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Abstract

Employing a technological approach derived from the ‘Anthropology of Technology’
theoretical literature, this thesis concerns the identification and explanation of change in
prehistoric extractive metallurgical behaviour in the Khao Wong Prachan Valley of central
Thailand. The “Valley’ metallurgical complex, amongst the largest in Eurasia, constitutes
Southeast Asia’s only documented industrial-scale copper-smelting evidence. The two
smelting sites investigated, Non Pa Wai and Nil Kham Haeng, provide an interrupted
but analytically useful sequence of metallurgical consumption and production evidence
spanning c. 1450 BCE to c. 300 CE. The enormous quantity of industrial waste at these
sites suggests they were probably major copper supply nodes within ancient Southeast

Asian metal exchange networks.

Excavated samples of mineral, technical ceramic, and slag from Non Pa Wai and Nil Kham
Haeng were analysed in hand specimen, microstructurally by reflected-light microscopy
and scanning electron microscopy (SEM), and chemically by polarising energy dispersive
x-ray fluorescence spectrometry ([P]JED-XRF) and scanning electron microscopy with
energy dispersive x-ray fluorescence spectrometry (SEM-EDS). Resulting analytical data
were used to generate detailed technological reconstructions of copper smelting behaviour

at the two sites, which were refined by a programme of field experimentation.

Results indicate a long-term improvement in the technical proficiency of Valley
metalworkers, accompanied by an increase in the human effort of copper production. This
shift in local ‘metallurgical ethos’ is interpreted as a response to rising regional demand

for copper in late prehistory.
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Chapter 1

Introduction

1.1 Thesis background, aims, objectives, and structure

Scientific archaeology in Southeast Asia is a maturing discipline, and although great
strides have been made in the last forty years, many gaps remain in our understanding of
the region’s prehistory (e.g. Higham 2004). Southeast Asian archaeological research is

typically split between two major geographical zones: that of mainland Southeast Asia,
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Figure 1.1 - Regional political and relief map of Southeast Asia. Image: courtesy of the United States
Central Intelligence Agency.
22



including Burma (Myanmar), Cambodia, Laos, Thailand (as far south as the northern
Thai-Malay Peninsula), Vietnam, and southern PRC provinces, and those nations to the
south, Malaysia, Singapore, and the rest of insular Southeast Asia (Figure 1.1). The present
study concerns only the mainland zone which is usually considered part of the generic
‘Asian Old World’ (Pigott 1999b), and may have interacted with cultural transmission
networks posited to have spanned Eurasia from the 4"-3" millennium BCE onwards (e.g.
Ciarla 2007a, Higham 1996, 2006, Linduff et al. 2000, Mei 2000, Pigott and Ciarla 2007a,
Sherratt 2006, White 1988, 1997, White & Hamilton in press).

Due to various social and political factors (e.g. Glover 2003), the available archaeological
evidence is overwhelmingly biased towards excavation and survey data from Thailand
and Vietnam. The potential contribution of non-English language publications, ongoing,
and forthcoming research in Burma (Myanmar), Cambodia, Laos, and the southwestern/
western PRC could radically revise the prehistory of the region (e.g. Hudson 2008,
Reinecke & Kuyen in press, Stark 2006, White 2008a). This geographical data bias is
especially pronounced for early copper production (mining, smelting, refining, alloying,
casting, and forging activities) with the evidence limited to northern Vietnam (e.g. Huyen
2004) and central and northeastern (e.g. Higham 2002) Thailand. Published evidence for
extractive copper metallurgy (mining and smelting) is to date only available in Thailand: at
Phu Lon on the banks of the River Mekong near Ventiane (e.g. Pigott & Weisgerber 1998)
and the Khao Wong Prachan Valley [hereafter ‘the Valley’ may be used] (e.g. Pigott et al.
1997) at the southern end of the Loei-Petchabun Volcanic Belt which extends c. 400km
northwards to Phu Lon (Figures 1.2, 3.2, & 3.3). Furthermore, of these two locales, only
the Valley has furnished firm published evidence for prehistoric copper smelting, a vital

step in the metallurgical production process'.

This thesis comprises an archacometallurgical investigation of prehistoric copper smelting
in the Khao Wong Prachan Valley of central Thailand. The material studied came from
the excavation of two sites, Non Pa Wai and Nil Kham Haeng, which are located only c.
3km apart and have an overlapping chronological sequence from c¢. 6/500 BCE to ¢. 300
CE. This period corresponds roughly to the Thai Iron Age, though there is evidence for
occupation at these sites from c. 2300 BCE (Thai Neolithic at Non Pa Wai) and c. 1100
BCE (Thai Bronze Age at Non Pa Wai and Nil Kham Haeng) respectively (see Figure 1.3).

As Non Pa Wai and Nil Kham Haeng currently provide the only documented evidence

1 The term ‘technology’ is employed in a holistic sense to encompass all technical
and social aspects of metallurgy (see Chapter 3). ‘Copper-base metallurgy’ is a general
term for the production and consumption of copper metal and its alloys (e.g. bronze,
arsenical copper, leaded copper, leaded bronze).
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for industrial-scale copper smelting in prehistoric Thailand and Southeast Asia, they are

central to any discussion of regional copper-base metallurgy. The major research aim of

the present study was to better understand the development of Valley copper smelting

technologies over a period of production spanning c. 800-900 years and two neighbouring

locales, within an anthropologically-informed theoretical framework.
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The production techniques practiced by Iron Age metalworkers at Non Pa Wai and Nil
Kham Haeng have left enormous quantities of metallurgical material culture - namely
mineral, slag, and technical ceramic. The metallurgical assemblages and the structure of
the archaeological deposits from Non Pa Wai and Nil Kham Haeng are quite dissimilar,
suggesting that the copper extraction technologies employed at each site may have
changed over the course of the Iron Age production period. In order to comprehend these

technological changes two principal research objectives were established:

1. To generate detailed technological reconstructions of the Iron Age copper smelting
activities evidenced at Non Pa Wai and Nil Kham Haeng based upon the available
archaeological evidence and using an appropriate methodology incorporating laboratory
analyses and experimental field-testing. Accordingly, a total of 76 excavated samples of
mineral, crucible, ‘furnace’, ‘slag-skin’, and slag from Non Pa Wai and Nil Kham Haeng
were analysed in hand specimen, microstructurally by reflected-light microscopy and
scanning electron microscopy (SEM), and chemically by polarising energy dispersive
x-ray fluorescence spectrometry ([P]JED-XRF) and scanning electron microscopy
with energy dispersive x-ray fluorescence spectrometry (SEM-EDS). The results of
these archaecometallurgical laboratory analyses were used to produce technological
reconstructions of the smelting techniques as practiced by Iron Age metalworkers from
Non Pa Wai and Nil Kham Haeng. Furthermore, as the Nil Kham Haeng reconstruction
was thought to incorporate a perforated ‘furnace’ suggestive of a wind-powered metal
technology, this configuration was subjected to full-scale experimental field testing to

assess its feasibility.

2. To synthesise the technological reconstructions from Non Pa Wai and Nil Kham Haeng
into a diachronic account of Iron Age Khao Wong Prachan Valley copper production,
structured by theoretical approaches to ancient technologies. The interpretation offered
is one of a gradual improvement in copper smelting technology between 6/500 BCE and
300 CE at Non Pa Wai and Nil Kham Haeng, with increasing technical proficiency being

offset by a significant increase in the labour cost of production.

Thesis Organisation

The nextsection of this introductory chapter provides a general overview of later prehistoric
archaeology in Thailand, in particular the major sites of the Bronze and Iron Ages. Recent
thinking on the nature of prehistoric Thai social complexity is presented, with a summary
of White’s (1995) application of the ‘heterarchy’ concept and White & Pigott’s (1996)
discussion of ‘community specialisation’ in craft production. The third section of the

chapter concentrates on previous research on prehistoric Thai metallurgy, beginning with
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a discussion of the predominant ‘origins of metallurgy’ debate, before introducing the
major evidence for early copper-base metallurgical production in northeast and central
Thailand. This provides the regional context for the study’s focus on the Khao Wong
Prachan Valley, which is discussed in detail in Chapter 2.

Chapter 2 presents the current archaeological understanding of the prehistoric Khao
Wong Prachan Valley sites of Non Pa Wai and Nil Kham Haeng, focusing on the Iron
Age copper production evidence, and providing the contextual understanding for the
mineral, technical ceramic, and slag samples studied. Previous archacometallurgical
research carried out in the Valley by Anna Bennett, William Rostoker, Dong Ning Wang
and Michael Notis is reviewed and contrasted to the aims and objectives of the present

study, and finally the present study’s sampling strategy is presented.

Chapter 3 provides a summary of the theoretical approaches which underpin the current
study, derived from the ‘Anthropology of Technology’ literature. Most important are
the francophone ‘chaine opératoire technique’, and anglophone ‘technological choice’
and ‘technological style’ concepts. Employed together, this ‘technological approach’
structured the investigation of early Valley metallurgy and constituted the framework for

data interpretation.

Chapter 4 introduces the analytical techniques (polarising energy dispersive x-ray
fluorescence, optical microscopy, and scanning electron microscopy with energy dispersive
x-ray fluorescence) and laboratory methodologies used to study the Valley metallurgical

samples, as well as the statistical manipulations used to interpret the data.

Chapter 5 contains the results and interpretation of archacometallurgical analyses carried
out on production remains from the early Iron Age site of Non Pa Wai. The mineral,
technical, ceramic, and slag samples are discussed in turn, with a case gradually being
made for a variable and low technical proficiency copper smelting process being carried

out within a crucible.

Chapter 6 provides the analytical data and technological reconstruction of the copper
production process at the later Iron Age site of Nil Kham Haeng. As per Chapter 5, each
metallurgical material is evaluated sequentially, but in this instance the evidence suggests

a more standardised and skilled technology, with the smelt being performed in a chaft-
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tempered clay-lined pit.

Chapter 7 details the purpose, reasoning, and outcome of an experimental archacometallurgy
campaign carried out at Fiave Palafitto (northern Italy) during September 2007 in a
collarboration with archaeometallurgical research teams from France and Italy. This
field testing suggests that the earlier reconstructions of a wind-powered copper smelting

technology in the Iron Age Khao Wong Prachan Valley require substantial revision.

