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Copper alloys from an early-historic period site  
Kausambi, Uttar Pradesh, India were studied to un-
derstand the manufacturing technology and alloying 
practices through elemental analysis and microstruc-
tural examination. Most of the analysed samples were 
tin bronzes, and microstructure examination demon-
strated casting, forging and annealing procedures 
adopted in manufacturing. Arsenic was absent in most 
of the samples, which may be due to recycling of the 
metal and awareness regarding the health hazards of 
this element among artisans. It is suggested that  
arsenic was not intentionally mixed in archaeological 
copper. On the other hand, tin was added in different 
quantities to meet the desired physical properties of 
the end-products. It is reported that copper metallur-
gy was developed in due course of time as a specia-
lized craft in the Central Gangetic Valley, India and 
artisans of this region had mastered the copper-alloy 
technology since the early historic period. 
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IN the Indian subcontinent, there is distinctive chronology 
of the Chalcolithic period and Copper–Bronze Age. Cop-
per metallurgy in the Indian subcontinent developed unin-
terruptedly from the prehistoric Chalcolithic tradition  
to the advanced alloy tradition. Copper technology in the 
Ganga Valley is parallel to the integration era of the  
Harappan civilization. It is remarkable that in one part of 
the Indian subcontinent, there was Chalcolithic period 
and at the same time in other regions, there was Copper–
Bronze Age. This tendency indicates separate metallurgical 
traditions practised in the broader zone which indeed 
meet at some point of time leading towards a steady de-
velopment of metallurgy in the Indian subcontinent. This 
has been possible due to extended, trance-regional prehis-
toric and exchange networks spread extensively across 
the Indian subcontinent. The rivers and tributaries in this 
zone were useful to establish the vital line of exchange 
networks with neighbouring isolated hilly and forest 

areas which were prolific in raw materials and have  
developed close interaction with adjacent localities1.  
Lahiri2 conducted a detailed analysis of such aspects in a 
seminal work on Indian trade routes. The Ganga Valley, 
India is vital to understanding ancient metallurgical prac-
tices. This region appears like a crossroad for different 
geographical zones of the country. 
 Evidences of Chalcolithic culture in this region are 
found from more than 150 sites. The large-sized Chalco-
lithic settlements like Manjhi, Oriup, Chirand, Chechar 
Kutubpur, Senuwar, Maner, Sonpur, Taradih, Khairadih, 
Imlidih Khurd, Narahan, Sohgaura, Kakoria, Lahuradeva, 
Jhusi in the Central Ganga Valley were inhabited around 
2nd millennium BCE. From these sites, continuous habita-
tion from the Neolithic period onwards is seen which 
sheds significant light on the beginning of the metallur-
gical tradition in the Ganga Valley. From most of the 
sites, copper was found from historical and early historic 
strata. The inhabitants of these sites played a significant 
role at the beginning of the metallurgical tradition by  
establishing resource access networks. The raw materials 
used by these people exhibit the extent of their regional 
and trans-regional networks3. 
 Most of the discussion on this topic is limited to textual 
analysis rather than scientific examinations of archaeo-
logical findings. Comprehensive surveys of copper  
resources and their utilization have been conducted by 
several researchers4–6. Primary scientific analyses of  
copper artefacts from the sites of this region have been 
carried out and reported at a small scale. Such reports 
represent a minimal number of studies about historical 
and early historic copper artefacts from Rajghat, Ayodhya7, 
Senuwar8,9, Chirand, Narhan9,10 and Agiabir11. These  
pioneering studies have been conducted through elemen-
tal analysis and metallography techniques. 

Site and samples 

Remains of the fortified city of Kausambi are found on 
the left bank of River Yamuna near the modern city of 
Prayagraj, Uttar Pradesh (UP), India (Figure 1)12. Exca-
vations at Kausambi have revealed five cultural periods 
of habitation13. Period IV (6th–1st c. BCE) of Kausambi is
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Figure 1. Map of the Indian subcontinent (a) showing Kausambi (b) and fortified area (c) (after Rai et al.)39. 
 
