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New Standards in the Analysis of Archaeological Metalwork Using LA-ICP-MS: A Case Study from the South Caucasus Archaeometallurgy Project 

Results and ICP-MS and OES Comparison 

Researchers have found problems in integrating OES data with data collected with newer techniques (Pollard et al. 2007: 47-48). This is par-

ticularly difficult in the archaeometallurgy of Eurasia (Chernykh 1992) since nearly all published compositional data are from OES. Metallurgi-

cal groups (Table 2) were assigned to both OES and LA-ICP-MS data.  28 of the 47 

samples that had both data sets could assigned the same metallurgical group, 19 

could not. There are two possible explanations for this discrepancy. First, the OES 

data was not normalized to copper, as was the case with the LA-ICP-MS result. Tin 

and arsenic values were generally higher for LA-ICP-MS than OES analysis of the 

same samples, which may be due to the non-normalized values reported for OES. 

The normalization of values for tin and arsenic makes LA-ICP-MS more reliable. 

Second, variation in the lead values may also be due to segregation within the 

sample, since lead is insoluble  in copper.  

 Figure 8 is a ternary plot of three major variable elements (arsenic, tin and 

lead) detected by LA-ICP-MS. We grouped the values by object class (“Ornament” 

and “Implement”) and observed a general pattern of ornamental objects being 

high in tin, while implements were generally high in arsenic, but there were sev-

eral cases of implements also showing a greater variability overall. When lead 

does occur, it is generally in similar proportions to arsenic and tin. This relation-

ship can be seen in objects with low arsenic and tin also having low lead. 

Table 2.  Metallurgi-
cal groups (elements 
at concentrations 
greater than 1 %). Figure 8.  We arrived at these values by subtracting arsenic, tin 

and lead from all other elements, and then subtracting that re-
mainder from 100 and multiplying that number by the concen-
tration x100.  Values for these elements have the following rang-
es: Arsenic 0.04—4.5 %, Tin 0.01—25.9 %, Lead 0.02—3.9%. 

Object Type 
 Implement 
 Ornament 

              Outcome and Conclusions 
Our analysis of 66 copper and bronze artifacts shows that LA-

ICP-MS presents a new direction for metallurgical analysis in a 

post-OES analytical environment, given the speed at which it 

can be performed and the increased specificity of sampling. LA

-ICP-MS has many advantages over OES including: 1) greatly 

enhanced detection limits (Table 1), 2) analysis with physical 

standards to enhance replicability and 3) greater accuracy of 

experimental data with normalized results. Further research 

should be directed towards integration with ore analysis for 

source identification and in depth investigation of recycling by 

comparison with assemblages where endemic recycling is less 

likely, such as EBA metalwork. Though microstructural hetero-

geneity is characteristic of ancient copper and bronze, it may 

be mitigated in LA-ICP-MS analysis through selection of a large 

area of analysis. 
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Figure 9.  EDS map of large scale microstructure variations displaying dendritic inclusions characteristic of cast 
bronze (left) and of a corroded surface of bronze sample where oxidation has obscured the microstructure (right). 

Materials and Methods 

Sample Preparation 

Portions of 74 copper and bronze artifacts were embedded in epoxy, then sanded and pol-

ished to ensure that they were free of residue and could be oriented perpendicular to the la-

ser beam. Before LA-ICP-MS analysis, imaging and analysis was conducted by Scanning Elec-

tron Microscopy with Energy Dispersive Spectroscopy (SEM-EDS) using a FEI Quanta 200F 

field emission gun SEM with a Bruker Quantax 200 SDD EDS system (Figure 7 and 9).  

LA-ICP-MS Analysis 

 LA-ICP-MS was performed on 66 copper-based samples. The remaining eight samples pre-

pared for this project are lead-based and are not considered here.  Samples were ablated us-

ing a New Wave UP-213 (213 nm wavelength) laser ablation system in imaged aperture 

mode. Ablated particulate material was analyzed by a Thermo X Series 2 Inductively Coupled Plasma-Mass Spectrometer. Abla-

tion of each sample was performed using an 80 μm beam, traveling at 50 μm/s over three separate 500 x 500 μm raster 

patterns (Figure 5). 

