
7
T
i

1
4
9
.9
3

2
6
3
.1
3

2
6
2
.7
9

8
2
1
1
.0
0

7
4
3
1
.8
5

2
9
0
4
.0
0

2
5
7
4
.0
0

2
4
1
2
.0
0

2
3
0
3
.0
0

3
.4
6

5
1
V

6
.4
1

0
.2
8

2
.8
6

5
.4
0

4
4
.0
0

0
.0
5

0
.2
2

0
.8
1

2
.5
2

0
.9
5

5
2
C
r

9
.1
5

0
.6
1

2
.7
8

1
0
.3
0

4
2
.0
0

3
.3
5

4
.2
2

7
.8
2

1
6
.6
4

1
.3
2

5
5
M
n

2
2
5
.2
7

2
.5
3

4
.3
2

1
7
6
.0
0

2
2
0
.0
0

2
.4
1

3
.2
5

5
.4
8

1
5
.4
2

1
.3
0

5
7
F
e

4
7
3
.1
5

1
9
6
4
.7
5

1
9
0
9
.7
0

1
0
6
,4
9
0
.7
6

1
0
3
,3
8
1
.5
4

3
6
1
5
.0
0

2
3
1
9
.0
0

2
4
7
3
.0
0

2
4
3
6
.0
0

3
7
.6
6

5
9
C
o

0
.9
4

0
.5
4

0
.5
3

5
.9
0

4
0
.0
0

1
.4
0

1
.6
5

2
.5
5

6
.3
9

0
.0
2

6
0
N
i

1
9
.3
0

2
5
.2
5

2
6
.4
0

2
1
.0
0

5
8
.0
0

4
7
.5
1

4
3
.4
7

4
4
.1
2

4
5
.8
4

4
.4
6

6
5
C
u

1
1
.1
7

2
.9
0

3
.6
2

1
6
.0
0

4
2
.0
0

1
.3
8

2
.2
1

4
.5
2

1
4
.7
9

0
.5
2

6
6
Z
n

1
3
7
.5
1

4
8
.7
8

1
0
3
.7
1

1
2
.7
0

5
4
.0
0

1
.6
6

4
1
.7
5

1
4
5
.1
0

5
7
7
.4
0

1
.6
9

6
9
G
a

5
.4
2

0
.1
8

0
.7
7

1
0
.0
0

5
4
.0
0

0
.5
7

0
.7
1

1
.1
2

2
.5
4

0
.0
3

7
2
G
e

0
.0
3

0
.0
4

0
.0
3

4
.0
0

3
2
.0
0

0
.1
9

0
.2
0

0
.1
8

0
.2
0

0
.1
7

7
5
A
s

1
.1
3

0
.5
9

0
.6
3

3
.2
0

2
7
.0
0

0
.3
2

0
.5
4

0
.9
7

3
.0
8

0
.4
2

8
2
S
e

9
.9
3

4
.8
6

2
.8
9

0
.2
0

2
.0
0

0
.0
8

0
.5
3

1
.5
8

5
.8
4

1
.1
5

8
8
S
r

8
5
9
.0
6

2
0
3
.2
2

5
7
7
.8
7

3
2
.3
0

6
9
.4
0

1
9
8
.3
0

2
3
4
.8
0

3
2
6
.0
0

7
8
7
.6
0

3
.3
8

8
9
Y

0
.8
4

0
.0
7

0
.0
1

4
.8
0

4
2
.0
0

0
.0
0

0
.1
2

0
.4
2

1
.6
7

0
.0
1

1
1
1
C
d

0
.1
2

0
.0
2

0
.0
2

1
.9
0

1
8
.0
0

0
.0
3

0
.8
9

3
.1
0

1
2
.2
0

0
.0
2

1
1
8
S
n

0
.1
3

0
.2
1

0
.1
6

5
.3
0

2
9
.0
0

0
.2
9

1
.0
6

3
.0
2

1
0
.2
9

0
.2
1

1
2
1
S
b

2
1
.3
8

1
.4
0

2
6
.7
0

5
.3
0

4
3
.0
0

0
.7
5

1
.0
0

1
.6
8

4
.4
5

0
.0
2

1
3
7
B
a

2
2
6
.5
4

9
.1
1

4
0
.7
3

3
4
.8
0

6
7
.0
0

2
7
.1
6

3
3
.5
3

4
9
.3
7

1
2
1
.5
0

0
.5
5

1
3
9
L
a

0
.9
7

0
.0
6

0
.0
2

4
.3
6

3
9
.1
0

0
.0
2

0
.1
9

0
.6
8

2
.6
1

0
.0
0

1
4
0
C
e

4
.4
4

0
.0
9

0
.0
2

4
.6
2

4
1
.4
0

0
.0
3

0
.2
2

0
.8
4

2
.7
4

0
.0
1

2
0
2
H
g

0
.5
1

0
.4
1

0
.3
7

–
–

0
.0
1

0
.0
8

0
.2
3

0
.7
5

0
.1
4

2
0
8
P
b

0
.6
4

0
.1
2

0
.2
1

1
4
.0
0

5
0
.0
0

0
.4
5

5
.7
5

2
0
.1
6

7
9
.1
9

0
.5
7

2
3
2
T
h

0
.0
2

0
.0
0

0
.0
0

4
.2
0

4
1
.0
0

0
.0
3

0
.1
5

0
.4
8

2
.0
0

0
.0
0

2
3
8
U

7
1
.8
4

0
.3
4

1
.4
7

4
.7
0

4
1
.0
0

0
.0
1

0
.3
4

1
.1
4

4
.5
9

0
.1
1

E
x
p
er
im

en
ta
l
li
m
it
o
f
d
et
ec
ti
o
n
ca
lc
u
la
te
d
as

3
�

st
an
d
ar
d
d
ev
ia
ti
o
n
o
f
ex
p
er
im

en
t
re
ag
en
t
b
la
n
k
s.
U
n
d
er
li
n
ed

L
O
D

v
al
u
es

in
d
ic
at
e
d
et
ec
ti
o
n
li
m
it
s
at

o
r
b
el
o
w

o
n
e
o
r
m
o
re

u
n
k
n
o
w
n
sp
ec
im

en
s

330 J.V. Dudgeon et al.



we are able to construct surface plots of element

distributions to investigate the diffusion process

across different biomineral classes (enamel, den-

tin and bone) for elements manganese, iron,

arsenic, barium, cerium and uranium to evaluate

the direction and to infer the rate of uptake of

metals into the hydroxyapatite matrix in each

specimen (Fig. 18.4).