 
characterized by northern black polished ware (NBPW). 
This period witnessed large-scale constructions in Kau-
sambi. It is pertinent to mention that during the historical 
period, people travelling to Vidisha, Saket and Shravasti 
had to pass through this area. That is why Kausambi  
appears as the junction of crossroads in this region. Bhita 
on the right bank of River Yamuna, near Kausambi, was a 
famous port site used for riverine trade in the historical 
period14. 
 Kausambi is significant for the study of early inter-
actions among Deccan Chalcolithic, Ganga Valley and 
Vindhya regions. Excavations at Kausambi have revealed 
several types of artefacts, viz. beads of different materials, 
potteries, metal objects, ivory, semi-precious stones, etc. 
Among metal artefacts, several copper and iron tools 
were recovered. Ten samples from the layer of 600–
400 BCE of Kausambi have been selected for this study 
(Figure 2), to understand historical period metallurgy and 
the extent of alloying practices in the Ganga Valley. 

Methodology 

One of the most critical needs of archaeological science 
is the application of modern analytical methods. The  
primary objective of material analysis in archaeology is 
to obtain information regarding the mode of production, 
distribution, use, technology of manufacturing, and adap-
tation of production technology15. The study of metallic 

artefacts through elemental analysis provides valuable  
information regarding alloying practices and provenance. 
In contrast, metallography addresses the manufacturing 
technology, use and discard mechanism and functional 
aspects of an object16. 

Metallography 

Metallography is the art of examining the microstructure 
of metals. Electron and optical microscopes are widely 
used to study metal microstructure and understand the 
manufacturing technology of ancient metal objects. Such 
analysis helps trace ancient technological competence, 
resource access and the resource-use pattern of ancient 
people. Metallography provides valuable details on grain 
structure, boundaries, inclusion pattern along with com-
position, solidification processes and thermo-mechanical 
treatment processes17,18. There are about five steps  
involved in sample preparation, viz. sectioning, mount-
ing, grinding, polishing and etching19. These steps are 
followed, in sequence to produce a scratch-free, flat, 
smooth and mirror-like surface. The polished but  
unetched sample exhibits no microstructural details due 
to the absence of any contrast-producing features on the 
surface. However, it can provide valuable information 
about macroscopic cracks, pits and erosion. After polish-
ing, samples are etched to reveal microstructural features 
of interest. The light microscope produces coloured
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Figure 2. The Kausambi samples analysed and discussed in this study.
 
 
images of moderate resolution. The resolution is limited 
because metallurgical microscopes use light optics. 

Scanning electron microscopy and X-ray  
microanalysis 

The resolution limitation of the optical microscope can be 
solved with an electron microscope. The electron micro-
scopy has revolutionized the micro-level investigations 
and proved their importance in archaeological and mate-
rials science12,20. The electron microscope uses electron 
optics instead of light optics which provides a very high 
resolution. In the scanning electron microscope (SEM),  
characteristic X-rays are generated when the electron 
beam interacts with the inner-shell electrons of the atoms 
present at the surface of the specimen. These X-rays are 
further used to form an image and for elemental quantifi-
cation of the samples. The images formed by electron  
microscopes are black and white, but colours can be add-
ed to enhance their aesthetic value (Figure 3 b). Using an 
electron microscope images are mainly formed by  
secondary and back-scattered electrons (BSEs). Second-
ary electrons provide seamless topographic images with 
surface contours, whereas BSEs generated photomicro-
graphs provide the relative density of the phases present 
at the sample surface. Both types of images are equally 
useful for metallography. BSE imaging is a potent tool 
for metallography. The as-polished specimen, which does 
not show much contrast, can be easily viewed in BSE  

image mode. The specimen prepared for optical micro-
scope can be analysed directly using SEM without any 
additional sample preparation. 
 The most significant advantage of SEM in metallography 
is its ability of imaging at sub-micron scale and simulta-
neous quantitative elemental analysis with attached  
energy dispersive spectrometer (EDS) or wavelength dis-
persive spectrometer (WDS) detectors. Recent advances 
in detector technology and highly efficient silicon drift 
detectors (SDDs) have made quantitative analysis more 
precise and accurate. 