Chapter 8 employs the theoretical approaches to ancient technologies introduced earlier
to synthesise to extent possible the laboratory-based copper smelting reconstructions
of chapters 5 and 6 with the experimental insights of chapter 7 to produce a tentative
account of technological change in the late prehistoric Khao Wong Prachan Valley. The
combined results may be interpreted as a trajectory of increasing technical proficiency
which, importantly, may have stemmed from a local innovation of smelting technology

from existing founding experience.

Chapter 9 concludes the thesis by summarising the results of the present study, before
contrasting the Khao Wong Prachan Valley data with the northeast Thai secondary
production evidence, and discussing the potential significance of Valley metallurgy to
the recent ‘Rapid Eurasian Technological Expansion Model’. Possible avenues for future

Southeast Asian archacometallurgical research are also briefly outlined.

Appendix A contains a catalogue of the mineral, slag, and technical ceramic samples

studied, comprised of photographs and tables with macroscopic observations.

Appendix B presents the complete, processed but un-normalised, compositional data from
[P]JED-XRF and SEM-EDS analyses of the Khao Wong Prachan Valley samples.

Appendix C is an archive of field notes and thermocouple data from the 2007 experimental

archaeology campaign in Fiave, Italy.

1.2 Overview of the later prehistory of Thailand
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Although the present study concerns industrial copper production in what are currently
thought to be ‘Iron Age’ (c. 6/500 BCE - c. 300 CE) Khao Wong Prachan Valley contexts,
an overview of the preceding periods of Thai prehistory is necessary to understand the
socio-cultural context of Valley copper smelting. To date, the predominant objectives
of prehistoric Thai research have been the identification of chronological boundaries
between major sociopolitical (e.g. egalitarian bands versus ranked tribes), subsistence

(e.g. hunter/gathering versus farming), and technological (e.g. bronze versus iron)

Thailand Thailand Khao Wong
35000 - Higham - White Prachan Valley
BCE
~ Epipalacolithic
4000
BCE
: .y No known
Epipalacolithic evidence
3000 Neolithic
BCE
2000 . o
BCE Neolithic Neolithic
Bronze Age
1000 Bronze Age Bronze Age
BCE
COE Iron Age Iron Age Iron Age
Historic Historic Historic
1000
CE

Figure 1.3 - Diagram outlining the prevailing chronologies for prehistoric Thailand by Charles Higham
(e.g. Higham & Higham 2009) and Joyce White (e.g. 2008b), as well as the current Khao Wong Prachan
Valley sequence. The capacity for significant regional variation must be emphasised and the marked
boundaries are neither absolute nor certain. Image: author.
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changes, and the assessment of whether these changes were the result of endogenous
development, exogenous contact, or exogenous migration (e.g. Higham & Higham 2009,
Higham in press a). Figure 1.3 depicts the major chronological periods which have been
defined in Thailand generally and the Khao Wong Prachan Valley in particular. There
are currently two competing Thai prehistoric chronologies, superceding the ‘General
Period’ system offered by Donn Bayard in 1984, which have been labelled in Figure 1.3
for their chief proponents, Charles Higham (e.g. Higham & Higham 2009) and Joyce
White (e.g. J. White 2008b). As can be seen, the discrepancy between the boundaries
offered for the beginning of the Thai ‘Neolithic’ and ‘Bronze Age’ are quite significant
at c. 2700 years and c. 1000 years respectively. Whilst part of this variance is almost
certainly attributable to the number, provenance, and sample hygiene of radiometric
determinations (see Higham & Higham 2009: 132-133), it is also extremely likely that
apparent archaeological non-conformity partially reflects complex historical reality (see
‘Hierarchy versus heterarchy’ section below). As such, the labelling of periods as ‘Bronze
Age’ or ‘Iron Age’ in this thesis is largely due to long-established archaeological practice
(e.g. Taylor 2008a, Trigger 2006) rather than any significant proven relationship between
particular technologies and cultural change (cf. White 2002, Higham & Higham 2009);
the use of qualifying apostrophes will stop here unless special emphasis is intended.
The critical point for the reader is that much of our understanding of Thai prehistory is
in flux and that due to a relatively low and patchy coverage of archaeological data, all

interpretations and hypotheses are necessarily preliminary.

1.2.1 The Thai Epipalaeolithic and Neolithic

Following colonisation by hominins at least 1 million years ago (e.g. Higham & Thosarat
1998: 23), the geographic area encompassed by present day Thailand is thought to have
been inhabited by homo sapiens groups from around 35,000 BCE (e.g. Bellwood &
Glover 2004: 13). The data for these Final Pleistocene human activities is largely limited
to rock shelters in northwest Thailand (e.g. Gorman 1970, Shoocondej 2006), but they
mark the earliest evidence for an Epipalaeolithic gathering and hunting lifestyle which
lasted in the area for tens of thousands of years, and, in some remote areas, to the present
day (Higham 1989).

Given long-standing associations between farming, economic surplus, and the ‘rise of the
state’ in Southeast Asia (e.g. van Liere 1980), the appearance of rice and millet production
as well as animal husbandry has been accorded great importance in accounts of Thai
prehistory (e.g. Higham 2002: 83, Higham & Higham 2009). The dating of the introduction
of farming, and hence a Thai ‘Neolithic’ lifestyle, remains unclear, but on competing
archaeological (e.g. Higham & Higham 2009, White 1997), genetic (e.g. Fuller & Qin
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2009), and linguistic (e.g. Bellwood 2005, Sanchez-Mazas et al. 2008) evidence varies
between the 5™ millennium BCE and the 2" millennium BCE (Figure 1.2). However, post
Gorman’s (1969) claim for an indigenous domestication of tuber and fruit plant species
at Spirit Cave, it is now widely agreed that a ‘Neolithic cultural package’ including
agriculture, livestock management, and decorated pottery was physically introduced
to Thailand by migrating social groups ultimately from the Yangtze Valley area of the
present day Peoples’ Republic of China (e.g. Bellwood 2005: 128-145, Higham 1996:
309, Higham & Higham 2009: 138, Sanchez-Mazas et al. 2008, Rispoli 2007). The
general image offered is of the gradual dispersion of migrant farming communities into
Thai territories via the Southeast Asia’s riverine networks, “encountering and interacting”

with existing gatherer/hunter groups (Higham 2006: 16-17).

The evidence for Neolithic occupation in mainland Thailand is limited to about 20 sites
amongst the most well-known being in northeast Thailand: Ban Chiang, Non Nok Tha,
Ban Lum Khao, Ban Non Wat; in central Thailand: Khok Charoen, Ban Tha Kae, Non
Pa Wai; and in west-central Thailand: Ban Kao and Sai Yok (Higham 2002: 87). The
data predominantly derive from the excavation of cemeteries, which provide evidence for
long-distance exchange in exotica (e.g. marine shell) and of variable funerary practice (in
terms of artefactual accoutrements). Settlement evidence is rarer, but data available from
Ban Lum Khao and Ban Non Wat in the Upper Mun River Valley (northeast Thailand)
indicate the presence of domesticated dogs, pigs, and water buffalo (Higham 2004: 50-
51). The site of Khok Phanom Di, c. 70km ESE of Bangkok, suggests the continuation
of a gathering and hunting mode of subsistence into the 2™ millennium BCE and that
the population co-existed to some degree with Neolithic farming communities (Higham
& Thosarat 1998: 44-63). Higham’s distinction between gatherer/hunter and Neolithic
groups has been disputed (e.g. White 1995: 103) as we do not at present know whether the
apparent difference in subsistence practice constitutes a real cultural boundary, as Khok
Phanom Di also provided substantial evidence for pottery consumption and possibly
production, a ‘Neolithic’ cultural trait. Higham (1989: 87) also argues, based on the
variable distribution of grave goods at Khok Phanom Di, that some nascent degree of
differentiation in social status can be inferred within the population, at least in so much
as we can glean from funerary practices (cf. Carver 2005, Olivier 1999, Parker-Pearson
1999, Ucko 1969).

1.2.2 The Thai Bronze Age

The Bronze Age is heralded by the appearance of copper-base metallurgical assemblages
(metal artefacts, crucibles, moulds, and furnace features) in 2" millennium BCE funerary

and occupation contexts in central and northeast Thailand (e.g. White & Hamilton in press).
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However, this juncture appears to be highly variable (Figure 1.3), with a discrepancy of
up to c. 700 years between the earliest reasonably substantiated Thai evidence for copper-
base metallurgy, which is dated to c. 1700 BCE at the northeastern site of Ban Chiang
(e.g. J. White 2008b, though White sees c¢. 2000 BCE as an appropriate starting point),
and that discerned c. 1000 BCE at Ban Non Wat, only c. 260km SSW (e.g. Higham in
press a). It should be recalled that prehistoric Thailand, and Southeast Asia in general,
was not a flat and empty landscape over which copper-base technologies could steadily
encroach, sweeping away pre-existing Neolithic lifestyles. The proliferation of copper-
base behaviour would have encountered resistance both geographical and cultural, and
depended utterly on sustained social interaction; especially for the transmission of complex
production technologies in as yet unknown learning environments (e.g. Bellina 2007,
Eerkens & Lipo 2005, Gosselain 1992, Henrich 2001, Keller 2001, Keller & Keller 1996,
Roux et al. 1995, Wenger 1998, A. White 2008, White & Hamilton in press). As per the
Danube and Rhine (e.g. Davisona et al. 2006, Shennan 2000), it is widely acknowledged
that Southeast Asia’s riverine networks were likely to be “the principal arteries for
communication and movement” (Higham 2006: 17), especially when compared to the
considerable challenge of negotiating the region’s dense forests and mountain ranges
(prior to heavy agricultural clearance for the former). Though this logical observation,
largely based on the experiences of 18™ and 19" century European travellers (e.g. Crawfurd
1830, Ehlers 2002, Mouhot 2000, Pallegoix 1999) may not be historically absolute, it
provides a robust, if partial, explanation for the differential appearance of copper-base
technologies between the Ban Chiang Culture Area and the Upper Mun River Valley.
These locales lie only a few hundred kilometres apart in a straight line, but although their
current route will have altered in the intervening millennia, communication via the Huai
Luang-Mekong-Mun, Songkhram-Mekong-Mun, or Chi-Mun rivers equates to around a
thousand kilometres by current meanders (roughly calculated by a cumulative distance
paths on Google Earth™). Thai copper-base technologies are currently agreed not to have
an indigenous origin (e.g. Pigott & Ciarla 2007), but there remains considerable debate
over when and how they were transmitted to prehistoric Thailand (see the ‘Origins of
metallurgy’ section below).