 

Experiment Standardization and Calibration 

A total of 10 analytes were considered: 59Co, 62Ni, 75As, 109Ag, 117Sn, 121Sb, 125Te, 197Au, 204Pb, 209Bi. In addition 27Al, 

55Mn, 57Fe, 67Zn, 82Se, 139La, 140Ce, 153Eu, 172Yb were collected but subsequently removed from the analysis due to poor 

detection or non-detection (Table 1). 65Cu was collected, but due to our internal standardization method we did not use the LA-

ICP-MS data. A combination of copper and bronze standards (B10, B12, 51.13-4, 71.32-4 and SRM-494) were analyzed to effec-

tively bracket the unknown samples for calibration. The basic approach to data calibration is a slight modification of the ap-

proach described previously by Neff and Dudgeon (2006). ICP-MS data calibration was performed by fitting standardized con-

centrations (in ratio to copper) in the standards to standardized counts (ratios of raw counts to raw copper counts in the stand-

ard). We adopted a procedure to measure the copper concentration at each ablation site using SEM-EDS for incorporation into 

the LA-ICP-MS data calculations. Replicate EDS measures of copper were averaged and the 

mean value was used in the internal standard correction/calibration of the unknowns.  

Optical Emission Spectrometry (OES) 

The samples were taken by Dr. Aram Gevorkyan for OES analysis in the early 1990s. He ana-

lyzed 47 samples from the Horom site (six from LBA II graves, 41 from Iron I burials) at the 

Institute for Archaeology and Ethnography in Yerevan, Armenia. The results are unpublished 

and had to be transcribed from photographs of handwritten records for this study (Figure 6). 

In these analyses, copper concentrations were not quantified and values for other elements 

were not normalized. Copper was instead identified as the “base” material. Maximum non-

normalized detection limits were 0.003-0.001 percent.  

Microstructural Variation 

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 differ-

ent phases with copper, as arsenic (As) and tin (Sn) will do (Figure 7 and 9). This structural 

variation can be seen under high magnification. SEM-EDS adds the capacity for chemical 

analysis of the phases that are present, and can be used to determine whether a sample ar-

ea targeted for laser ablation is characteristic of the overall structure. SEM-EDS maps 

demonstrate the potential for identifying regions of sample heterogeneity (Figure 7 and 9) 

within the raster patterns (Figure 5) created by LA-ICP-MS. Concerns about microstructural 

variation for LA-ICP-MS can be mitigated if identified beforehand by SEM-EDS. 

Figure 5.  SEM image of laser ablation raster 
pattern. 

Figure 6.  Original handwritten record of OES 
analysis. 

Figure 7.  EDS map of small scale microstructure 

with tin.  

Table 1  LA-ICP-MS experimental detection limits. 

Background Images  
The background images of the ceremonial standard from Lchashen (left), the Karashamb goblet (center) and the representation of the solar system from the Sevan Basin (right) are from Les Dossiers d’Archeolo-

gie 321 (22, 23, 43).  

  27Al 55Mn 57Fe 59Co 62Ni 67Zn 75As 82Se 109Ag 117Sn 121Sb 139La 140Ce 153Eu 172Yb 197Au 204Pb 209Bi 

Detection Limit (ppm) 1338.02 133.08 732.98 12.93 350.39 1166.77 1312.58 2.61 47.38 5671.30 136.24 5.71 0.08 0.00 0.00 1.44 1458.83 22.29 

Figure 2.  Location of the Horom fortress and necropolis  
within Armenia. 
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Figure 1.  The Early Iron Age fortress at Horom (Djindjian 2007: 14). 

Figure 4.  Ornament from 
the sampled objects. 

Figure 3.  Bronze point from 
the sampled objects. 