Sample preparation and analysis 

Ten samples from Kausambi were analysed at the Nano-
Phosphor Application Centre, University of Allahabad, 
UP and Indian Institute of Technology Gandhinagar, Guja-
rat. The samples were tiny, and to avoid any thermal-
induced changes, they were cold-mounted with acrylic in 
moulds. After mounting, the samples were ground with 
1000 and 1500 grit size SiC paper and polished with 5μ 
alumina suspension. Special attention was given to avoid 
edge rounding of the samples. For final polishing, 3μ  
diamond paste and fine polishing velvet cloth made of 
synthetic fibres were used. Finally, aqueous solution of 
ferric chloride was used for etching. The samples were 
studied using an optical microscope (Leica) and SEM 
(JEOL JSM 7600 FE-SEM with Oxford Silicon Drift  
Detectors EDS system). Table 1 presents the analytical 
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Figure 3. Microstructure of sample 1. (a) Optical metallograph; the circular area is examined using 
scanning electron microscope (SEM) and (b) SEM image showing Cuα phase, α + δ eutectoid structure, 
lead globule and micro-shrinkage in α + δ phase.

 
 
results. The combined use of an optical microscope and 
SEM is helpful in the study of metal samples because the 
same regions of interest can be observed in both instru-
ments. In order to analyse significant microstructural  
features, marks were indented at the sample stub with 
metallic ink during observation in the optical microscope; 
the same marks were used to relocate the region of inter-
est in SEM. The analysed artefacts of Kausambi are 
shown in Figure 2, which includes fragments of rings  
(1, 9), bangles (2, 4, 5), hook (6), nails (3, 7) and rods (8, 
10). The rings and bangles were for ornamental purposes, 
while hooks and nails for utilitarian purposes. Nails and 
rods were multipurpose objects, used as finished products 
or intermediate products for further processing. 

Results and discussion 

The elemental composition suggested that samples 1 and 
2 were binary Cu–Sn alloy and sample 3 was unalloyed 
copper with some inclusions. Metallographic examina-
tions of these three samples was conducted. The micro-
structure of sample 1 exhibited a typical as-cast structure 
of binary α + δ eutectoid Cu–Sn alloy. Copper and tin are 
partially soluble in each other and form a solid solution in 
two-phase system; thus they may have many metallic and 
intermetallic phases. In the microstructure of sample 1, 
the Cu-rich α-phase was surrounded by the Sn-rich 
phase. The SEM–EDS characterization exhibited remark-
able segregation of δ-phase Sn. There was highest con-
centration of Sn in the δ-region. The α + δ eutectoid 
structure and small globules of Pb particles were distri-
buted in the entire microstructure of the sample. Such 
type of microstructure is formed during slow cooling of 
metals under normal conditions. The small-sized pores 
are visible in α + δ eutectoid structure (Figure 3 b). These 
micro-shrinkages are formed due to gas-bubble formation 
in the liquid where it floats. If no liquid surface is availa-
ble to discharge, gas-bubble interacts with the solid–
liquid interface21. Also, it has negative effect on quality 

and mechanical properties of an alloy, if formed in large 
amounts. 
 The δ-phase Sn in the sample is critical because it  
increases the hardness and wear resistance of the metal. 
The amount of Pb is significant in this sample. The com-
position profile obtained through EDS on 15 points of 
Cu-rich grain showed that in the middle of the grain, 
there was 100% Cu while towards the periphery there 
was an increase in the Sn content, finally, the δ-phase  
segregates (Figure 4). During sand-cast solidification, 
copper solidifies first and forms the α-phase of 100% 
pure copper. Further solidification initiates the formation 
of Cu + β Sn-phase, and finally, Sn segregates and forms 
the α + δ phase. This study demonstrates that for ring  
fabrication bronze was used and sand casting under  
normal cooling condition was preferred. The alloy thus 
prepared was hard, workable up to some extent and was a 
perfect choice for objects like a ring. 
 Optical metallography of sample 2 exhibits an as-cast 
structure of bronze (Figure 5). This sample was a little 
corroded. The amount of Sn was moderate, and Pb  
globules were visible in limited quantities. The Cu-rich 
grains were rounded, suggesting a slow cooling rate. This 
microstructure presents a compelling case because Sn and 
Pb contents are present in ample amounts, but α + δ 
phase is not visible. Pb is present as a small globule and 
Sn is localized around the Cu grains. Probably this was 
the result of Sn precipitation due to annealing at moderate 
temperature. In the microstructure, strain lines are visible, 
indicating that the alloy was worked by hammering and 
annealing to prepare the final product. It appears that arti-
sans made semi-finished bangles by the casting method 
and further shaped them with annealing at moderate  
temperature and hammering. A similar technique was  
observed in a Narahan bangle9. The optical metallograph 
of sample 6 shows a cast structure of the homogenous 
Cu–Sn alloy. A V shaped, bent, inter-crystalline crack 
was observed in the sample (Figure 6). This sample was 
made of arsenical copper, as evident from EDS analysis 
(Figure 7). 
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Figure 4. a, Fifteen point scans were performed along the line to understand the elemental composition profile of 
Cu grain. b, Results of 15 point line scan. c, Optical metallograph of Cu grain, showing Sn segregation at the bounda-
ries in sample 1. Colour differences in Cu grain are visible, which indicates the solidification process. The same grain 
was analysed using SEM-EDS. d, Wt% quantitative data.