Although the artefact population is rather limited and biased towards funerary assemblages,
2" millennium BCE copper-base metal artefacts have what might be interpreted as
utilitarian (e.g. axeheads, fish hooks) as well as ornamental (e.g. bangles, rings) typologies
(e.g. Higham 2002), suggesting that copper alloys were used for eminently practical
purposes as well as possibly display or ritual uses (e.g. White & Hamilton in press). The
Bronze Age Thai sites were these artefacts are found are thought to generally have been
less than Sha, but we have little idea of their population size or habitation structures (e.g.
Higham 2002: 167). Amongst the major Thai sites with Bronze Age deposits are Non
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Nok Tha, Ban Chiang, and Ban Na Di, Ban Lum Khao, Ban Non Wat, Nong Nor (e.g.
Higham 2002), and those in and around the Khao Wong Prachan Valley (see Chapter
2); all of which are concentrated in central and northeast Thailand, as well as in the
Bangkok embayment (Nong Nor). Of these Non Nok Tha and Ban Chiang are probably
the best known, due both to their early (1960s and 1970s) discovery in Southeast Asian
archaeological research, but also for their now rejected 4™ millennium BCE dates for
Bronze Age evidence (see section 1.3.1 below). Although physically small, both sites are
extremely important for our understanding of the Thai Bronze Age, with evidence for both
occupation and funerary activities in 2" and 1** millennium BCE contexts. Inhabitants of
Bronze Age Non Nok Tha appear to have been familiar with using and founding copper-
base artefacts due to the presence of metal artefacts, crucibles, moulds, and casting debris
(e.g. Higham 2002: 128-131), as was the contemporary populace at Ban Chiang (e.g. J.
White 2008b, see section 1.3.2 below for further detail on the sites and their metallurgical
evidence). The occasional recovery of marine shell bracelets and beads provides limited
evidence for long-distance exchange at Non Nok Tha, but paddle-and-anvil made pottery,

stone adzes, and animal bone appear more frequently (e.g. Higham 2002: 128-131).

Heading south down the Khorat Plateau, Ban Na Di is another important site, where
investigations in the early 1980s uncovered two areas of a Bronze Age cemetery dated c.
900 to c. 400 BCE (e.g. Higham 2002: 134-139), in addition to significant metallurgical
production evidence (see section 1.3.2). Men, women, and children were buried in
superimposed rows, perhaps relating to ancestral groups. Burial goods consisted of pottery
with and animal bone, as well as exotic stone bangles and marine shell beads (ibid.). It
was noted that although some typological similarities could be discerned, Bronze Age
Ban Na Di pottery traditions differ significantly from those at both Non Nok Tha and
Ban Chiang (ibid.). Although copper-base artefacts were never common, finds of bronze
bracelets and anklets did seem to become increasingly frequent in Ban Na Di’s upper
phases. Whilst acknowledging the interpretive limitations of the site’s small exposure,
Higham (2002: 139) suggests that the clustering of burials with greater burial wealth at
Ban Na Di is insufficiently clear to identify them as a separate social stratum.

In the midst of the Khorat Plateau, Ban Lum Khao has provided Bronze Age funerary
evidence, dated c. 1400 to c. 500 BCE, subsequent to its Neolithic occupation (e.g.
Higham 2002: 142-146). Excavators identified four burial phases of men, women, and
children with varying orientations but generally ordered in rows. The burial assemblage
was dominated by pottery but also included, shell beads and bangles, stone adzes, and
ceramic spindle whorls (ibid.). Notably, no copper-base artefacts were recovered from

the site, despite the presence of secondary metallurgical production evidence (see section
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1.3.2 below). Statistical analysis of the funerary data suggested there was no significant
difference in burial ritual according to sex, age, or location until the final phase 4, bordering
the Iron Age (e.g. Higham 2002: 146). Conversely, Higham (2004: 55, 2009) suggests that
the nearby site of Ban Non Wat does present strong evidence for social stratification c.
1000 BCE due to the presence of ‘superburials’; inhumations accompanied by enormous

quantities of burial goods.

South again on the eastern margins of the Gulf of Siam, the c. 400m? exposure of Nong Nor’s
Bronze Age cemetery provides a sample of 166 burials of men, women, and children in
two spatially distinct groups (e.g. Higham 2002: 147-151). Burial goods included pottery,
animal bone, marble bangles, shell beads, copper-base artefacts, and semi-precious stone
ornaments. Whilst the excavators noted considerable variation amongst the inhumations,
again there continues to be no evidence suggesting systematic differentiation in burial

practice according to age or sex (ibid.).

As per the arrival of Neolithic farming practices, the consumption and production of
copper/bronze has often been considered an important development in Thai prehistory
(e.g. Higham 1996, in press a) due to the traditional association of hierarchical socio-
political configurations with emerging copper-base technologies in prehistoric western
Asian societies (e.g. Childe 1936: 157-201; 1942; 1951: 26-27; 1958), as epitomised in
Southeast Asia by Muhly’s (1988: 16) comment that, “[i]n all other corners of the Bronze
Age world ... we find the introduction of bronze technology associated with a complex
of social, political and economic developments that mark the rise of the state. Only in
Southeast Asia ... do these developments seem to be missing.” However, it is not clear
that the evidence for incipient prehistoric Thai copper-base metallurgy is associated with
any significant contemporary shift in socio-political configurations (e.g. White 1995).
It has been suggested (e.g. Bacus 2006: 113) that the appearance of bronze in Thailand
need not have implied its immediate and universal cultural incorporation and metal could
have been selectively assimilated within existing Neolithic lifestyles and material culture,
without implying any significant shift in social complexity (cf. Higham & Higham 2009:
126). This is especially likely as the archaeological record, warped though it may be
by general factors like funerary assemblages and metal-specific issues like recycling,
indicates that copper/bronze was probably not consumed in great quantities, nor was it
uniquely associated with artefacts for social display or possible ritual use (e.g. Higham
2002: 166, White & Hamilton in press).

1.2.3 The Thai Iron Age
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However, it is to some extent agreed that a discernable shift in Thai social complexity is
evidenced around the mid 1¥ millennium BCE, the generally accepted commencement of
the Iron Age (Figure 1.3). As compared with the appearance of Thai copper-base artefacts,
the arrival of iron artefacts in contexts from northeast, central, west-central, and peninsular
Thailand is remarkably consistent at c. 500 BCE (e.g. Higham 2004: 169). Other than iron
artefacts, the Thai Iron Age transition is characterised by the development of settlement
size hierarchies, defensive and/or hydraulic earthworks, and the marked differentiation
of individuals and groups in burial traditions (e.g. Higham 2002). It has been argued that
the increased mechanical performance of iron tools enabled agricultural intensification
due to improved forest clearance, agricultural land preparation (ploughing), and water
management (earthworks) (e.g. Higham 1989, 2002), an essentially Childean concept
(e.g. Childe 1951: 26-27). This potential for the increased production of foodstuffs could
have enabled some settlements to grow, with the burden of subsistence provision falling
on a decreased proportion of the community, freeing the remainder to engage in craft
activities, the redistribution of goods, and possibly political machinations (e.g. O’Reilly
2008). Thailand during the late 1** millennium BCE is thought to have been experiencing
increasing contact with modern day China, India, and other parts of mainland and insular
Southeast Asia, though it did not fall under the direct influence of Imperial Han China
(e.g. Higham 2004: 57). Therefore, there are numerous possibilites for multi-lateral socio-
economic and soci-political stimuli to have partially affected the changes seen in the Thai
Iron Age (e.g. Bellina & Glover 2004, Higham 2002: 224-227, Higham 2004: 57).

The northern Khorat Plateau provides good evidence for settlement hierarchy with a cluster
of sites ranging from Ban Chiang Han (38ha) and Non Chai (18ha) to what are thought to
be the much smaller contemporary sites of Ban Chiang, Ban Na Di, and Don Klang (2ha)
(e.g. Higham 2002: 187-192, Higham & Thosarat 1998: 169). These sites are uniformly
located in areas probably suitable for wet rice agriculture in Antiquity, thus suggesting
that increased food production played an important role in social change in the Thai Iron
Age (e.g. O’Reilly 2008: 382, though cf. Onsuwan-Eyre 2006 who attributes some of this
patterning to survey bias). Additionally, a distinct change in material culture ¢. 300 BCE
is noted at both Ban Chiang and Ban Na Di as tools begin to be made exclusively in iron
rather than bronze and pottery traditions appear to have been modified drastically (e.g.
Higham 2002: 189-190). Ornaments at both sites are increasingly made of leaded bronze
and high-tin bronzes appear at both sites suggesting long distance exchange with cultures
to the southwest (see below for ‘Ban Don Tha Phet’ and ‘Khao Sam Kaeo”).