18.4.3 Post-Analysis Calibration

All unknown sample concentrations were

determined using the method described above,

employing the liquid internal standard and

SEM-EDS calcium concentration to correct for

variable calcium concentration and differential

laser coupling and density variation between

Fig. 18.2 Paired sample (single individual) comparison for six trace element concentrations in human cortical bone

(y-axis) and tooth dentin (x-axis) from KA-5

Fig. 18.3 Archaeological tooth (left) and femoral cortical bone (right) cross sections (post-LA-ICP-MS), showing grid

of 100 μm diameter spots at 250 μm intervals
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Fig. 18.4 Surface contour maps of trace element distribution for paired (single individual) human cortical bone and

tooth samples
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Fig. 18.4 (continued)
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enamel and dentin. External laser ablation

standards were composed of members of the

USGS standard series and synthetic hydroxyapa-

tite standards. This combined approach proved

useful because several of the analytes of interest

are either not present in consensus concentrations

in the USGS standards (e.g., Hg), or are present

at one or more orders of magnitude greater than

the desired calibration range on the unknown

samples (e.g., Na, Mg, Al, Si, K, Ti, Cr, Mn,

Fe, Ni, Ba, Pb). Several authors have shown the

value of using only standards that immediately

bracket the expected or measured range of the

unknowns (Cucina et al. 2007; Duwe and Neff

2007; Scharlotta et al. 2011). Closely bracketing

standard concentrations to the expected con-

centrations of the unknowns increases precision

of estimation by removing the potential effect

of non-linear instrument response at higher

concentrations of analytes in graded standards

under matrix load or space charge suppression.

18.5 Discussion

In our paired-sample experiment, our analyses

revealed significant diffusion-mediated post-

depositional uptake in both bone and tooth, but

the diffusion patterns indicate histologically-

differential absorption into the hydroxyapatite

matrix. In this series of plots it appears that the

cations with electrochemical similarities to cal-

cium (barium and uranium) are following

a generally different histological path of in-

corporation from elements manganese, iron,

arsenic and cerium. Barium in particular shows

evidence of multiple pathways of incorporation

in both tooth and bone samples, from the cortical

surface of the bone and from the pulp chamber of

the tooth. Alternatively, uranium concentrations

are highest in the pulp chamber, like barium, but

show considerably higher incorporation along

the trabecular margin of inner cortical bone.

Generally, the opposite pattern obtains for

elements manganese, iron, arsenic and cerium,

demonstrating weakly developed diffusion

gradients along the occlusal and ventral surfaces

of tooth enamel, with secondary ingression along

the dentin-enamel junction. In the bone speci-

men, these profiles are highest on the cortical

surface, with secondary diffusion from arsenic

along the trabecular-cortical margin of the inner

bone. Based on the diffusion profile estimated

from the surface and contour plots, we compared

the element concentrations from the central,

minimally-altered region of both bone and tooth

specimens (see Fig. 18.2). For both the bone and

tooth, elements iron, manganese and cerium are

of similar concentration between bone and tooth,

but elements arsenic, barium and uranium are

nearly an order of magnitude higher concentra-

tion in the bone specimen compared to the tooth.

Summary averaged element concentrations from

the interior region of tooth and bone, includ-

ing estimated soil concentrations, are listed in

Table 18.3.

Our initial results of bone trace element

uptake thought to occur from adsorptive diffu-

sion at the soil—bone pore water interface

suggested that the outer cortical surfaces of

bone and teeth were substantially altered by

incorporation of elements Mn and Fe, with a

Table 18.3 Concentration average and %RSD for sediment, tooth and bone, KA-5 specimens (average concentration

values in ppm, parts per million; mg/g)

Soil/sediment concentration Sub-crown dentin concentration Central cortical bone concentration

Ave %RSD Ave %RSD Ave %RSD
55Mn 917.70 19.88 0.55 14.16 0.58 52.57
57Fe 35,510.00 16.12 10.21 30.44 15.15 17.79
75As 9.10 21.64 0.45 4.58 2.56 5.59
137Ba 171.00 21.96 12.54 11.52 88.68 3.36
140Ce 19.00 16.64 0.01 27.96 0.01 38.36
238U 10.00 – 0.96 14.57 10.66 35.84

Soil/sediment values represent adjacent grave soils and are compiled from unpublished data
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minor component of As, and the inner surface at

the trabecular-cortical interface by uptake of U

(Fig. 18.5). We surmised that this spatial pattern

was evidence of minimal post-depositional in-

corporation of As, and would likely have been

removed by the surface contamination pro-

cedures suggested by previous authors (Oakberg

et al. 2000; Özdemir et al. 2010). The distribution

of U followed a nearly opposite pattern of

incorporation, with the highest concentration

(up to 250 μg/g) on the trabecular-cortical inter-

face progressing inwards, hinting at a substan-

tially different process of diffusion-mediated

uptake of water soluble elements into the bone

matrix.

As noted by Pike and Richards (2002), under-

standing the diffusivity of trace metals into bone

or tooth requires not only fine-scale data on the

chemical characteristics of soil, groundwater and

mineralized tissue (including pH, redox state,

soil moisture and temperature), but also a mathe-

matical model for the partition coefficient

(Kd), the electrochemical potential of ionic

transmission between different matrices at the

pore water interface. Recent work by Kohn and

colleagues (Hinz and Kohn 2010; Kohn 2008)

explore the mechanisms of diffusion under fos-

silization, using LA-ICP-MS to measure the

uptake of trace elements to understand the com-

plex interactions of soil and mineralized tissue

pore water in burial matrices. They discovered a

variety of unpredictable modes of trace element

incorporation in fossilized material that suggests

the path of diffusion, adsorption and recrystalli-

zation in biominerals is element specific and can

provide information on the specific context of

burial. For instance, elements strontium, barium

and uranium should diffuse and adsorb similarly,

but with decreasing effective rate into bone

matrices, as a function of Kd, where Kd ¼ Sr <

Ba < U. Practically speaking, diffusion profiles

of barium should show lower spatial heterogene-

ity than uranium, and strontium should be lower

than either barium or uranium. In the case of

fossilized bone from a 25 kya Pleistocene site

in southwestern Montana, diffusion of strontium,

Fig. 18.5 KA-5 human bone specimen with a 3 � 15

grid of 100 μm laser spots at 250 μm intervals (right).
Wireframe contour profiles for four elements (iron,

manganese, uranium and arsenic; left). Concentration

reported in parts per million (ppm, μg/g)
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barium and uranium is complete, suggesting

equilibration with local soils was complete at

the time of collection (Hinz and Kohn 2010). In

samples that exhibit poorly developed diffusion

gradients, some have suggested that retention of

a biogenic signature may be possible (Koenig

et al. 2009:513), although many others are more

pessimistic about recovering the living signature

of incorporation (Hinz and Kohn 2010; Kohn

2008; Pike and Richards 2002; see also Berna

et al. 2004).

Our results suggest that diffusion-adsorption

reactions are taking place within both of the

paired skeletal elements from the KA-5 ceme-

tery, but that the rate and direction of these

reactions are not consistent between material

type or by element. Similar to our preliminary

study of the KA-5 materials, surface enrichment

of several elements (manganese, iron, cerium,

arsenic) is consistent with respect to bone and

tooth specimens, and indicates a mode of uptake

and incorporation that is mediated by direct con-

tact with soil adhering to the tissue surface. The

observation of enrichment, relative to sediment

concentration in the first row transition metals

(e.g., titanium, vanadium, chromium, manga-

nese, iron, cobalt, nickel and copper), and rare

earth elements has been modeled for rock varnish

systems by Thiagarajan and Lee (2004), who

proposed that these elements are physically

leached from clay particles in aqueous atmo-

spheric environments, precipitating on underly-

ing solid surfaces. Because clay particles are

expected to infill around the outer surfaces of

the skeleton after soft tissue decomposition, the

partition coefficient of these elements between

clay and hydroxyapatite at the pore water inter-

face controls their uptake and resultant diffusion.