 
 

 
 

Figure 5. a, b, The microstructure of sample 2 at different magnifications. c, d, The strain lines are visible on copper grain.
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Figure 6. Microstructure of sample 6. An inter-crystalline crack is visible in the metal matrix. 
 

 
 

Figure 7. Elemental composition obtained at different locations of sample 6 using EDS. Arsenic is evident in the EDS data.
 
 
 The EDS analysis identified several elements with Cu 
and Sn in which lead, arsenic, sulphur, zinc, aluminium, 
iron and antimony were relevant. 

Copper 

This is the principal constituent of the alloy. It is found  
in native and metal forms. Artefacts made from native 
copper are not found from early historic or historical  
period sites. Most of the copper used in the Ganga Valley 
has been extracted from the ores of Singhbhum mines9,22. 
There was also substantial deposition of tin ore23,24, 
which was quarried in the ancient period. Copper has 
strong corrosion-resistant properties. The major disadvan-
tage of copper is its softness; hence other elements are  
alloyed to enhance the strength of the alloy. Also, forging 
of copper is comfortable in both cold and hot conditions. 
The ductility of the alloy decreases in cold forging  
method, which can be enhanced by annealing. Ancient 
metal-smiths were aware of these properties of copper 

and its alloys. Analysis of these samples indicates that 
metal-smiths were acquainted with solid solution streng-
thening properties of copper, where additional elements 
were added in the molten state according to their solubility. 
All samples from Kausambi had copper as a primary  
constituent, and its amount varied from ≈68 wt% to 
88 wt%. When the amount of added elements increased, 
the second phase appeared in the alloy and physical pro-
perties of alloy became different from solute and solvent 
metals. Two kinds of copper alloys were frequently found 
in these antiquities – bronze (Cu + Sn) and brass 
(Cu + Zn). Among all elements, Sn is the most suitable 
metal to form the bronze alloy. Also, bronze is superior 
to most of the copper alloys. 