The Mun River Valley of the southern Khorat Plateau is another major source of evidence

for socio-economic and socio-political change during the Thai Iron Age (e.g. Higham
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2004: 60-64, Higham et al. 2007). The earliest levels at Noen U-Loke suggest the site was
still quite small and that the population’s burial traditions were relatively undifferentiated
despite the incorporation of varied grave goods like ornaments and tools made from
iron and bronze, tiger teeth, glass and hardstone beads, as well as animal remains and
substantial quantities of rice (e.g. Higham 2004: 61). The fourth phase, probably dated to
c. 100 to c. 300 CE, documented a big leap in the quantity and range of burial offerings,
and the presence of at least one very rich individual in each cluster of inhumations. Some
of the bodies had hundreds of bronze ornaments as well as precious metal jewelery, an
accumulation of funerary wealth that Higham (2004: 62-3) suggests may have been due to
the intensive local production of salt and iron, in addition to local bronze casting industries
(see section 1.3.2 below). This seeming period of prosperity comes to an end in the fifth
and final phase, with ornamental grave goods being replaced by iron tools and weapons,
possibly indicating increasing agricultural intensification and violence due to growing
competition with newly founded sites in the neighbourhood (ibid.). Geoarchaeological
investigations of Noen U-Loke’s earthworks have dated them to the later Iron Age , c.
100 to c. 500 CE, and attribute to them a predominantly water management function.
However, changes in the routes of local sources, possibly caused by deforestation and
subsequent silting, are thought to have impacted Noen U-Loke’s agricultural capacity and

the site was abandoned soon after (ibid.).

Ten kilometres southeast of Noen U-Loke, the Iron Age settlement mound of Non Muang
Kao covers c. 50ha adjacent to an ancient river channel (e.g. Higham 2002: 208-210,
Higham et al. 2007). The site appears to have been occupied from c. 50 BCE until the
mid 1% millennium CE and the 11 inhumations excavated bear strong material culture
similarities to those at Noen U-Loke, as does the presence of earthworks probably designed
to increase water retention for agriculture (ibid.). Likewise, the nearby site of Ban Non
Wat has a substantial Iron Age cemetery and evidence for occupation from c. 420 BCE
to ¢. 500 CE (Higham 2008, Higham & Thosarat 2006). The site’s extensive hydraulic
earthworks date were first constructed at the beginning of this period and the settlement
came to cover c¢. 7-12ha (Charles Higham & Nigel Chang pers. comm.). The high density
of the burials suggests an escalation in population size at Ban Non Wat, which was now
also a centre for iron forging, bronze casting, cloth weaving, and pottery manufacture
(Higham & Higham 2009: 138).

During the late Thai Iron Age large quantities of glass and hardstone beads and occasional
high tin bronzes throughout central and northeast Thailand are thought to represent imports
or influences from the Indian subcontinent (e.g. Bellina & Glover 2004). These artefact

types were especially well represented at Ban Don Tha Phet in west-central Thailand
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where cemetery deposits also indicated connections to Vietnam and the Philippines with
the recovery of bicephalous jade ornaments known from the contemporary maritime
Southeast Asian world (e.g. Glover 1990). Similarly, recent excavations at the Upper
Thai-Malay Peninsula site of Khao Sam Kaeo, dated c. 400 BCE to c. 100 CE, provide
not only substantial evidence for intense cultural exchange with South Asia in the form
of hard stone ornaments, rouletted pottery, and high tin bronze bowls, but there is also
the suggestion of contact with Han China due to the recovery of stamped pottery, seals,
and bronze mirror fragments, in addition to materials indicating exchange with the insular
and littoral Southeast Asia (e.g. Bellina & Silapanth 2008). The site extends over up to
55ha and has a well-documented network of defensive and hydraulic earthworks, which
would probably have involved significant coordinated labour in their construction and
maintenance (ibid.). Though detailed burial evidence is currently lacking, Khao Sam
Kaeo presents many of the hallmarks of a major Thai Iron Age site i.e. long-distance

exchange, increased size, and possibly political centralisation.

1.2.4 Hierarchy versus heterarchy

The Thai Iron Age has typically been viewed as the final staging ground for the emergence
of ‘Indianised’ states in the mid 1* millennium CE, as part of a developmental increase
in social complexity from the Thai Neolithic and Bronze Age (e.g. Bellina & Glover
2004, Higham 2002, Higham & Thosarat 1998: 170). However, in 1995 an influential
article was published, challenging not so much the evidence for that complexity, but the
way in which the data may be perceived and interpreted through the lens of ‘heterarchy’
rather than the traditional ‘hierarchical’ perspective (White 1995). Regional proponents
of the heterarchy concept (e.g. O’Reilly 2000, 2003, White 1995, White & Pigott 1996)
emphasise a degree of exceptionalism in Southeast Asian socio-economic and socio-
political relationships, such that the traditionally expected progression from band-tribe-
chiefdom-state, normally equating chronologically to Neolithic-Bronze Age-Iron Age-
Historic, can be argued to not fit the Thai archaeological data. Moreover, White (1995)
draws upon a wide range of historical and ethnographic data to support her suggestion that

a broadly ‘heterarchical Thailand’ can be discerned from prehistory to the recent past.

A major difference between a heterarchical and hierarchical approach concerns the
location and transmission of power with in a society (ibid.). White (1995: 103) suggests
that hierarchical approaches assume the increasing centralisation of economic, military,
and ideological power within ever more formalised socio-political structures. Conversely,
heterarchy emphasises the potential for power to be diffuse, shifting, and negotiable,
as well as largely attributable to the historically situated performance of individual

leaders rather than uniformly inherited (ibid.: 104). As such it can be suggested that even
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Angkor, the archetypal historical Southeast Asian state, had “strikingly chiefdom-like
even big-man-like-qualities” due the frequently non-hereditary transmission of power
and the importance of personal leadership qualities to attain it (ibid.: 103). In prehistoric
Thailand, White’s (1995) heterarchical perspective stresses the sparseness and ambiguity

of evidence for individuals or societies exerting authority or influence over others.

A major tenet of heterarchical thinking is “cultural pluralism” (White 1995: 105-106),
which is well evidenced in the distinct localisation of material culture in Thailand between
¢. 2000 and c. 200 BCE. Focusing on the nearby (c. 25km) sites of Ban Chiang and Ban
Na Di, White (ibid.) notes that pottery traditions, animal remains, ornaments, figurines,
and burial rituals differed significantly between apparently contemporary deposits.
Indeed this distinct regionalism is one of the reasons why there is still no broadly agreed
Thai ceramic relative chronology to cross date many of the country’s sites which lack
radiocarbon determinations (White & Hamilton in press). It is only at the end of the 1+
millennium BCE that wider scale pottery traditions seem to appear, with, for example,
‘Phimai black’ wares recovered from late prehistoric sites across the Upper Mun River
Basin area (e.g. O’Reilly 2008: 385).

Although the general recognition of uniformly small Neolithic and Bronze Age
communities being superceded by an Iron Age settlement size hierarchy is accepted by
White (1995), she does not accept that size variation automatically equates to smaller
sites being dominated by the large. White (1995: 111) argues that there is little evidence
for violent conflict in prehistoric Thailand and that the historical data show a tendency
amongst the region’s numerous ethnic and cultural groups for political problems to be
resolved either diplomatically or by strategic alliances rather than the unilateral aggression
that might be associated with a hierarchical society. Furthermore, it could be argued that
the types of weapons typically recovered from Bronze and Iron Age Thai sites, spear
heads, arrow heads, and knives, are not unambiguously martial and could equally have
been used for hunting activities. Indeed, even the arrowhead recovered from the spine of a
male inhumation at Iron Age Noen U-Loke (e.g. Higham et al. 2007: 606) could arguably

have been the result of a hunting accident rather than warfare.

A commonly considered aspect of hierarchical societies is the control of production and
distribution of goods by elites as a means of garnering wealth and power, and it is argued
(White 1995: 106-108, White & Pigott 1996) that this social strategy is unevidenced in
prehistoric Thailand. Not only do individual communities often appear to have had distinct

material culture traditions, suggesting that the imposition of production by external ‘others’
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was weak at least, there is also the frequent duplication of relatively specialised industries
like pottery making, bronze casting, iron forging, and marble and shell ornament production
in neighbouring communities, all indicative of a generally decentralised economy with
no apparent restriction on technical knowledge (White & Pigott 1996: 158). Even where
highly specialised production occurs in the mining and smelting of copper within the Khao
Wong Prachan Valley of central Thailand (see Chapter 2), there is every reason to believe
that this was the independent initiative of local people, perhaps ‘subsistence trading’ metal
for foodstuffs due to their agriculturally marginal environment (Mudar & Pigott 2003).
The heterarchical assessment of prehistoric Valley copper production, guided by Costin’s
(1991, 2001) framework for interpreting craft production systems, is that of ‘specialised
craft communities’ (White 1995, White & Pigott 1996, see Chapter 3). The evidence they
cite for this derives from Pigott et al.’s (1997, then in press) reconstruction of numerous
small scale extractive metallurgical operations probably representing individuals or kin
groups at most, which though their combined metal output would have been substantial,
individually required little capital investment in apparatus, but a substantial commitment
in labour (White & Pigott 1996: 165-167). Archaeological investigations in the Khao
Wong Prachan Valley have not uncovered any evidence for a central administrative site
or structure for the modest 3-5ha smelting locales, nor earthworks which might serve
for defensive purposes. The presence of numerous copper artefacts in Nil Kham Haeng
burials suggests that local people rather than external elites were in effective control
of product distribution (ibid.). Furthermore, the presence of macroscopically different
production technologies at the chronologically contiguous prehistoric smelting sites of
Non Pa Wai and Non Pa Wai (see Chapter 2) perhaps indicates a degree of ‘cultural
pluralism’ within the area, which further supports the heterarchical ‘specialised craft
communities’ interpretation of production for unrestricted regional demand rather than
the alternative restricted production for elite demand ‘dispersed corvée’ (Clark 1995); an

aspect addressed later in this thesis.

Prior to the Thai Iron Age when funereal evidence for status differences became more
apparent at some sites, White (1995) argues that variation in burial wealth within Neolithic
and Bronze Age communities seems to be continuous and individualistic rather than modal
and systematic. This might suggest the absence of permanent social stratification and that
individuals seem to be more important than institutions in early Thai societies. As Bacus’
(2006) analysis of the available Non Nok Tha data indicates that females and older males
may be tentatively discernable as separate status groups, reflecting the nuanced attribution
of respect and authority within prehistoric Thai groups. The potential for grave wealth to
reflect either inherited or acquired status during an individual’s lifetime was long ago
recognised by Higham (1989: 153), but he does believe that White’s (1995) heterarchical

approach is now undermined by the presence of c. 1000 BCE “‘superburials” at Bronze
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Age Ban Non Wat, which he argues to represent the inhumations of “aristrocrats” within a
local hierarchical social system (Higham 2009). It remains to be demonstrated that feudal
power structures existed in the Bronze Age Upper Mun River Valley and the heterarchical
emphasis on “cultural pluralism” (White 1995: 105-106) could equally be employed to
explain the apparent variability between different areas of prehistoric Thailand.