The poorly-developed diffusion profile created

from the laser ablation data for these elements

suggests that either the partition coefficients for

these elements are high, relative to As, Ba and U,

or that pore water-mediated diffusion is less

effective at transmitting these elements into the

hydroxyapatite matrix. The latter case seems

plausible, given the observation that seasonal

variation in soil moisture and freeze-thaw cycles

may contribute to localized soil moisture

reduction at the pore water interface, resulting

in decreased diffusion probability across the

soil—bone contact area.

In contrast, the relative efficiency of transport

into hydroxyapatite tissues of elements arsenic,

barium and uranium—all producing water solu-

ble compounds (e.g., H3AsO4, BaCO3,

UO2SO4)—may lie in their ability to remain as

free ions in pore water solutions. In this situation,

pore water solutions containing arsenic, barium

and uranium can be delivered via capillary action

into the pulp chambers of teeth and marrow

cavities of bones, and proceed by diffusive uptake

and incorporation in the hydroxyapatite matrix

(see Millard and Hedges 1996 for a detailed dis-

cussion of the kinetics of uranium uptake). On the

other hand, elements contributing to the outer

surface diffusion profile reported here (Mn, Fe,

As, Ce) have affinities for clay particles, and in

complexation with each other (Hsia et al. 1994).

Lin and Plus (2000) showed that in laboratory

experiments, As(III) and As(V) were both

adsorbed onto various clay particles and that

over time, the desorption of these arsenic species

decreased, likely owing to time-dependent diffu-

sion and incorporation into the crystal structure of

the clay particles. Therefore, arsenic adsorbed

onto clay particles and complexed with iron in

the local environment may eventually come into

pore water contact with the surfaces of bone and

teeth as adhering soils, transmitting by diffusion

into the apatite mineral.

The direction of incorporation of a suite of

trace elements in enamel, dentin and bone appears

to be driven primarily by the element’s propensity

to disassociate from sediment particles and

become soluble in pore water. Transition metals

and rare earth elements persist as oxides on clays

and other sediment particles, and produce weakly

developed diffusion gradients corresponding to

their partition coefficients at the pore water inter-

face. Alternately, elements with electrochemical

similarity to calcium (strontium and barium), or

with phosphate affinity (uranium) may enter the

larger bone cavities as aqueous ions and replace

calcium in the phosphate lattice until apatite min-

eral equilibrium is attained (Koenig et al. 2009;

Pike and Richards 2002). Viewing the laser
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ablation diffusion profiles of several elements in

our bone and tooth specimens (Fig. 18.4), we see

that barium has diffused from both cortical

trabecular surfaces of the bone section and pre-

dominantly from the inner pulp chamber of the

tooth specimen. We argue that this pattern is con-

sistent with capillary uptake of aqueous barium,

rather than through diffusion at the pore water

interface, due to the histological microstructure

revealed through SEM imaging (Fig. 18.6).

These small orifices on the outer surface of com-

pact bone (Haversian canals) are connected with

other canaliculi, lacunae and voids in bone and as

dentinal tubules within the pulp chamber (Kohn

et al. 1999). These are contrasted with the more

impermeable mineralized surfaces of enamel and

cementum (covering the dentin) which, unlike

the periosteal membrane, persist in the post-

depositional context.

Conversely, arsenic follows the uptake profile

of manganese, iron and cerium, with a strong

diffusion gradient terminating about 500 μm
into the cortical and trabecular surfaces of the

bone specimen and about 250 μm into the occlu-

sal enamel and pulp chamber dentin surfaces

(Fig. 18.4). This pattern is more consistent with

Fig. 18.6 SEM images of histological structures

hypothesized to be the source of direct ionic uptake and

incorporation. (a) Enamel—cementum interface (enamel

above, cementum below); (b) dentin from pulp chamber;

(c) cortical bone surface; (d) cross-section of cortical

bone
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partition coefficient-mediated diffusion from

adhering clay particles at the pore water interface

suggested by others (Koenig et al. 2009; Hinz

and Kohn 2010), and can be discretely visualized

in the laser ablation surface maps. While it may

be argued that some elements—notably stron-

tium and barium—have diffused so completely

in the bone and dentin that no biogenic signature

remains (what Hinz and Kohn term “diagenetic

overprinting” [2010:3228]), we believe that arse-

nic retains evidence of biogenic uptake in both

sub crown dentin and enamel, owing to the lower

apparent partition coefficient of arsenic, com-

pared to manganese, and the substantial agree-

ment of concentrations of manganese, iron and

cerium recovered from the inner portions of the

bone and tooth sections (Fig. 18.2; Table 18.3).

The almost 6� increase in bone versus tooth

arsenic in the paired sample comparison remains

a concern for future bone studies, however.

While we believe it is possible that the lower

values in the tooth sample reflect exposure dur-

ing development of the dentition, with higher

bone values representative of lifetime exposure,

a conservative approach would apply only ratio-

level comparisons between the permanent teeth

of individuals interred in the same cemetery in

the same depositional context. Using our laser

ablation spot mode mapping method gives us the

best method to assess discrete variation in indi-

vidual specimens in histological context, and to

determine the mode of uptake and the possibility

of post-mortem damage which could obscure

the collection of a biogenic signature (Koenig

et al. 2009).

18.6 Conclusion

We have presented a methodological and analyt-

ical strategy for measuring the spatial and

(by inference) temporal aspects of trace element

uptake in mineralized tissues. Demonstrating the

sensitivity of LA-ICP-MS for investigating the

dual component of biogenic and diagenetic

incorporation, we addressed one particularly

thorny question in archaeological science: can

we identify aspects of archaeometallurgy using

trace elements specific to certain methods of

manufacture (Oakberg et al. 2000; Özdemir

et al. 2010; Pike and Richards 2002)? Our answer

to this question is a resounding maybe. While

we believe that our method provides the best

approach to identify, separate and quantify

components of biogenic incorporation and diage-

netic alteration, further work is required to assess

the replicability of these results in experiment

situations. These include sorption experiments

in modern biominerals and their analogs, inter-

specific comparisons of bioavailable trace metals

in tissues and examination of bioarchaeome-

tallurgy in skeletal assemblages with variable

post-depositional environments. Our LA-ICP-

MS experiments demonstrate that it is possible,

in principle, to identify the mechanisms of

incorporation of trace elements and to create

archaeologically-sufficient explanations for

their observed patterns in mineralized tissues.

While we have firmly internalized the cau-

tionary tales of overreliance on trace element

data as proof of biogenic signature in archaeo-

logical bones (Radosevich 1993; Sandford

1993), we show that utilizing the technological

advances incorporating high-sensitivity ICP-MS

trace element analysis with well-controlled UV

laser ablation systems can generate spatial data

on element concentration with excellent resolu-

tion and accuracy across morphological and his-

tological structures. Combined with matrix-

matched standard arrangements that provide

fine-scale bracketing of specimen concentration,

and internal standard routines that monitor

instrumental drift and correct for laser-sample

coupling variation in heterogeneous matrices,

our multi-modal analytical methodology re-

presents incremental improvements over previ-

ous strategies, with an eye towards increasing

precision of measurement and repeatability.