Tin 

This is a crucial metal for bronze. Several alloys of dif-
ferent physical properties can be formed within the Cu–Sn 
system. Most of the alloys are produced by casting  
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method. The low tin content in copper alloy completely 
dissolves in copper and develops a solid solution of  
α-phase. The δ-phase, which is primarily responsible  
for hardening of alloy, can be formed frequently within 
Cu–8% Sn. With higher amount of tin in the Cu–Sn  
system, the copper-rich α-phase reacts with the liquid to 
form Sn-rich β-phase by a peritectic reaction. Further,  
β-phase disintegrates into an α- and γ-phase, and the γ-
phase finally decomposes to form α- and δ-phase. This 
sequence is highly dependent on the cooling condition of 
metals and can be complicated25. However, low-tin cast 
bronze is difficult for forging26. Usually, two types of 
bronze are discussed in the archaeological literature. One 
is low-tin bronze where Sn content is lower than 18% and 
the other is high-tin bronze where Sn content is much 
higher, and it can reach up to 30% (refs 17,27). In the his-
torical period, both kinds of bronze were produced. Tin 
addition in copper metal enhances the physical properties 
of the alloy. Also, tin acts as a flux and lowers the melt-
ing point of copper alloys. A study has demonstrated that 
the addition of 20% tin in copper can reduce the melting 
point by 800°C, which is useful for metal-smiths to forge 
tin–bronze26. Production of tin–bronze was a remarkable 
achievement in ancient times. Tin–bronze is harder than 
copper, but easy to fabricate. Like iron tools, bronze tools 
are equally durable for heavy duty like cutting trees and 
preparing agriculture fields. Durability and easy fabrica-
tion process made the bronze tools popular in society. 
 The samples from Kausambi showed a standard com-
position of low-tin–bronze. Tin content in these samples 
varied from ≈5.5 wt% to 12 wt%. One sample (hook), 
showed high tin content, viz. ≈11 wt% to 12 wt%. Also, 
the needle found from Senuwar had a significant amount 
of Sn. Both objects require hardness and high tensile 
strength. So increasing Sn in the alloy to obtain the re-
quired physical properties was a natural choice for the  
artisans. Rings, bangles and nails from Kausambi (Table 
1), and Chirand and Rajghat (Table 2) showed a small  
percentage of Sn because increased hardness was not a 
desired property for these objects. A sample which  
appears to be a rod was made of high-tin–bronze. The 
high-tin–bronze was widely forged and used for making 
objects in ancient times10,28,29. The addition of tin was 
generally avoided in coins because the purity of copper 
was of utmost importance in bullion metals. These data 
indicate that in the historical periods, tin was alloyed  
deliberately and artisans were skilled in controlling the 
physical properties of the alloy. 

Lead 

This is commonly found in archaeological copper and  
alloys. Sometimes it was added intentionally, but most of 
the times it is found naturally with ores of copper. During 
ore-processing, it gets extracted in copper and is visible 

in archeo-materials. The solubility of lead in copper is 
low (about 0.007%); hence it does not affect the solidifi-
cation structure and remains present as a globule in the 
copper matrix25. Pb has a negative effect on the physical 
properties of the final product, but it makes the molten 
metal less viscous and facilitates casting17,27. Lead was 
identified in two samples of Kausambi in significant 
amounts. Also, it is present in other samples in minimal 
amounts. It appears that lead was added intentionally in 
both samples 1 and 3 of Kausambi to facilitate casting. 
These samples exhibit knowledge of Pb alloying among 
ancient artisans. Small amounts of lead in other artefacts 
may be considered as an ore impurity which was not 
eliminated during smelting. 

Arsenic 

This is another critical element which is frequently found 
in Cu alloys, although it was not prominently seen in the 
studied artefacts. During EDS characterization arsenic 
was observed in many artefacts, but their quantities were 
too low to be detected EDS. Arsenic is found usually  
in copper ores, and if it is not removed during ore 
processing, it results in arsenical copper. The copper  
ore can be processed in reducing and oxidizing  
medium. It has been found that processing in oxidizing 
condition initiates greater loss of arsenic in comparison  
to processing in reducing condition30. The volatile  
arsenic forms arsenic-tri-oxide (As2O3) in an oxidizing 
atmosphere and subsequently evaporates. The experimen-
tal data suggest that alloys containing a higher amount  
of arsenic are more prone to arsenic evaporation30,31.  
Arsenic is completely soluble in copper and has a major 
impact on the physical properties of the alloy. The  
hardness of copper alloy increases gradually with increas-
ing amounts of arsenic in copper. Arsenic also plays the 
role of flux. Presence of arsenic in the copper alloy  
decreases its melting temperature. Also, As gives a  
lustrous appearance to the copper alloy. Arsenic is  
found in most of the earliest Chalcolithic-period  
copper and copper hoards4,32–34. It is also found in later 
period alloys, but the intensity of occurrence is low. The 
data of historical period copper show very little amount 
of arsenic in the artefacts (Tables 1 and 2). In the Ganga 
Valley, most of the copper was procured from the 
Singhbhum region9, which has been identified as arseni-
cal copper ore33. In fact, arsenic was present in reasona-
ble quantities in Chalcolithic copper, but due to further 
processing and recycling, there was a decrease in its  
concentration. Most probably, arsenic was not alloyed in-
tentionally but was mixed naturally with the ore. During 
smelting, it was extracted in the alloy and gradually  
disappeared during further recycling. This aspect needs 
special attention for further research in Indian archaeo-
metallurgy. 
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 This possibility may also explain the occurrence of  
arsenic in Harappan copper. The Harappan period saw a 
dramatic increase in copper and alloy production techno-
logy. Copper was used on a large scale in the Harappan 
civilization scale; it was mostly fresh and came from  
arsenic-bearing ores35. As it was not recycled much,  
traces of arsenic are still present in these samples. 
 On the other hand, copper of the later periods were 
both recycled and fresh. So there is no specific pattern of 
arsenic. Sometimes, arsenic content was minimum or 
nearly absent in the artefacts. This possibility further 
suggests that arsenic was never intentionally alloyed with 
copper and artisans were well acquainted with its health 
hazards. 