1.3 Prehistoric Thai metallurgy

The following section is intended to provide a broad contextualisation for the present
study’s focus on copper smelting by discussing previous archaecometallurgical discourse
in Thailand, and summarising those Thai sites with evidence for the straddling copper
production activities of mining and founding; these latter sites may be considered likely
consumers and redistributors of Khao Wong Prachan Valley metal.

1.3.1 The ‘origins of metallurgy debate’

For over four decades regional archaeometallurgical discussion has focused on the dating
and origin of Thailand’s earliest copper-base technologies, a technological horizon which
has been accorded great significance in accounts of regional prehistory, as well as being
fervently disputed (Bacus 2006, Bayard 1972, 1980, 1981, Ciarla 2007a, Higham 1988a,
1989, 1996, 2002, 2004, 2006, in press a, Higham & Higham 2009, Loofs-Wissowa 1983,
Muhly 1981, Pigott & Ciarla 2007, Sherratt 2006, Stech & Maddin 1988, White 1982,
White 1988, J. White 2008b, White & Hamilton in press). The import attributed to Thai
metallurgy is partly derived from traditionally assumed correlations between metallurgy
and “major cultural changes” (e.g. Higham & Higham 2009: 126), but is also due to
perceived evidence for a second, post-‘Neolithic’, wave of long-range social interactions
with communities in the present-day Peoples’ Republic of China and beyond. (e.g.
Ciarla 2007a, Higham in press a, Pigott & Ciarla 2007, White & Hamilton in press).
This long-term concentration of scholarly resources may also be seen as an artefact of
the international interest stimulated during the 1960s and 1970s by finds of copper-
base artefacts in claimed 4"/3 millennium BCE contexts at the sites of Non Nok Tha
and Ban Chiang in northeastern Thailand (Figure 1.4) (e.g. Bayard 1972, 1979, 1981,
Gorman and Charoenwongsa 1976, Solheim 1968). These dates for the earliest evidence
of metallurgy in Southeast Asia were earlier than those in Eastern Asia, and comparable to
those of Western Asia. This situation led to suggestions of an indigenous Southeast Asian
invention of metallurgy (reviewed by J. White 2008b: 91), which was in itself a reaction
to earlier culture-historical thinking, which attributed most developments in Southeast
Asian prehistory to contact with more ‘advanced’ societies in East and South Asia (e.g.

Coedés 1969, Majumdar 1941). After the initial excitement, doubts were expressed by
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the wider community (e.g. Higham 1975, Muhly 1981), and the chronologies for Non
Nok Tha and Ban Chiang were subsequently found to be based on problematic and
flawed interpretations of thermoluminesence and radiocarbon dates (e.g. Bronson 1972,
Higham 1996-1997, Spriggs 1996-1997, White 1982, 1986). No Southeast Asian scholars
now support either the very early dating, or Thailand being a centre for the independent
invention of metallurgy (Higham 2006: 19, White 1988: 179). This implies that, by some
means, Thai metal technologies have, to some degree, a foreign origin. The possibility of
cultural interaction with South Asian metal-using societies to the west has been rejected
due to the dearth of data linking the two areas prior to the 1% millennium BCE (Pigott &
Ciarla 2007: 79, White & Hamilton in press). Therefore, scholarly attention has shifted
north to a technology source in or via the Peoples’ Republic of China, with Higham

(e.g. 1996: 338) offering an early account of metallurgical knowledge transmission via

d An}ang ‘ \

Lingnan in Southeast China (Figure 1.4).
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Figure 1.4 - Proposed routes (approximately) and dates for the transmission of metallurgy into northeast
Thailand, including sites mentioned in the text. Image: courtesy of Google Earth™ mapping service,
modified by the author.
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2" millennium BCE Southeast 2" millennium BCE East Asian
Asian metallurgical tradition metallurgical tradition
Production context| Autonomous community centred State centred
Assemblage type Personal ornaments and tools Ceremonial vessels and tools
Preferred alloy Bronze Leaded bronze
Crucibles Small, internally-heated Large, externally-heated
Moulds Lost wax or bivalve Piece-mould or bivalve
Smithing Hammering and/or annealing As cast
Hafting method Socketed Tanged
Founder’s graves Present Absent

Table 1.1 - Summary of generalised technological characteristics distinguishing Southeast
Asian and East Asian metallurgical traditions of the 2™ millennium BCE (after White 1988,
2008).

Constituting a major advance on the topic, White (1988) published an outline of the
‘southern metallurgical tradition’ (Table 1.1), a suite of technological characteristics
distinguishing the 2™ millennium BCE metallurgical tradition of Southeast Asia, largely
attested in central and northeast Thailand, from that of East Asia, evidenced primarily in
the broadly contemporary Huanghe Central Plain (Figure 1.4, see ‘Erlitou’ and ‘Anyang’
for the Huanghe Central Plain). Acknowledging exceptions to the rule, White, in more
recent statements has elaborated on this argument and emphasised that in terms of material
culture and social context, Southeast Asian metal technologies appear to have more in
common with those in wider Eurasia than the Central Plain ‘Shang’ metallurgical tradition
(J. White 2008b: 100-101). Pigott and Ciarla (2007) have argued that an additional two
decades of research have evidenced a second, less ‘sophisticated’ and ‘state-oriented’
East Asian metallurgical tradition. However, White & Hamilton (in press) have countered
that some of the artefacts in this repertoire (e.g. non-socketed tools and ploughs) are
not seen in the ‘southern metallurgical tradition’, which itself remains much closer to
Eurasian technological configurations. Nevertheless, the dissimilarity of Southeast and
East Asian metal technologies is, in general, currently agreed upon (e.g. Ciarla 2007a,
Higham in press a, Pigott & Ciarla 2007, J. White 2008b, White & Hamilton in press).
Another convergence of opinion is the possibility of a common technological ancestry for
both ‘Shang’ and ‘southern’ metallurgical traditions in the ‘Qijia’ and subsequent ‘Siba’
metal-using cultures of the ‘Gansu Corridor’ in the mid-western PRC, and furthermore,
that these technologies themselves may stem from interaction with other Eurasian ‘culture
horizons’ like the ‘Afanasievo’ and proceeding ‘Andronovo’ (Ciarla 2007a, Chiou-Peng
1998, Higham 2002: 113-117, 2006: 18, in press a, Linduff et al. 2000, Mei 2000, 2003,
2004, Pigott & Ciarla 2007: 76, White 1997, 2008). The extant disagreement centres
around the timing, routing, and cultural transmission mechanisms invoked to explain
the derivation of 2™ millennium BCE Southeast Asian metallurgy from its proposed
31/2" millennium BCE Eurasian antecedents. In brief, for over 25 years, White (1982,
2008) has been advocating Southeast Asian metallurgy by c. 2000 BCE, a situation
which is explained (White 1986, 1997, 2008, White & Hamilton in press) by the ‘early’
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transmission of metal technologies from the Gansu Corridor to northeast Thailand. The
alternative ‘late’ model regards the ‘southern metallurgical tradition’ as being derived
ultimately from the same mid-western PRC source, but arriving after c. 1500 BCE, via
the ‘Shang’ Central Plain and Lingnan (Figure 1.4, see ‘Yuanlongpo’ for Lingnan, Ciarla
2007a, Higham 1996, in press a, Pigott & Ciarla 2007). Both of the proposed technological
interactions are feasible, but which can account for the ‘first” Southeast Asian metallurgy
depends on the archaeological dates accepted (Higham in press a), and there is no reason
to disavow the possibility of subsequent inter-regional interactions having introduced

further metallurgical behavioural variability.

All current contributors to the origins of Southeast Asian metallurgy debate have
consistently emphasised the preliminary nature of their hypotheses (e.g. Ciarla 2007a,
Higham 1996: 338, Higham in press a, Pigott & Ciarla 2007, White 1988, White &
Hamilton in press). These caveats are born of necessity as vast territories across Eurasia
await archaeometallurgical investigation, and of the sites and finds already recovered, few
have been subjected to detailed technological study. Typologically defined metallurgical
traditions, and claims for the degree of variation between them, have yet to be quantatively
substantiated (e.g. Bettiner & Eerkens 1999, Jordan & Shennan 2003, Marwick 2008,
Neiman 1995, Shennan & Wilson 2001). It cannot be stressed enough that the satisfactory
demonstration of the proposed technology transmission models rests on the painstaking
discovery, recovery, analysis, synthesis, and interpretation of data pertaining to all aspects

of prehistoric metallurgical behaviour.

1.3.2 Principal northeast Thai sites with evidence for prehistoric copper-base production

actvities

Although many Bronze and Iron Age Thai sites have furnished copper alloy artefacts
indicating metal consumption (see e.g. Higham 2002 for a summary), relatively few have
provided evidence for metal production activities. As indicated earlier in this introduction,
extractive metallurgy consists of mining and smelting, for which the prehistoric Thai
evidence will be presented in detail in Chapter 2. Secondary production, or founding,
relates to the refining, alloying, casting, and forging of copper-base metals. The bulk
of the Thai copper-base production evidence, overviewed below, is limited to founding

activities and comes from northeastern Thailand (Figure 1.2).