Somewhat different than other strategies that

employ laser raster patterns and long acquisition

times on verifiably homogeneous matrices, the

procedures outlined here are crucially important

for employing high-density spot analysis to

understand the additive components of biogenic

and diagenetic incorporation, often at sub-μg/g
variation in concentration.
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The use of SEM-EDS to visualize micro-

morphological and major chemical structural var-

iation add to our assessment of post-depositional

change and have proven useful in creating inde-

pendent, internal standard calibration data to

ensure comparable data across biomineralized

tissues of different densities, crystal orientation

and ablation response. In combination, this meth-

odological strategy is profoundly useful for

evaluating the process of biogenic and diagenetic

uptake of trace elements in the archaeological

skeleton, providing new empirical evidence for

evaluating the presence and impact of specific

patterns of human activity (Sanford and Weaver

2000).

By comparing models and empirical evidence

for the process of fossilization (Hinz and Kohn

2010; Koenig et al. 2009; Kohn 2008) with our

own case studies of post-depositional altera-

tion on much shorter archaeological timescales

(c. 4500 years), we have shown that well-

developed diffusion gradients persist in samples

of archaeological bone and tooth. Even though

certain diagenetic “overprinting” indicator

elements (Sr, Ba and U) demonstrate rapid diffu-

sion and absorption in the hydroxyapatite matrix,

elements (As) with explanatory potential for

archaeological activities like metallurgy do not

show the same pattern of uptake and incorpora-

tion (Fig. 18.4), leading us to posit a different

mechanism for their occurrence. Our evidence

demonstrates the presence of histologically-

mediated uptake of free metal ions in pore

water solutions through innervation and blood

supply conduits on both the cortical and medul-

lary aspects of long bones and within the pulp

chamber of the dentinal root (Fig. 18.6). In con-

trast, transition metals and rare earth elements

are adsorbed onto clay particles that eventually

make pore water contact with biomineral

surfaces such as enamel, cementum and cortical

bone. Diffusive uptake of these elements is there-

fore guided largely by partition coefficients

between clay particles and hydroxyapatite at the

pore water interface, rather than by ionic solubil-

ity and electrochemical similarity to calcium in

the bone mineral.

In addition to our primary aim to evaluate the

biogenic versus diagenetic signatures of

archaeologically important trace elements, this

methodological approach has important

implications for dietary stable isotope studies.

A recent study suggests that collagen, in contrast

to DNA and other organic proteins in

biomineralized tissue, maintains a stable amino

acid profile until the weight percent of collagen

falls below 1.0 % (Dobberstein et al. 2009).

Using our method of topographic mapping of

mineralized tissues, measuring the post-

depositional uptake of trace elements may yield

proxy data on secondary carbonate (CO3
2�)

incorporation, likelihood of surviving collagen

and the best locations for recovering biogenic

stable isotope samples (see Trueman and Tuross

2002). Our preliminary results indicate that bio-

genic signatures can persist in archaeological

skeletal material on the order of 4500 years

old, but discerning this signature requires careful

selection of specimen, sampling location within

the specimen, analytical technique, and a great

deal of caution in the interpretation of the proxi-

mate mechanisms producing the observed ele-

mental distributions.
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Abstract

Panamá Viejo, founded in 1519 by the Spanish explorer Pedrarias Dávila,

was the first permanent European settlement on the Pacific Ocean, and

became a city, by royal decree, in 1521. Shortly after its creation, the city

became an important base for trade with Spain. In 1671, the English pirate

Henry Morgan waged an attack on Panamá Viejo, which resulted in a

fire that destroyed the entire city. A new settlement built a few miles west,

called Casco Antiguo or San Felipe, is now the historic district of modern

Panama City. The Pb isotopic compositions of the glazes on the surface

of sixteenth to seventeenth century majolica pottery sherds from Panama

Viejo and Casco Antiguo (both in Panama), and Lima (Peru) were

determined via non-destructive laser ablation multi-collector ICP-MS

(LA-MC-ICP-MS). The contrast in Pb isotopic compositions in the glazes

on ceramics recovered in different locations demonstrate that early majol-

ica pottery production during this period used Pb obtained from the

Andes. However, the Pb used in later majolica production in Panama

is of Spanish origin. After Panamá Viejo was burned to the ground,

Panamanian majolica production ended.
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19.1 Introduction

19.1.1 The Old City of Panama or
Panamá Viejo

After the expedition of Christopher Columbus to

the Caribbean side of the current Republic of

Panama in 1502, the Spanish monarchy believed

it was imperative to explore these new territories,

and assigned this task to Alonso de Ojeda and

Diego de Nicuesa. The mainland was divided

from Cabo de la Vela to Uraba’s Gulf, as

“Nueva Andalucia,” and from Uraba’s Gulf to

the west, as “Castilla de Oro,” respectively.

These explorations, little more than raids by

today’s standards, aimed to conquer and colonize

the mainland, and led to the founding of San

Sebastián de Urabá in 1509 (now called Necocl-

ı́-Colombia). This settlement was subsequently

destroyed by the indigenous people of this region

and a year later the Spaniards founded Santa

Marı́a la Antigua del Darién, near the Tanela

river (now called Acandı́-Colombia), which

became the first settlement with the title of city

in continental America (Martı́n 2009).

After his arrival as governor of “Castilla del

Oro,” Pedrarias decided to move Santa Marı́a la

Antigua to the shores of the Pacific Ocean, a

strategic location in which he could carry out a

campaign of conquest (Martı́n 2009). Panama

Viejo was founded on August 15th, 1519, in a

native village under the command of Cori, and

served as the first Spanish port on the Pacific

coast of the Americas. Although the Spanish

later established other Pacific Coast ports, Pan-

ama City remained one of the largest ports in the

Pacific, in part due to the traffic of wealth looted

from the Inca Empire. Likewise, all goods from

Europe passed through this port for redistribution

to the South American continent (Mena 1998).

152 years later, in 1671, the English pirate Henry

Morgan attacked the city, leading to its destruc-

tion and final abandonment. This attack

prompted the relocation of the city to what is

now known as Casco Antiguo or San Felipe

(Fig. 19.1). The new city of Panama, founded in

1673, was partly a reflection of the destroyed

city. The layout—traza—of the new city

followed the traditional rules of Spanish urban

design in which the Plaza Mayor served as a

point of reference for the central distribution

and location of buildings within the city

(Castillero 1994, 2004a, b; Mena 1984, 1992).

However, “the traza of San Felipe is unthink-

able without its walls, the need was a crucial

aspect of the move” (Tejeira 2001:87).