Other minor elements 

Other elements reported in the artefacts were sulphur, 
zinc, iron, aluminium and antimony. Many copper ores 
contain sulphur naturally. Sulphur was present in metals 
and alloys during smelting. Sulphur in bronze artefacts 
makes the alloys corrosion-resistant. Deliberate alloying 
of sulphur in ancient times has not been reported. Zinc 
was reported only in one artefact. Zn alloying was much 
prevalent in later periods. Addition of aluminium also  
improve hardness and corrosion resistance, but its occur-
rence in the artefacts does not provide any clue regarding 
alloying practices. Iron has been reported in most of the 
copper artefacts of the Ganga Valley. The artefacts from 
Kausambi showed no iron. Only one artefact (sample 9) 
had iron however, it was not homogeneous but localized 
at one place. Antimony was reported in one artefact. Most 
of the Ganga Valley artefacts showed the absence of  
Sb. In these artifacts carbon was present in sufficient 
amounts. In ancient times, charcoal was mixed with  
copper ore for reducing the ore to metal36. There is the 
possibility of some minor elements in the alloy, but due 
to detection limits of EDS, these elements could not be 
mapped accurately. Data from other sites of the Ganga 
Valley showed elements like Fe, Ni and Ag in very low 
quantities. The large-scale analysis of minor, trace  
elements and isotopes is required from several sites for 
provenance studies of copper in the Ganga Valley. 

Conclusion 

The Ganga Valley was the focus of urbanization during 
the 6th century BCE in the Indian subcontinent. The avail-
able data show that copper artefacts from north-central 
India in the historical period are primarily low-tin–
bronze. Out of ten samples, one was high-tin–bronze; one 
was pure copper, and rest of the samples were standard 
bronze alloys with composition ≈Cu–7% Sn. These arte-
facts show a tendency of object-specific alloying. It  
appears that in the historical period, artisans were fully 

aware of the physical properties of different alloys com-
positions. During this period, objects were fabricated 
with a suitable alloy of correct proportion. The data show 
that low-tin–bronze was used for rings and bangles, while 
≈Cu–11% Sn tin–bronze was used for hooks and rods. 
Pure copper was preferred for nails. The early historic  
period was the time when iron was gaining importance in 
the daily life of humans. Later it replaced copper in most 
of the metal assemblages which were forged for heavy 
duty. These data suggest that copper alloying technology 
was being developed parallel with iron technology. The 
bronze artefacts from a central Indian site showed an  
advanced γ-phase37. This phase is highly unstable phase 
and formed in a controlled atmosphere. It is well esta-
blished that Central India was closely associated with 
north–central India through several connecting networks. 
So, the dispersal of ideas and technologies through inter-
connecting networks working in a wider perspective  
cannot be ruled out. It appears that technological know-
how was disseminated among artisans, and through the 
process of trial-and-error, they acquired knowledge of  
the physical properties and metallurgical techniques of 
the alloy. Production of a perfect alloy, which may be 
called object-specific alloy, with composition was a  
remarkable achievement in the historical period in India  
because the Harappans were not able to control the correct 
composition of the alloy38. It is pertinent to mention that 
arsenic was never used intensely as an alloying compo-
nent with copper in the early historic India. Arsenic can 
be used to distinguish fresh and recycled copper artefacts. 
In ancient times, copper was extracted since the 3rd cen-
tury BCE and its availability continuously increased with 
the passage of time. This tendency augmented the chance 
of metal recycling for finishing objects. It appears that till 
the historical age, large amount of copper had been accu-
mulated in society which was further recycled to produce 
fresh copper objects. Also during the historical period, use 
of iron gained popularity and it soon replaced copper in 
most of the heavy objects. 
 