Upper Loei-Petchabun Volcanic Belt:

Phu Lon
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The prehistoric copper mine site of Phu Lon is located around 102.0700°E, 18.1987°N,
extending over two adjacent hills on the southern banks of the River Mekong, c. 250km
upstream from Ban Chiang. Excavated by the Thai-American ‘Thailand Archaeometallurgy
Project’in 1984 and 1985, Phu Lon has provided substantial evidence for 1**and possibly 2™
millennium BCE mining activity, with limited occupation data suggesting non-permanent
settlement on the site (e.g. Natapintu 1988, Pigott & Weisgerber 1998). Archaeological
attention focused on the westernmost hill, ‘Phu Lon I’, which provided evidence for
substantial mining activity, and the saddle between the two hills, the ‘Pottery Flat’, where
the recovery of domestic pottery alongside crucible fragments suggests that Phu Lon was
inhabited at least seasonally. Significant traces of prehistoric mining galleries remain,
whose rounded walls suggest they were cut with stone rather than metal tools. This is
corroborated by numerous finds of granitic hammerstones, probably made from Mekong
River cobbles (Pigott 1998). Although we cannot accurately determine the entire span of
mining activity at Phu Lon, at some point it appears that the deposit was so intensively
undermined by tunnelling that one side of the honey-combed hill actually collapsed under
the weight of the over-burden (Pigott & Weisgerber 1998).

William Vernon’s (1996-1997) technological study of Phu Lon crucible fragments have
revealed a sophisticated understanding of refractory ceramics, with a siliceous lagging to
the interior wall, which in addition to increasing refractoriness, could also have served
to promote the slagging off of iron oxide impurities in the copper melt. The crucibles
reconstructed volume was systematically less than 100ml, which would have limited the
maximum content to much less than 1kg of metal, and it is thought that the crucibles had
been used for melting rather than smelting copper-base metal (ibid.). Whilst this limitation
does not rule out the production of large copper-base artefacts by the coordinated pouring
of multiple crucibles, it does rather suggest that only smaller ornaments and tools were cast.
White & Hamilton (in press) have termed this refractory technology “common Southeast
Asian crucible production” due to the relative proliferation of comparable crucibles across
northeast Thailand (Vernon 1997: 100, see below). Although it is quite likely that copper
smelting did occur at Phu Lon, which Vernon’s (1996-1997) published evidence alludes
to, at present the supporting arguments remain circumstantial and the Pottery Flat matrix
was not noticed to have a significant component of slag (Pigott 1998). It has been noted
that very high quality copper carbonates like malachite can be smelted with very little
residue (e.g. Craddock 1995, Tylecote 1974), but this negative evidence argument is not
very satisfying and the presence of even minor impurities would result in slag formation
which we would then expect to detect archaeologically. The consistent presence of tin
in the crucible scoria, an element the Phu Lon deposit does not contain in extractable
quantities, suggests that prehistoric people were melting and possibly producing bronze

alloys with the tin component at least from elsewhere (Pigott 1998).
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Non Nok Tha

Excavated in the mid-late 1960s by a Thai-American team, the small mounded Bronze
Age cemetery and settlement of Non Nok Tha is situated at 102.311640°E, 16.800908°N,
c. 120km SSE of Phu Lon and c¢. 125km SW of Ban Chiang. The site’s chronology has
been heavily disputed over the years (e.g. Bayard 1981, 1996-1997, Higham 1975, 1996-
1997, Spriggs 1996-1997) and the appearance of copper-base grave goods continues to
be attributed as far apart as the mid 2" millennium BCE (e.g. Higham 2002: 129) and the
late 3 millennium BCE (e.g. Bacus 2006, White & Hamilton in press). The predominant
metal artefact type is a socketed axe, which are rare in the lower layers but become
increasingly common. Whilst the dating remains uncertain, Non Nok Tha does provide
good evidence for copper-base founding with the recovery of 4 whole and 12 fragmentary
ceramic crucibles and 10 complete and 13 fragmentary sandstone moulds (Bayard 1981:
697). White & Pigott (1996: 155) have suggested that Non Nok Tha may have been a
specialist producer of socketed implements due to the local availability of sandstone for

bivalve moulds.

Chi River basin:
Ban Chiang

Situated at 103.301°E, 17.405°N on the northern Khorat Plateau, Ban Chiang was
excavated by a Thai-American team over 1974 and 1975 (e.g. Gorman & Charoenwongsa
1976, White 1986) and has provided vital evidence for prehistoric Thai copper-base
metallurgy from the period c. 2000 BCE to c. 200 CE (e.g. J. White 2008b). Concentrating
on the Middle and Late Period (MP c¢. 900 BCE to c. 300 BCE, LP c. 300 BCE to c.
200 CE) contexts broadly contemporary with the Khao Wong Prachan Valley industrial
copper production sequence (c. 6/500 BCE to c. 300 CE), the Ban Chiang metallurgical
assemblage consists of 225 copper-base artefacts (MP=155, LP=70), including bangles,
points, wires/rods, flat sections, and amorphous pieces that may be casting spillage, as
well as 78 crucible fragments (MP=67, LP=11), 8 slag fragments (MP=2, LP=6), and 3
probable mould fragments (MP=3, LP=0), predominantly from non-funerary contexts
(Ban Chiang Project n.d.). The presence of production related artefacts like crucibles,
moulds, and slag probably indicate that copper-base founding was practiced on site, but
there is no evidence to suggest smelting activities, which may have taken place elsewhere
(J. White 2008b: 95). Of the 20 Middle and Late Period copper-base artefacts for which
compositional data exists only 3 are unalloyed copper, mirroring the marked preference
(40 of 44) for bronze seen in Early Period (c. 2100 BCE - ¢. 900 BCE) Ban Chiang
artefacts (Hamilton 2001). Vernon’s (1997) study of Ban Chiang crucibles suggested
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they were morphometrically and technologically very similar to those from Phu Lon (see
above), with the regular (55 of 76 examples) presence of a refractory quartz-rich lagging
(White & Hamilton in press).

Ban Na Di

Thai-New Zealand investigations in the early 1980s at Ban Na Di, located at 103.133988°E,
17.256121°N, c. 23km southwest of Ban Chiang, revealed a mortuary and settlement site
with a sequence spanning the Bronze Age (c. 900 BCE to c. 400 BCE) and Iron Age (c. 400
BCE to c. 100 BCE) (Higham 2002: 135-141). Furnace features, intact and fragmentary
crucibles with adhering bronze scoria (analysed at c. 10-12wt% Sn), and sandstone axe
mould fragments in Layers 8 to 6 suggest onsite secondary production activities throughout
the early-mid 1% millennium BCE (Seeley & Rajpitak 1984). Evidence for Ban Na Di’s
founding industry continues in Iron Age Layer 5 with the discovery of in situ furnaces,
rice chaff tempered crucibles, remnant of wax for ‘lost-wax’ casting, and clay moulds
for casting bells and bracelets (e.g. Higham 1996: Figure 6.27). Notably, the Ban Na Di
crucibles fit within the ‘common Southeast Asian crucible production tradition’ reported
from Phu Lon and Ban Chiang (White & Hamilton in press). Four different associations
of alloy and artefacts types were noted at Ban Na Di: most artefacts but in particular
arrowheads and bracelets were low-tin bronze (c. 2—14wt% Sn), leaded copper was also
used for bracelets, leaded bronze for rings and bracelets, and high-tin bronze (< c. 24wt%
Sn) for wire (Seeley & Rajpitak 1984, Maddin & Weng 1984). It appears there was a shift
in alloy preference to include leaded and high-tin bronzes c. 100 BCE, which is suggested

to relate to the appearance of iron technologies (Higham 1988a).

Non Chai

Salvage excavated by Pisit Chareonwongsa and Don Bayard in 1978, the Upper Chi
River Valley occupation site of Non Chai was located c. 4km north of Khon Kaen, where
it extended over c. 18 hectares and had an Iron Age sequence from c. 400 BCE to c.
200 CE (Charoenwongsa & Bayard 1983, Higham 2002: 188). Bronze and iron artefacts
were recovered in all phases, but the presence of crucible fragments and clay moulds for
casting bracelets and bells in phases IV and V (c. 200 BCE to c. 200 CE), strongly suggest

founding activities were practiced on site (Charoenwongsa & Bayard 1983).

Mun River basin:

Ban Lum Khao
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Three of the sites investigated by the Thai-New Zealand ‘Origins of Angkor Project’
in Upper Mun River Valley between 1994 and 2007 have furnished evidence for
prehistoric copper-base founding industries. The first of them, Ban Lum Kaeo, located
at 102.347981°E, 15.245483°N, was excavated in 1995 and 1996, and has Neolithic (c.
1500 BCE to c. 1400 BCE) and Bronze Age (c. 1400 BCE to c. 500 BCE) funerary and
occupation layers (Higham 2002: 142-146, O’Reilly 2003). The metallurgical evidence
consists of fragments of crucibles and moulds for axes and projectile points and thus
indicates the strong likelihood of secondary production onsite, although there is, curiously,

no evidence for the consumption of bronze in funerary rituals (Higham 2002: 142).

Noen U-Loke

Noen U-Loke is a 12 hectare occupation and funerary site situated at 102.256066°E,
15.260249°N, with an Iron Age sequence from c. 300 BCE to c. 500 CE, and was
excavated by the ‘Origins of Angkor’ team between 1996 and 1998 (Higham 2002: 204,
Higham et al. 2007). No furnace features were recovered but finds of ceramic moulds for
casting socketed axes and finger rings suggest an on-site founding industry may well have
been practiced (Higham 2002: 204, Higham 2007).

Ban Non Wat

The settlement and mortuary site of Ban Non Wat is located at 102.276753°E, 15.267613°N
in the Upper Mun River Valley basin on the southern Khorat Plateau (Higham 2008,
2009, Higham & Higham 2009, Higham & Thosarat 2006, ). Extensive excavations by
a Thai-New Zealand team since 2001 have identified a high resolution chronological
sequence spanning the Neolithic through Iron Age (c. 1650 BCE to c. 500 CE) (Higham
& Higham 2009). The funerary consumption of copper-base artefacts begins c¢. 1000
BCE, with indirect evidence for foundry activities from c. 800 BCE in the form of a
‘founders grave’ containing 26 bivalve moulds for casting bangles and socketed axes
(Higham 2008b: 40). However, the discovery of several in situ clay pyrotechnological
structures with numerous associated crucibles and moulds dated from c. 420 BCE provides
direct support for secondary copper-base metallurgical production at Iron Age Ban Non
Wat (Higham & Thosarat 2006: 103). White & Hamilton (in press) have stated that the
technological configuration of late prehistoric founding activities at Ban Non Wat falls
within the “common Southeast Asian crucible production” they identified at Phu Lon,
Ban Chiang, and Ban Na Di hundreds of kilometres to the north. Of further interest is
the excavation of two copper-base artefacts from a Ban Non Wat burial dated c. 420-200
BCE (Charles Higham pers. comm.) with very similar typologies to those known to be
produced in the Iron Age Khao Wong Prachan Valley c. 170km WSW (Pigott et al. 1997,
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see also Chapter 2).