19.1.2 Majolica and Spanish Production

Majolica is an earthenware ceramic generally

characterized by a creamy light-buff colored

ceramic paste and an opaque white tin-lead

glaze covering the entire outer surface of the

vessel. Perhaps the most characteristic feature

of majolica pottery lies in the metallic oxide

decorations that were applied on top of the

tin-lead white glaze coat. The opaque white

glaze is usually achieved after dipping the bisque

ceramic into a soupy suspension made out of

sand (e.g., quartz), tin and lead to the ceramic

biscuit, and then fired again in the kiln. Lead

plays an important role during the glaze matura-

tion since it acts as a flux, decreasing the temper-

ature needed for melting SiO2, resulting in a

bright and transparent/translucent glaze (Tite

et al. 1998).

According to the historical majolica making

tradition and extant written sources and current

scientific literature, this opaque glaze is com-

monly achieved by the addition of a fine fraction

of tin oxide (SnO2) particles, likely cassiterite,

the most common mineral source of Sn in nature.

Thus, Sn might had been incorporated into the

glaze mixture suspension by two different pro-

cesses: the most common process was likely a

frit, which is a raw mixture of Sn, Si and Pb

minerals that had to be fused and then quenched,

forming a glassy fine-grained compound, which

was ground afterwards and added to water in

order to form the glaze suspension; or as finely

ground particulates added to the glaze suspen-

sion. During the cooling stage in the kiln after

firing, cassiterite crystals grow within the glaze
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into micrometric crystals and small crystalline

aggregates. The appropriate small size of newly

formed cassiterite particulates, along with extant

small quartz and feldspar inclusions, as well as

any bubbles that may result from the firing pro-

cess, absorb, scatter, and/or reflect incident light,

thereby giving the transparent glaze a whitish

appearance. This white opacity makes a perfect

canvas on which to apply chromatic decoration,

which is normally applied to the outer surfaces of

the glaze coat (Iñañez 2007; Molera et al. 1999;

Tite et al. 2008).

Although the first evidence of opacified glazed

pottery can be traced to the Middle East as early

as the fifth century BC, evidence for ceramic pro-

duction showing the general features described

above remain unclear until the ninth century AD

(Hill et al. 2004; Mason and Tite 1997). Follow-

ing the known historical occurrences, majolica

technology shows a clear link to the Islamic

Al-Andalus (the Cordoba Caliphate, and

subsequently taifas or Islamic petty kingdoms)

during the medieval period on the Iberian Penin-

sula. It is generally considered that from the tenth

century AD onwards majolica technology became

widespread throughout the entire Iberian Penin-

sula, even in the New Christian kingdoms and

principalities of the North and Northeast, and

reached the rest of Western Europe soon after.

By the sixteenth century, Spanish majolica pro-

duction flourished as Italian-influenced decora-

tive styles diffused into the Iberian Peninsula,

incorporating new chromatic choices to the

potter’s palette such as yellow, usually combined

with the more traditional blue, black and green

colors (e.g. Iñañez 2007 and references therein).

Many majolica production centers were fully

functional in the Castile and Aragon kingdoms

during the period of Spanish colonial presence in

the Americas. The workshops from cities like

Seville, Talavera, Manises, Muel or Barcelona,

just to mention a few, might be considered as

Fig. 19.1 Map of the new and old cities of Panama
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representative of a genuine proto-industrial

activity, which supplied not only their immediate

hinterland, but also reaching distant markets.

Regarding the colonial trade towards the Ameri-

can market, there is one production center that

stood above the rest in terms of quantity and

importance—the city of Seville. This city,

occupying the riverbanks of the Guadalquivir

River on the southern Iberian Peninsula, served

as both the departure point and the final destina-

tion for most of the Spanish galleons that traded

with the Americas in the so called “Carrera de
Indias,” the official (and only allowed) armored

convoy of ships from Castile to the Americas.

For more than 200 years, the vast traffic of

commodities that resulted from the emergence

of the new colonial markets was supervised by

Casa de la Contrataci�on, a bureau of trade

established in Seville in 1503. It is, therefore,

not surprising that both the importance of,

and eventual decline, of Sevillian ceramic

manufactures are directly linked to the endurance

of the rigid monopolistic trade established by the

Castilian crown and the prevalence of the Casa
de la Contrataci�on in the city.

19.1.3 Archaeology of Panamanian
Colonial Majolica

Panama was a territory of the Viceroyalty of

Peru, and due to the rigid protectionist economy

established by the Castilian Crown, it was able to

trade only within this colonial administrative

region but generally not to other political admin-

istrative regions, such as the Viceroyalty of

New Spain, although illicit trade was regularly

present, as evidenced in written sources (Glave

2000; Jamieson 2001; Stein and Stein 2002).

Panamanian ceramic workshops took advantage

of this legal situation and traded their products

southwards following the coastline and into

the nearby hinterland with cities in Ecuador

(Cuenca), Colombia (Popayán) (Therrien

et al. 2002) and most importantly Peru (e.g.,

Lima, the capital of the Viceroyalty of Peru,

and Moquegua) (Iñañez et al. 2012; Rice 1997).

The development of historical archaeology

in Panama is relatively recent, as is the study of

Panamanian majolica (Rovira and Martı́n 2008).

The first archaeological investigations were

initiated in the 1960s, and continued intermit-

tently until the present day. From these archaeo-

logical excavations in Panama, specifically in

Panama Viejo, where kiln related evidence was

found (Long 1964), emerged a defined set of

ceramic types referred to as “Panamanian majol-

ica.” Panamanian ceramics visually appear dif-

ferent because of a “brick-red paste that makes it

unmistakable at first sight” (Rovira 1997). A

typological classification of Panamanian majol-

ica serves as a chronological indicator and trade

marker in colonial America and is defined basi-

cally by three types: Panama Plain, Panama Blue

on White, and Panama Polychrome (Goggin

1968; Long 1967; Rovira 1997).

The first type, as defined by Long (1967), and

assumed to be the earliest, is Panama Plain,

which is characterized by thick enamel and in

some cases white or greenish tinges. Other

scholars have also noted possible technological

influence from the Hispano-Moresque tradition,

such the marks on the surface of plates that

resulted from the use of tripods during firing,

and the occurrence of flat-bottomed dishes with-

out borders (Rovira 1997). Panama Blue on

White has similar characteristics to a Talavera

pottery tradition—Ichtuknee Blue on White—

with some obvious American-influenced designs

such as corn plant motifs, as well as motifs

related to the Chinese porcelain tradition

(Deagan 1987; Long 1967; Rovira 1997). Pan-

ama Polychrome occurs infrequently in

excavated archaeological contexts at Panama

Viejo (Goggin 1968). This type has different

designs using brown, blue and green colors. In

some cases it is possible to find variants that have

yellow on their enamel (Rovira 1997).

According to Rovira (1997), Panama Plain

ceramics occur earliest in the Panamanian majol-

ica production sequence and have features that

are reminiscent of “archaic” majolica and

manufacturing techniques similar to those found

in the Hispano-Moresque tradition. It is in the

mid-seventeenth century when the production of
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Panamanian Blue on White and Polychrome

majolica purportedly started; related in turn

with the decline of European types in the studied

archaeological contexts at Panama Viejo.