1. Chakrabarti, D. K., Archaeological Geography of the Ganga 
Plain: The Lower and the Middle Ganga, Permanent Black, New 
Delhi, 2001. 

2. Lahiri, N., The Archaeology of Indian Trade Routes upto c. 200 
BC: Resource Use, Resource Access and Line of Communication, 
Oxford University Press, New Delhi, 1992. 

3. Chakrabarti, D. K., India – An Archaeological History 
(Palaeolithic Beginnings to Early Historic Foundations), Oxford 
University Press, New Delhi, 1999. 

4. Chakrabarti, D. K. and Lahiri, N., Copper and its Alloys in 
Ancient India, Munshiram Manoharlal, New Delhi, 1996. 

5. Biswas, A. K. and Biswas, S., Minerals and Metals in Ancient 
India: Archaeological Evidence (Vol. 1), D.K. Printworld, New 
Delhi, 1996. 

6. Shrivastva, R., Mining of copper in Ancient India. Indian J. Hist. 
Sci., 1999, 34, 173–180. 

7. Bhardwaj, H. C., Aspects of Ancient Indian Technology:  
A Research Based on Scientific Methods, Motilal Banarsidass, 
Delhi, 1979. 



RESEARCH ARTICLES 
 

CURRENT SCIENCE, VOL. 120, NO. 12, 25 JUNE 2021 1904

8. Singh, B. P., Early farming communities of Kaimur foot hills. 
Puratattva, 1990, 19, 6–18. 

9. Singh, R. N., Aspects of archaeometallurgy in South and South–
East Asia: A Study of Metal Objects from North India and 
Thailand, Kala Prakashan, Varanasi, 2007. 

10. Singh, R. N. and Merkel, J. F., High-tin bronzes in middle Ganga 
Plain: some chemical considerations. In Paper Presented at the 
Fifth World Archaeological Congress, Washington, DC, USA, 
2003. 

11. Singh, A. K. and Chattopadhyay, P. K., Carinated and knobbed 
copper vessels from the Narhan Culture, India. IAMS, 2003, 23, 
27–31. 

12. Rai, S. S., Rai, G. K., Pandey, A. C. and Chattopadhyaya, U. C., 
Geochemical studies of the ancient Indian glazed ware. Curr. Sci., 
2014, 106, 428–433. 

13. Sharma, G. R., Excavations at Kausambi (1957–59): The Defences 
and the Syenaciti of the Purusamedha, Department of Ancient 
History, Culture and Archaeology, University of Allahabad, 
Allahabad, 1960. 

14. Rhys Davids, T. W., Buddhist India Putnam, London, UK, 1903. 
15. Tite, M. S., Archaeological science – past achievements and future 

prospects. Archaeometry, 1991, 33, 139–151. 
16. Northover, P., Metallographic analysis. In Encyclopedia of 

Archaeology (ed. Pearsall, D. M.), Academic Press, New York, 
USA, 2008, pp. 1608–1613. 

17. Scott, D. A. and Schwab, R., Metallography in Archaeology and 
Art, Springer International Publishing, Cham, Switzerland, 2019. 

18. Louthan, M. R., Optical metallography. In ASM Handbook, 
Volume 10: Materials Characterizations (ed. Whan, R. E.), ASM 
International, New York, USA, 1986, pp. 299–308. 

19. Aliya, D., Metallographic sectioning and specimen extraction. In 
Metallography and Microstructures (ed. Vander Voort, G. F.), 
ASM International, New York, USA, 2004, pp. 229–241. 

20. Lifshin, E., Morris, W. G. and Bolon, R. B., The scanning electron 
microscope and its applications in metallurgy. JOM, 1969, 21,  
43–50. 

21. Stefanescu, D. M., Science and Engineering of Casting 
Solidification, Springer International Publishing, Cham, 
Switzerland, 2015. 

22. Singh, R. N., Merkel, J. F. and Singh, A. K., SEM and EPMA 
analysis of copper objects from Narhan. Pragdhara, 1997, 7, 123–
129. 