Summary

In this chapter the central topic of this thesis, Iron Age copper smelting technologies
in Thailand, was introduced along with the principal research aim of conducting
archacometallurgical research to better understand long-term changes in extractive
metallurgical behaviour. Several paradigms of regional research were discussed, including
the general paucity of archaeological evidence, regional biases in data availabilty,
chronological uncertainties, and a still maturing research agenda that has been largely
preoccupied with establishing a basic culture history for Thailand. The prehistoric
cultural sequence was overviewed with brief descriptions of the major evidence for
subsustence, technologies, and burial traditions in Neolithic, Bronze Age, and Iron Age
Thailand, followed by a summary of the alternative frameworks for investigating Thai

social complexity, namely heterarchical versus hierarchical approaches.

In the second section the chapter concentrated on prehistoric Thai metallurgy,
commencing with a resumé of the ‘origins of metallurgy’ debate, before summarising the
major evidence for copper/bronze production in northeast and central Thailand. Several
interesting differences were shown to exist between Bronze Age and Iron Age metallurgical
technologies in that there seems to be a shift away from the production of apparently
utilitarian items like axes towards exclusively ornamental industries, perhaps coinciding
with an increasing availability of iron tools. Furthermore, this chronological boundary
also marks a partial technological transition from a widespread preference for low tin
(<c. 14wt% Sn)* bronzes across northeast and central Thailand towards the increasing
consumption of high tin (>c. 14wt% Sn) copper alloys with markedly different casting
and working characteristics and associated with trans-Asiatic cultural exchanges with the
Indian subcontinent (e.g. Bellina 2008, Bennett & Glover 1992). In the prehistoric Thai
context it has been argued (e.g. White & Pigott 1996) that copper-base metallurgy was
a ‘specialised community’ industry with multiple production centres, with no evidence
for ‘elite’ control over what was apparently a largely utilitarian material, though this
perspective is not unanimous (e.g. Higham & Higham 2009). In terms of copper-base
founding technologies, the ‘common Southeast Asian crucible production” (White &
Hamilton in press), small highly-portable crucibles with a quartz-rich lagging seem to be
a near universal across northeast Thailand, although differences in temper may provide
a measure of regional variation as those in Phu Lon (crushed rock and rice chaff) differ

markedly from those at Ban Chiang (grog then rice chaff), and Ban Na Di (rice chaff

2 See Scott (1991) for discussion of copper alloy terminology.
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then sand) (Vernon 1997: 110). However, it remains to discuss in detail the prehistoric
Thai archaeological evidence for industrial scale copper smelting. These data come solely
from the Khao Wong Prachan Valley of central Thailand, the subject of Chapter 2.
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Chapter 2:

The Khao Wong Prachan Valley and its environs

dEhao Wang Frachan Valley

Naral Museum (Lopburi)

& Ayutthaya

4 Bongkok

_.‘}‘"?1 i
- ’F.i e

5 g oy
v ¥ 43 PhincmiBe

Figure 2.1 - Composite satellite image of central Thailand with Lopburi Province highlighted in red.
Courtesy of Google Earth™ mapping service, modified by the author.

As introduced in Chapter 1, Lopburi Province in central Thailand (Figure 2.1) is home
to the Khao Wong Prachan Valley. This chapter commences with a discussion of the
geological environment that led to the formation of the metallogenically well-endowed
Valley, before proceeding to document the chronology and stratigraphy of Non Pa Wai
and Nil Kham Haeng, the two prehistoric Valley industrial sites focused on in this study.
The archaeological contexts for Iron Age Valley smelting evidence are discussed and
their limitations acknowledged. Only a pragmatic view of the difficult archaeology
encountered in the Khao Wong Prachan Valley will enable a sustainable reconstruction
of prehistoric extractive metallurgical activities to be developed later in this thesis. The
available metallurgical evidence from the documented sites of Tha Kae, Non Mak La, and
Khao Sai On is also reviewed, prior to discussion of White & Pigott’s (1996) interpretation
of ‘community specialisation’ for local copper production. The penultimate part of this
chapter is dedicated to reviewing previous analytical studies of Valley copper-base
metallurgy and their relation to the present study. Finally, the present study’s sampling

strategy is presented.
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Whilst further locales doubtless remain to be discovered, the Khao Wong Prachan Valley
represents a significant concentration of Thailand’s prehistoric and historic extractive
metallurgical industry, and although much remains to be understood, the Valley and its
environs have benefited from a number of research programmes by Thai and foreign

scholars over the last three decades, of which the major projects are:

- The Thai Fine Arts Department and Silpakorn University have both been active in the
area for a long time, providing both a cultural heritage database on known archaeological
sites (Anon. 1988), and systemically recorded excavation data (e.g. Natapintu 2007). Much
of Silpakorn University’s research has been led by the Central Thailand Archaeology
Project, directed by Surapol Natapintu, which has conducted excavations at a number
of settlement and funerary sites in the general area including Tha Kae, Phromathin Tai,
and Pong Manao; the first two of which had substantial but as yet unstudied evidence for
copper production (e.g. Natapintu 1979, 1980, 1984, 1985, 1988, 1991, 2005).

- The Lopburi Regional Archaecology Project (LoRAP), co-directed by Roberto Ciarla of
the Istituto Italiano per I’ Africa e I’Oriente (ISIAO), and Surapol Natapintu of Silpakorn
University (e.g. Ciarla 1992, 2005, 2007b, Rispoli 1997, 2007) has investigated a number
of occupation and funerary sites around Lopburi including Tha Kae, Khok Din, Khao Sai
On, Noen Din, and Phu Noi of which the first two had evidence for copper smelting and

the third for copper mining, though the metallurgical assemblages are as yet unstudied.

- The Thailand Archaeometallurgy Project (TAP), co-directed by Vincent Pigott and
Surapol Natapintu (then) of the University of Pennsylvania Museum and the Thai Fine
Arts Department respectively have provided the only investigation of demonstrably
industrial scale copper smelting sites in Lopburi Province, Thailand, and indeed all of
Southeast Asia. The two major smelting sites, Non Pa Wai and Nil Kham Haeng are
the focus of the present study, but TAP also excavated a settlement at Non Mak La and
recorded premodern copper mines at Khao Ph Kha (e.g. Natapintu 1988, 1991, Mudar
& Pigott 2003, Pigott 1999a, Pigott & Natapintu 1986, Pigott et al. 1997, Pigott et al.
2006).

2.1 Geology of the Khao Wong Prachan Valley area

Southeast Asia lies at the junction of two continental plates, the Shan-Thai and Indochinese,
and the oceanic Pacific shield (Lai et al. 2006). The heat generated by tectonic interaction
accounts for the intense magmatic activity in the region, this being responsible for both
Southeast Asia’s active vulcanism and, importantly for the current study, the prevalence
of zoned metallogenic deposits throughout the mainland (Gardner 1972, Sitthithaworn
1990, Takimoto & Suzuka 1968, Vernon 1988, Workman 1977).
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author.
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AMPHOE BAN M1

Figure 2.4 - Merged 1:250,000 geological map of Ban Mi (N47-4, top) and Ayutthaya (ND47-8, bottom)
districts with the Khao Wong Prachan Valley (KWPV) marked. Courtesy of the Thai Department of Min-
eral Resources, 1976 and 1985 respectively, modified by the author.

Splitting Thailand asymmetrically in two, the Loei-Petchabun fault system runs
approximately 400km NNE to SSW from Loei Province to Saraburi Province (Figure
2.2). The belt then turns ESE and continues for just over 200km to Buriram Province and
the Cambodian border. The Loei-Petchabun system accounts for the bulk of Thailand’s
metallogenic geology outside the Indochina-Pacific fault, which runs up peninsular
Thailand and continues along the western edge of the kingdom (Figure 2.3). The Loei-
Petchabun belt is thus the closer of the two Thai metallogenic zones to what appears to

be a major locus of prehistoric metal consumption, the Khorat Plateau in northeastern
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Thailand. To the west of the Loei-Petchabun fault lies the central plain of Thailand, which
has been identified as a large quaternary alluvial basin, some 500km long and 100km wide
(Takaya 1968). The Khao Wong Prachan Valley lies on the eastern edge of this basin, after
which the land climbs across the intervening range and onto the Khorat Plateau. See Eyre

(2006: Chapter 4) for a fuller description of central Thailand’s geological, environmental,

and ecological zones.
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Figure 2.5 - Composite satellite image of the wider Khao Wong Prachan Valley area (above) and the Val-
ley itself (below), with sites mentioned in the text marked. Courtesy of Google Earth™ mapping service.
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The Valley geology consists of Permian calcareous and argillaceous sedimentary rocks
with intrusive igneous rocks of acidic or intermediate composition, like andesite, diorite,
granite, and granodiorite (Figure 2.4, e.g. Cremaschi et al. 1992, Nakornsri 1981, Vernon
1988). The contact zone between the igneous and sedimentary rocks is comprised of
metamorphic products like marble and skarn. The Valley skarns are characterised by
inclusions of garnet, vesuvianite, wollastonite, and quartz (Vernon 1988). It is also in this
metamorphic contact zone that the metallogenic mineral deposits are found, consisting
predominantly of haematite and chalcopyrite, and smaller quantities of magnetite and
malachite, amongst others (e.g. Bennett 1988a: 128, Natapintu 1988: Table 1, Vernon
1988). The decomposition of host rocks has produced limestone-derived clay, clay-loam,
or silty-clay rendzina soils, with poor water retention (e.g. Pigott & Mudar 2003, Pigott
et al. 2006).