19.1.4 Pb Isotopic Studies of Colonial
Ceramics and Provenance
Studies of Panamanian Majolica

Until multi-collector-inductively coupled

plasma-mass spectrometry (MC-ICP-MS) gained

popularity for Pb isotopic analyses, the tradi-

tional method for the measurement of Pb isotope

ratios was via thermal ionization mass spectrom-

etry (TIMS). TIMS provides high analytical

accuracy and precision, although at the cost of

relatively slow and arduous sample preparation

(for further discussion see Stos-Gale and Gale

(2009), and references therein). Recently, other

laboratories have developed novel approaches to

Pb isotope analysis seeking alternatives to TIMS,

such as EDTA (Ethylenediaminetetracetic acid)

extraction and different ICP-MS configurations

(see Reslewic and Burton 2002). The use of

magnetic sector ICP-MS (Woolard et al. 1998),

or quadrupole ICP-Q-MS (Marzo et al. 2007)

are among the different alternatives chosen

by researchers. Unfortunately, none of these

techniques can achieve the analytical precision

that TIMS or MC-ICP-MS have demonstrated

for Pb isotopic measurements. Currently, studies

utilizing high-precision Pb isotope ratios charac-

terization conducted by MC-ICP-MS report

excellent agreement with data acquired by

TIMS (Baker et al. 2006). Moreover, MC-ICP-

MS coupled with laser ablation offers the ability

to efficiently generate a large, statistically signif-

icant data set more quickly than solution

analyses.

In recent years, Pb isotopic analysis of glazed

ceramics has gained popularity in archaeometri-

cal studies, although still not as recurrent as

its use for analysis of artifacts made of bronze,

copper, silver, or glass (e.g. Degryse et al. 2009;

Ponting et al. 2003; Shortland 2006; Stos-Gale

and Gale 2009; Stos-Gale et al. 1997; Thibodeau

et al. 2007; Yener et al. 1991). Among the first

works of this nature one can cite those published

by Brill et al. (Brill and Wampler 1967; Brill

et al. 1987), and, especially relevant to the pres-

ent study, Joel et al. (1988), an early work

focused on the Pb isotopic fingerprinting of

majolica pottery in the Americas. Since these

initial publications, several more projects on Pb

isotope provenance of glazed ceramics have been

conducted. For example, it is worth noting the

analyses of Islamic glazes by Mason et al. (1992)

and Islamic and Hispano-Moresque ceramics

by Resano et al. (2008), ceramics from the El

Paso area by Pingitore et al. (1997), Rio Grande

glazed ceramics by Habicht-Mauche et al. (2000,

2002), majolica from eighteenth century New

Spain presidios by Reslewic and Burton (2002),

and Mexican and Spanish colonial ceramics by

Iñañez et al. (2010).

The first provenance studies of Panamanian

majolica were conducted by Vaz and Cruxent

(1975) employing thermoluminescence to dis-

criminate between different Spanish colonial

production centers in the Caribbean. Olin

et al. (1978) included three ceramics found in

Panama Viejo in their large chemical study of

Spanish and Colonial Spanish majolica con-

ducted by instrumental neutron activation analy-

sis (INAA), which showed a different chemical

composition than those studied from other areas.

More recently, Jamieson and Hancock (2004)

conducted chemical analyses by INAA on a set

of ceramics collected in Cuenca, Ecuador, includ-

ing a set of ceramics found in the same site and

archaeologically identified as Panamanian. Soon

after, Rovira et al. (2006) reported the chemical

characterization by INAA of Panamanian majol-

ica and other ceramic types unearthed at the site

of Panama Viejo and two clay samples. Recently,

Iñañez et al. (Iñañez and Martı́n 2011; Iñañez

et al. 2012) reported the chemical and technolog-

ical characterization by INAA and scanning elec-

tron microscopy (SEM) of Panamanian ceramics

unearthed during recent archaeological ex-

cavations at the sites of Panamá Viejo and

Casco Antiguo, as well as the convent of Santo

Domingo in Lima, Peru. This study included

over-fired ceramics and kiln related materials,

such as clay spurs, confirming the local origin of

19 Pb Isotopic Composition of Panamanian Colonial Majolica by LA-ICP-MS 347



Panamanian ceramics, in agreement with Rovira

et al. (2006).

19.2 Goals and Sample

The Pb isotopic composition of the glaze coating

of majolica pottery can provide constrains on its

source. The main goal of this study is to establish

the origin of the Pb used in the manufacturing of

Panamanian majolica, taking into account avail-

able archaeological evidence and the particular

historical circumstances at Panamá Viejo and

Casco Antiguo. Majolica technology required

significant amounts of Pb and Sn in order to

obtain the white glazed enamel characteristic of

this ware. However, although quite common in

the Earth’s crust, Pb is not ubiquitous, so it has

to be mined and traded from where Pb minerals

are found abundantly. During the early stages of

Spanish settlement in the Americas, almost every

artifact and commodity was imported from

the Iberian Peninsula, including Pb. However,

around the mid-sixteenth century, the occupation

of the Americas by Spaniards was extensive,

and many important Au and Ag mines were

being exploited. Therefore, the supply of Pb to

Panamanian workshops was oriented towards the

southern areas of the viceroyalty of Peru instead

of Spain. In addition, Pb is often related to Ag in

sulfide ore deposits, so ancient miners used to

extract galena (PbS) and other sulfides to obtain

Ag in significant quantities. Thus, studying the

origin of Pb in American metallic and glazed

artifacts can provide significant information

regarding trade within the colonial market. In

addition, assessing the use of Pb isotopic analysis

by LA-MC-ICP-MS as a tool to study the prove-

nance of colonial archaeological material in a

nearly non-destructive fashion, consequently

providing a powerful technique for cultural heri-

tage studies, is also among the goals of the

present work.

In order to achieve these objectives, 30 majol-

ica Pb-glazed ceramics from Panama and Lima,

Peru, were analyzed by laser ablation multi-

collector inductively coupled plasma mass spec-

trometry (LA-MC-ICP-MS) (Table 19.1). As

seen in Fig. 19.2, typical Panamanian majolica

decorations range from plain white glazed coats

to various geometric motifs produced in blue on

white, green and black on white, or even poly-

chrome patterns. The samples investigated in this

study include (1) 15 previously studied ceramics

from Panama Viejo, which have been identified

as of Panamanian origin according to the chemi-

cal composition of their clay pastes and archaeo-

logical evidence that included studies of kiln

related materials (Iñañez et al. 2012; Rovira

et al. 2006); (2) five ceramics excavated at

Casco Antiguo, the new city built after the

destruction and abandonment of Panamá Viejo

in 1671; and (3) ten majolica ceramics that date

to the sixteenth to seventeenth centuries and

recovered at the Convento de Santo Domingo,

Lima, which have been recently identified as

Panamanian, likely from Panamá Viejo, accord-

ing to the chemical analysis of their clay pastes

(Iñañez et al. 2012). Additionally, this study also

incorporates extant majolica and non-tin-lead

glazed Pb isotopic data from sixteenth to eigh-

teenth centuries Spanish ceramic production

centers (Iñañez et al. 2010 and references

therein; Joel et al. 1988), as well as Andean Pb

ores (Gunnesch and Baumann 1984; Gunnesch

et al. 1990; Kontak et al. 1990; Mukasa

et al. 1990; Sangster et al. 2000; Tilton

et al. 1981), and Spanish Pb ores (Arribas and

Tosdal 1994; Canals and Cardellach 1997; Hunt

2003; Santos Zalduegui et al. 2004; Tornos and

Chiaradia 2004; Velasco et al. 1996). These stud-

ies, combined with the data obtained by this

study, will put Panamanian majolica Pb isotopic

data into an interpretable context, and allow us to

determine whether or not Panamanian majolicas

used American or Spanish Pb for their glazed

coatings.