23. Hegde, K. T. M., Sources of ancient tin in India. In The Search for 
Ancient Tin (eds Franklin, A. D., Olin, J. S. and Wertime, T. A.), 
National Bureau of Standards, Washington, DC, USA, 1978, pp. 
39–42. 

24. Chakrabarti, D. K., The problem of tin in early India – a 
preliminary survey. Man Environ., 1979, 3, 61–74. 

25. Davis, J. R., Copper and Copper Alloys, ASM International, 
Materials Park, OH, USA, 2001. 

26. Chattopadhyay, P. K., Archaeometallurgical investigation on 
material technology of high-tin bronze between the early historic 
and pre-industrial periods of Bengal. Jadavpur University, 
Kolkata, 2012. 

27. Scott, D. A., Podany, J. and Considine, B. B., Ancient and 
Historic Metals: Conservation and Scientific Research, Getty 
Publications, Marina del Rey, California, USA, 1994. 

28. Srinivasan, S., Indian high-tin bronzes and the Grecian and 
Persian World. Indian J. Hist. Sci., 2016, 51, 601–612. 

29. Srinivasan, S., Metallurgy of zinc, high-tin bronze and gold in 
Indian antiquity: methodological aspects. Indian J. Hist. Sci., 
2016, 51, 22–32. 

30. Mödlinger, M., de Oro Calderon, R. and Haubner, R., Arsenic loss 
during metallurgical processing of arsenical bronze. Archaeol. 
Anthropol. Sci., 2019, 11, 133–140. 

31. Lechtman, H. and Klein, S., The production of copper–arsenic 
alloys (arsenic bronze) by cosmelting: modern experiment, ancient 
practice. J. Archaeol. Sci., 1999, 26, 497–526. 

32. Yule, P., Hauptmann, A. and Hughes, M. J., The copper hoards of 
the Indian subcontinent. Preliminaries for an interpretation. Jahrb. 
Römisch-Germanischen Zentralmus. Mainz, 1989, 36, 193–275. 

33. Agrawal, D. P., Prehistoric copper technology in India : a review. 
In Metallurgy in India: A Retrospective (eds Rao, P. R. and 
Goswami, N. G.), National Metallurgical Laboratory, Jamshedpur, 
2001, pp. 143–162. 

34. Lahiri, N., Indian metal and metal-related artefacts as cultural 
signifiers: an ethnographic perspective. World Archaeol., 1995, 
27, 116–132. 

35. Lamberg-Karlovsky, C. C., Archeology and metallurgical 
technology in prehistoric Afghanistan, India and Pakistan. Am. 
Anthropol., 1967, 69, 145–162. 

36. Balasubramaniam, R., Mungole, M. N., Prabhakar, V. N., Sharma, 
D. V. and Banerjee, D., Studies on Ancient Indian OCP period 
copper. Indian J. Hist. Sci., 2002, 37, 1–15. 

37. Park, J. S. and Shinde, V., Iron technology of the ancient 
megalithic communities in the Vidarbha region of India.  
J. Archaeol. Sci., 2013, 40, 3822–3833. 

38. Ray, A. and Chakrabarti, D. K., Studies in ancient Indian 
technology and production : a review. J. Econ. Soc. Hist. Orient., 
1975, 18, 219–232. 

39. Rai, S. S., Rai, N. K., Rai, A. K. and Chattopadhyaya, U. C., Rare 
earth elements analysis in archaeological pottery by laser induced 
breakdown spectroscopy. Spectrosc. Lett., 2016, 49, 57–62. 

 
 
ACKNOWLEDGEMENTS. I thank Prof. H. C. Bharadwaj and Prof.  
R. N. Singh from Banaras Hindu University, Varanasi for providing 
permission to use their data for a comparative analysis, and the nano-
Phosphor Application Centre, University of Allahabad and Indian Insti-
tute of Technology Gandhinagar for providing analytical facility (SEM, 
EDS, OM) for characterization. I also thank the G. R. Sharma Memorial 
Museum at the University of Allahabad for providing samples for this 
study. 
 
 
Received 9 July 2020; revised accepted 16 March 2021 
 
 
doi: 10.18520/cs/v120/i12/1894-1904 

 

 
 
 
 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