Discussion 
The results obtained suggest a process of alloying that was shaped by technical and aesthetic preferences based on the materiality of copper 

and bronze. Arsenic improves the fluidity of bronzes and reduces gas emitted by molten copper, allowing for molding of ornate designs. In 

concentrations of up to about 5.0 wt %, arsenic improves the malleability of copper, but higher concentrations result in a more brittle mate-

rial.  Most of the implements analyzed in this study are cast points (Figure 3) and the use of copper-arsenic alloys enhanced the casting of 

these objects.  While lead also enhances malleability and casting, it segregates in molten copper and through practical experience, the met-

alworkers that made the Horom assemblages probably knew that high concentrations could result in weaker products. The tendency for lead 

to vary with arsenic and tin in the ternary plot (Figure 8) suggests recycling has taken place and was driving down levels of alloy constituents 

in the local metal pool. The association of tin bronze with ornaments could indicate that the alloy was valued for its aesthetic properties. 

However, high tin concentrations also increase fluidity of copper when molten, and its malleability when solid. While they share some tech-

nical properties, the selection of high tin for ornaments and high arsenic for implements appears to have been a matter of aesthetic prefer-

ence based on visible differences (i.e., tin gives copper a golden hue while arsenic lightens and gives it a silvery tint). 

Objectives  

Dr. David Peterson, Dr. John Dudgeon and students at Idaho State University conducted Laser Ablation Inductively Coupled 

Plasma Mass Spectrometry (LA-ICP-MS) on 74 metal artifacts from burials dating to the Late Bronze Age II (LBA II, 13th-12th 

century BCE) and Early Iron Age (Iron I, 11th-9th century BCE) at the Horom necropolis in northern Armenia. This study had 

three goals:  

1. To explore the effectiveness of LA-ICP-MS for analyzing systematic differences in the composition of copper and bronze 

artifacts both within and between assemblages, in order to characterize metal technologies and to aid in the discrimi-

nation of copper sources,  

2. To compare LA-ICP-MS results with earlier Optical Emission Spectrometry (OES) results for 47 of the same samples, 

3. To improve the efficiency and economy of archaeometallurgical research on materials from Armenia by utilizing facilities 

at Idaho State University in the Center for Archaeology, Materials and Applied Spectroscopy laboratory (CAMAS).  

The analyses were performed with certified physical standards (4 bronze, 1 copper). Hence our play on words in the title, in 

stating that we’ve added ‘new standards’ to analysis of ancient Eurasian metalwork. 

 

 

 

 

 

 

 

 

Background 
Samples from prehistoric copper and bronze artifacts from Armenia were collected in 2009 and 2010 by the South Caucasus 

Archaeometallurgy Project, a collaboration between researchers from the National Academy of Sciences of the Republic of 

Armenia and Idaho State University. All of the sampled artifacts date to the LBA II and Iron I periods. Archaeometallurgy has 

been an important part of Armenian archaeology since the 1960s, but has suffered a sharp decrease in funding since the late 

1980s. This research previously had centered on OES conducted by Dr. Aram Gevorkyan. Since 2000, Dr. Khachatur Me-

liksetian has conducted XRF, INAA and MC-ICP-MS analysis of metal artifacts from Armenia at the 

Curt Engelhorn Center for Archaeometry (Mannheim).  

 Armenia is in the South Caucasus Mountains region, where copper metalwork appeared in the 

6th millennium BC. Copper ore deposits were exploited there by the early 4th or perhaps 5th mil-

lennium BC. By the Early Bronze Age (ca. 3750/3500–2500 BC) evidence is found for regular pro-

duction of copper and arsenic bronze. From the Early Bronze Age onward, early metal producers 

in the Caucasus were part of geographically broad networks in which metal, artifacts and tech-

nical knowledge circulated (Chernykh 1992). At first, much of this occurred in the context of small 

villages, while the Middle Bronze Age saw an increase in the consumption of metalwork in lavish 

mound burials like those at Karashamb (background, center). By the Late Bronze II and Iron I peri-

ods, the consumption of copper and bronze increased even further in necropoli such as Artik, Lori 

Berd, and Horom. While in many cases iron came to replace copper and bronze for implements, it 

was still used in ornaments (Figure 4) and symbolic items such as representations of the solar sys-

tem and ceremonial standards (background, right and left respectively). Iron did not replace 

bronze, but contributed to reorientations in technology, while new alloys like brass and antimony 

bronze were developed as a complement to arsenic bronze and tin bronze, which had been used 

since the EBA. 
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