Mexican Pb analyses have not been included

in this study because of historical and geologi-

cal reasons. The fact that some Pb ores from

the Andes and Central Mexico share similar

metallogenetic ages provides some overlap in

their Pb isotopic signatures. Additionally, for

historical reasons, one has to bear in mind that

the main Mexican Ag and Au mines during Span-

ish colonial times, like Zacatecas, Guanajuato,
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Pachuca and Sombrerete, are located in Central

and North Mexico. Because of their geographic

location and the rigid monopolistic control

exhibit by Spaniards towards trade between colo-

nial viceroyalties, metals mined in Mexico were

generally carried by ground transport to the ports

of Veracruz and Acapulco to be shipped to Spain

or to the Spanish colonies in Asia (Castillo and

Lang 1995; Lacueva Muñoz 2010). Therefore,

Mexican influence on Pb supply in Panama had

little historical significance and, given the geo-

logical constraints, consequently Mexican Pb

isotopic signatures have been ruled out of the

examples presented here in order to provide less

cluttered representations of isotopic data.

19.3 Analytical Methods

Lead has four isotopes, 208Pb, 207Pb, 206Pb, and
204Pb; 204Pb is invariant in nature, whereas 208Pb,

207Pb, 206Pb are daughter products of the decay

of 232Th, 235U, and 238U, respectively. Therefore,

variation in the Pb isotopic composition of a

material is a function of its initial U, Th and Pb

concentrations, the starting Pb isotopic composi-

tion, and the time-integrated growth of radio-

genic Pb. Due to dissimilarity in the chemical

behavior of U, Th, and Pb, the Pb isotopic com-

position of different materials can vary widely in

nature. These natural variations, therefore, make

the Pb isotopic system an ideal candidate for

constraining the potential provenance of geo-

logic materials and the archaeological materials

derived from them (e.g. Brill and Wampler 1967;

Pollard et al. 2007; Pollard 2009; Shortland

2006; Stos-Gale and Gale 2009 and references

therein).

All analyses were conducted at the University

of Maryland College Park Plasma Laboratory

following the methodology reported by Iñañez

et al. (2010). Pb isotopic compositions were

determined in situ via LA-MC-ICP-MS

Fig. 19.2 Examples of

plain white, blue on white
and polychrome majolica

found in Panama (from

left to right and from top
to bottom: PVM020,

PVM006, PVM031,

PVM042)
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employing a New Wave UP-213 laser system

and a Cetac Aridus desolvating nebulizer system

coupled to a Nu Plasma multiple-collector ICP-

MS. Before reaching the plasma torch, the He gas

from the laser ablation cell was combined with

an Ar and N2 gas flow from the Aridus nebulizer

via a T-junction. During each analytical session,

ultra-pure 18 MΩ (milli-Q) water was flushed

through the Aridus ensuring only Ar and N2

reached the plasma (see Iñañez et al. 2010 for

gas flow settings). Laser ablation MC-ICP-MS

analysis of majolica glazes has several benefits

when compared to traditional thermal ionization

mass spectrometry (TIMS) or MC-ICP-MS

analyses. These benefits are: (1) minimally

destructive analysis, which preserves samples

for future investigations; (2) rapidity—each anal-

ysis takes ~2 min, which allows the collection of

far more data and in turn generates statistically

significant datasets; and (3) the precision of

LA-MC-ICP-MS on glazes that contain wt% Pb

(as the ceramics in this study), approaching that

of TIMS or solution MC-ICP-MS.

Before each sample analysis, an on-peak

background was taken for 45 s with the laser on

and shuttered. The Nu Plasma time-resolved

software was used to establish the average of

the background for each analysis and to calculate

each ratio using the background corrected signals

for each time-resolved measurement. Typical

ablation spectra were collected for ~60 s. The

isobaric interference of 204Hg on 204Pb was mon-

itored bymeasuring the background-corrected 202

Hg signal and corrected for using the natural

isotopic abundances of each Hg isotope, 202Hg/
204Hg ¼ 0.2299 (de Laeter et al. 2003). The total

Hg interference was insignificant (<1 part per

10,000) during our analyses due to the large

amount of Pb (�30 wt% in all cases) and negli-

gible amount of Hg (�μg/g) in the analyzed

ceramic glazes. In addition, matrix effects are

limited when using laser ablation systems with

wavelengths in the deep UV (213 and 193 nm)

and with nanosecond pulse durations.

Isotopic fractionation corrections were per-

formed using the Exponential Law and NIST

SRM610 values from Baker et al. (2004) by

means of standard-sample bracketing (e.g.,

Jochum et al. 2006; Kent 2008; Paul

et al. 2005; Simon et al. 2007). The fractionation

factor was determined using the 208Pb/206Pb ratio

measured in NIST SRM 610. Block analyses

consisted of two standard measurements (NIST

SRM610) before and after six sample

measurements.

Replicate analyses of NIST 610 during each

day of analyses yielded an external precision of

0.4 % on 20xPb/204Pb ratios and 0.2 % on 20xPb/
206Pb (with x being 6, 7 or 8, as appropriate).

Typical internal and external precisions for 20xPb/
204Pb of ceramic glazes, based on triplicate

analyses of an individual sample, are 0.05 %

and <0.1 %, respectively (Iñañez et al. 2010).

All errors in this study are reported as internal

2σmean on an individual analysis. Iñañez

et al. (2010) performed triplicate analyses on

similar samples and showed that the internal pre-

cision is roughly the same as the external preci-

sion due to the high concentrations (30–50 wt%)

of Pb in the glazes. All analyses were conducted

on untreated ceramics on the white glazed area of

the coated vessel. Small sherds of around 1 cm2 of

each sample were gently wiped with ethanol and

mounted together on an aluminum microscopy

wafer using a double-side sticker. This setup

was used to avoid repeated manipulation of the

laser chamber to introduce new samples. Refer-

ence materials were also placed inside the laser

chamber at the same time. No other pre-treatment

was necessary, as laser pre-ablation removed

any possible superficial contamination on the

samples.

19.4 Results and Discussion

The Pb isotopic compositions for the Panamanian

ceramics discussed above are illustrated in

Fig. 19.3 and reported in Table 19.1. Andean

Pb isotopic compositions are clearly distinct

from that of European produced Spanish majol-

ica—a consequence of the different geological

sources of Spanish and American materials,

albeit there is some limited compositional
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overlap. Figure 19.4 represents an enlarged view

of the measured Pb isotopic compositions,

shading the composition for each historical ore

area and projecting the Panamanian ceramics

onto these shaded regions.

The Panamanian ceramics found in Panama

and in Lima have similar Pb isotopic com-

positions, which corroborates further observations

(Iñañez et al. 2012), that the ceramics found in

Lima (PVM) were Panamanian products. Pb iso-

topic compositions for most of the ceramics found

in Panama and Lima (PVM and LIM) overlap

with Andean Pb isotopic ratios measured in

ore samples. Furthermore, the Pb ratios of three

ceramics from Panama Casco Antiguo (PVM045,

PVM052 and PVM056) show higher 208Pb/206Pb

and 207Pb/206Pb ratios and lower 206Pb/204Pb

ratios (Fig. 19.4), exhibiting similar Pb isotopic

compositions to Spanish ores and artifacts. Two of

the Panamanian ceramics found in Lima (LIM)

show Pb isotopic compositions similar to the

Panamanian outliers and likely were produced

Fig. 19.3 Pb isotopic ratios of Panamanian, Mexican and Spanish ceramics, and lead deposits
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from Spanish Pb. Interestingly, the outlier

ceramics from Panama, with white and poly-

chrome decorations respectively, were unearthed

at the Casco Antiguo site, chronologically the

later of the contexts studied. Unfortunately, the

two ceramics traded to Lima, one with blue on

white and the other with green and yellow on

white decoration, can only be dated approxi-

mately to the seventeenth century, which may

coincide with the earlier dates attributed to

Casco Antiguo.

According to the data presented here, six-

teenth and early seventeenth century majolica

from Panama Viejo was manufactured using Pb

that was most likely obtained from the Andes.

This conclusion is in harmony with the idea that

Panama Viejo played a leading role during the

early colonial period and was considered a com-

mercial hub in the Spanish colonial market due

to its strategic location. At that time, Panama

Viejo was considered one of the most important

ports on the Pacific Ocean, serving as a pivotal

connecting point from the territories recently

conquered by the Spaniards in South Amer-

ica—the subsequent Viceroyalty of Peru and

their important supplies of metals—to Mexico,

the Caribbean, and Spain.

Nonetheless, three out of five ceramics

analyzed from Casco Antiguo and two out of

the ten Panamanian ceramics from the

Fig. 19.4 Pb isotopic ratios of Panamanian ceramics. Grey symbols correspond to Spanish and Peruvian lead deposits
and ceramics
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archaeological site of convent of Santo Domingo

in Lima, the new capital of the Viceroyalty of

Peru, have Pb isotopic compositions compatible

with Spanish, not Andean, sources. Unfortu-

nately, the chronological attribution for these

ceramics has not been established accurately.

However, it is possible to argue a post quem date

of the first decade of the seventeenth century for

these ceramics, when written sources provide data

about tiles ordered and traded from Spain to Lima

for decorating the convent, with the supply ship

stopping by in Panama on the way (Rovira 2002).

One possible interpretation of our results is

that as a result of the attack and sack of the city

by the English pirate Morgan, which resulted in

the relocation of the city 8 km southwest of its

original location, the provisioning of Pb was

largely supplied by new sources. Thus, at least

during the first years of life of the new city, the

utilization of Spanish Pb by the pottery industry

may imply a shift of the Pb supply and/or a

recycling process, perhaps by scavenging objects

found in the ruins of or in the vicinity of the

destroyed city, instead of relying on the provi-

sioning by trade from South America. However,

the archaeological surveys conducted so far at

Casco Antiguo do not provide evidence regard-

ing majolica production after the relocation of

the city in 1673.

Historical written documentation provides

another piece of evidence to help solve this

archaeological puzzle. The government of Felipe

II (second half of the sixteenth century) was

known to have continued the economic and

fiscal reforms established by his father, Carlos

I. Among the fiscal reforms implemented by the

king, the so called “Siete Rentillas” (seven little

charges) duty is of great importance for studying

Pb supply during the sixteenth to eighteenth

centuries in Spain and the colonial market. This

is because this duty taxed seven products of little

profit to the state: black powder, sulfur, mercury,

sealing wax, playing cards, iron-based pigments

and, importantly, Pb (Torrente 1835). Some of

these products were likely exported from the

Viceroyalty of Peru. It is no coincidence that

the trade of Pb from South America is linked to

the beginning of extensive mining activity in

Peru around 1545. Thus, Andean Pb easily arrived

to Panama, becoming the primary ore used in the

Panama Viejo majolica workshops, in agreement

with the isotopic data from this study.

However, around the mid-seventeenth cen-

tury, a deep economic crisis hit the Viceroyalty

of Peru. This crisis had multiple parallel

causes—perhaps the most relevant to this study

is the decline in the amount of precious metals

mined at Peruvian mines, which includes indi-

rectly the quantity of Pb extracted and later

traded to Panama. The purported decline in the

amount of metals mined at the Andean mines

resulted from several causes—the depletion of

the main metallic ore veins that had been mined

since the mid-sixteenth century, and the demo-

graphic decline of the native Andean population

were perhaps the most significant. The native

population formed the main workforce in the

mine districts at that time, working under two

similar types of exploitive labor conditions:

forced labor (encomienda) or very low waged

labor (repartimiento), both resulting in very stren-

uous work conditions, which ultimately greatly

contributed to the decimation of the native popu-

lation. In addition, a new fiscal reform that

increased tax pressure fostered illicit trade by colo-

nial market agents, who constantly broke the once

rigid monopoly established by the Spanish crown

and often traded with the British, French, and

Dutch. During this crisis situation, the precious

metals and Pb trade from Peru northwards to Pan-

ama significantly reduced in volume, and Spanish

imports may have increased in importance as a

result (Andrien 2011). These historical data are

in agreement with the results presented here.

Furthermore, the Panamanian majolica found

in Lima show a post quem dating to the first

decades of the seventeenth century. Thus, a rela-

tive chronological assignment for Lima ceramics

having a Pb isotopic signature compatible with

Spanish Pb origin can be demonstrated. Based on

the Pb isotopic compositions measured here and

the historical and archaeological evidence known

to date, these ceramics were likely manufactured

in Panama after the mid-seventeenth century and

transported to Peru. Consequently, and according

to the current archaeological knowledge of
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Panamanian majolica production, we can argue

that the ante quem chronology for these ceramics

must be around the date of 1671, when the city,

and likely also its ceramic industry, was

destroyed. As a final remark, we attribute the

Pb used in the sixteenth and early seventeenth

century Panamanian majolica to an Andean Pb

ore source. However, around the second third of

the seventeenth century, Panamanian ceramics

were mainly manufactured with Spanish Pb.

19.5 Final Remarks

Although we acknowledge the limitations of this

work because of the relatively limited number of

samples analyzed, it is important to highlight

implications of this study for future research.

This is one of the few studies to date that success-

fully combines Pb isotopic analysis and available

chemical data of ceramic pastes, with archaeolog-

ical and historical data to reconstruct the pro-

duction chronology of one of the most important

majolica production centers during colonial times.

In addition, we have demonstrated that integrated

studies, such aswhatwe have described above, are

critical for assessing the provenance and technol-

ogy of colonial glazed ceramics in order to avoid

erroneous conclusions about ceramic provenance

and to provide additional insight into colonial

technologies.
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