The TAP geological survey of the Khao Wong Prachan Valley was carried out in February
1988 by Udom Theetiparivatra, Bill Vernon, and Vincent Pigott (Vernon 1988). Their
assessment of the local geology provides the basis for the current study’s consideration
of mineral resources relevant to prehistoric copper production, and their field notes are
the sole source of small scale geological data. As well as identifying and describing the
host rock geology and formation of the Khao Wong Prachan Valley (Vernon 1988), the
survey team also assessed and sampled three major metallogenic mineralisations: Khao
Tap Kwai, Khao Phu Kha, and Khao Pa Daeng (Figure 2.5, e.g. Natapintu 1988).

2.1.1 Khao Tab Kwai

Khao Tab Kwai is centred around 100.657°E, 14.9825°N, c. 2km from Non Pa Wai
and c. 3km from Nil Kham Haeng (Figure 2.5). The mineralisation is predominantly
haematite and magnetite, but also malachite and chalcopyrite, and could have potentially
provided all the minerals required for prehistoric copper-smelting at Non Pa Wai and Nil
Kham Haeng smelting activities. Due to its proximity to these sites, Khao Tap Kwai is
a strong candidate for the source of minerals used in the Khao Wong Prachan smelting
technologies. Khao Tab Kwai was exploited for its iron oxides reserves into the 1980s,

and thus the mineral suite available to prehistoric metalworkers cannot be fully known.

2.1.2 Khao Phu Kha

Khao Phu Kha is situated at 100.667°E, 14.9496°N, c. 2.5km from Non Pa Wai and just
over 1km from Nil Kham Haeng (Figure 2.5). However, the steep access from the valley

floor to the summit and back would have necessitated huge exertions if metalworkers
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sought their minerals there. The Khao Phu Kha galleries provide clear evidence of mining
activity, and the suite of copper minerals (e.g. azurite, chrysocolla, chalcopyrite, and
malachite) is in line with the other Valley deposits, and all are possible charge materials
for local copper-smelting (Bennett 1988a, Natapintu 1988, Vernon 1988). The established
TAP position is that Nil Kham Haeng is associated with Khao Phu Kha, but as the
exploitation dates for the latter are unknown, it is uncertain whether the positioning of the
former so close to this mine may have been for convenience, competitive control, or by

coincidence.

2.1.3 Khao Pa Daeng

Khao Pha Daeng is located at 100.612°E, 14.9186°N, c. 6.5km from Nil Kham Haeng and
c. 9km from Non Pa Wai (Figure 2.5). The mineralisation does have some evidence for
mining, and a range of oxidic and sulphidic minerals that could have been used in copper-
smelting operations at Non Pa Wai and Nil Kham Haeng (Vernon 1988). However, the
increased distance of the mineralisation from the study sites to the north and north-west,
suggests Khao Pa Daeng is a less likely source of material for metallurgical activities
at this time, and mining operations may relate to a later period or as yet unidentified

production sites.

2.2 Archeology of the Khao Wong Prachan Valley area

The Khao Wong Prachan Valley contains the largest concentration of prehistoric and
historic mining and smelting sites known in Southeast Asia (Bennett 1988a, 1988b, 1989,
1990, Natapintu 1988, 1991, Pigott & Natapintu 1986, Pigott et al. 1997). The presence
of extensive archaecometallurgical debris in the Valley was noted in the late 1970s by Thai
archaeologists who conducted some important early excavations in the area (Natapintu
1979, 1980). It was however, the Thai-American TAP (e.g. Pigott & Natapintu 1986, Pigott
et al. 1997) and Thai-Italian LoRAP (Ciarla 1992, 2005, 2007, Cremaschi et al. 1992)
endeavours which really brought the significance of the Valley to international attention.
TAP and LoRAP involve in-depth multi-site studies, concerned with understanding the
entire spectrum of life in the Khao Wong Prachan Valley and the greater Lopburi region.
These projects are actively pursuing research agenda to this day, LoORAP in the field and

both in post-excavation study.

The current study commenced with an understanding of the Non Pa Wai and Nil Kham
Haeng stratigraphy and dating that had existed largely unaltered since the period of
TAP fieldwork between 1986 and 1994. In terms of Valley metallurgical activity, this
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chronology recognised at Non Pa Wai an initial stage of Bronze Age copper smelting from
c. 1500 BCE, followed by possible interruption (see Caliche Crust below), after which
an ‘industrial’ phase of Bronze Age metal production laid the bulk of the archaeological
deposit, petering out at c. 700 BCE. It was also thought that from c. 1000 BCE intensive
copper smelting was being practiced at nearby Nil Kham Haeng, with production there
ceasing c. 300 BCE (Natapintu 1988, Pigott et al. 1997).

However, as of late January 2008, the stratigraphic and chronological interpretation for
the two sites was radically modified by the prodigious long term research of Fiorella
Rispoli, the ceramic specialist for TAP and LoRAP (Rispoli 1997, 2007, Rispoli et al.
forthcoming). Her regional comparative study of pottery from Valley sites has identified
technological and stylistic ceramic similarities with sites in the local area, e.g. Tha Kae,
Khao Sai On, and Phu Noi, and, most excitingly, with other more firmly dated sites
in northeast Thailand (e.g. Ban Lum Khao), and as far as northern Vietnam. The new
dating sequence has its greatest impact from the early Bronze Age to the late Iron Age,
and had immediate and substantial ramifications for the current study’s interpretation of
metallurgical activities in the Valley. To respond to these changes during the course of
doctoral research, the author was obliged to reassess the contexts for each of the samples
used in the present study', and in a number of cases to undertake further analyses to ensure
reasonable population sizes for the revised assemblages. The new dating will be detailed
in the site descriptions but awaits final publication as the Valley chronology has been
subjected to further minor alterations during the course of 2008. However, the chief effect
on Valley metallurgy can be summarised as undermining the established interpretation of
the intensive industrial phase of copper production as a late 2™ millennium BCE (Bronze

Age) phenomenon, pushing it firmly into the later 1 millennium BCE (Iron Age).

Even within a region known to suffer from poor stratigraphy due to annual monsoons and
heavy bioturbation (Ciarla & Natapintu 1992 though cf. Grave & Kealhofer 1999), Non
Pa Wai and Nil Kham Haeng have long been noted for their perplexing archaeological
deposits (Ciarla 1993). Rispoli et al.’s (forthcoming) revised chronology, though of
immeasurable importance, is confined to re-dating broad depositional periods (e.g. Iron
Age or Bronze Age), but does not constitute a much improved intra-period resolution.
This is the unfortunate consequence of the extreme taphonomic processes responsible for
shaping the Valley archaeological record. The combined effects of weather, flora, fauna, and
humans have conspired to dictate that the conclusions of specialist TAP studies, including

the present one, must for the time being remain somewhat circumspect and adaptive.

1 A process only made possible by the much appreciated help of Fiorella Rispoli,
Roberto Ciarla, and Vincent Pigott.
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Figure 2.6 - Plan of Non Pa Wai showing trenches excavated. Cour-
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Figure 2.7 - Schematic of Non Pa Wai and Nil Kham Haeng chronology, at the time of writing.
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Figure 2.8 - Southern section of ‘Square C’ during the 1986 season at Non Pa Wai, the current site phas-
ing is marked. Courtesy of TAP.
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Taking into account the unlikelihood of Non Pa Wai or Nil Kham Haeng ever providing
clear stratigraphic sequencing, the author endeavours to make the best of the evidence we
have at present, and provide a range of archaeologically acceptable interpretations which

can be profitably debated, rather than imposing a definitive yet shaky solution.

2.2.1 Non Pa Wai

Non Pa Wai has an archaeological sequence running from the Neolithic to the Dvararati
period (c. 2200/1800 BCE to c. 600 CE), and provides some of the earliest evidence of
extractive metallurgical practice in Thailand. The site is centred on 100.678°E, 14.9711°N
at the northern end of the Valley and extends over approximately 50,000m? (Figure 3.5).
The mound rises up to 4m above the surrounding plain, and consequently the archaeological
deposits range from 0.5 to 4m in depth. Trenches with a surface area totalling 370m?
were excavated in two field seasons by TAP in 1986 and 1992 (Figure 2.6). The site is
uninhabited except for a lone monk who occupies a recently built temple, although the
land is considered the property of the nearby village of Huai Pong. The proportion of
slag in the soil would make ploughing difficult, and thus the land is uncultivated. Also,
any absorbent material (e.g. bone) rapidly turns green with copper uptake, an issue which

could make crops potentially dangerous for human consumption.

The site’s deposits have been broken into four main periods (Figures 2.7 and 2.8, Rispoli

et al. forthcoming), with some subdivisions:

- ‘Period 1’ or ‘NPW1’ is the Neolithic basal deposit of the mound. ‘Mortuary Phase 1’
(MP1) is the name attributed to the Neolithic burials excavated in ‘Operations’ A, B, C,
1, and 2 at the centre of the mound, and also in the peripheral ‘Operations’ (5, 6, 7, 9)
located on the ‘Outlier’ (Figure 2.6). The Neolithic funerary assemblage is comparable
to that from other Thai archaeological sites (see Higham 2002: Chapter 3), and consists
of polished stone adzes, freshwater bivalve shells, marine Tridacna shell, and pottery
types with red slip, ‘elephant hide’, and ‘incised and impressed’ decorations (Pigott et
al. 1997, Rispoli 1990, Rispoli 1997, Rispoli 2007). The ‘elephant hide’ pottery style is
characteristic of Non Pa Wai, and has rarely been encountered outside of the Valley. Its
unusual surface patterning is thought to result from the pots being shaped using a basket as
a mould or support, and thus leaving a woven impression on the vessel’s exterior surface
(Rispoli 1997: Figure 2a). The ‘incised and impressed’ style has comparators throughout
the Neolithic Southeast Asian Mainland world and dates the Non Pa Wai deposits between
c. 2200/1800 BCE and c. 1500/1400 BCE (Rispoli 2007). As yet unpublished calibrated
radiocarbon dates from the Neolithic NPW1 deposit range between c. 2400 BCE and

1600 BCE, and are thus in general agreement with the ceramic typological dating. There
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is no evidence of metal or metallurgy in Neolithic NPW1.

- ‘Period 2’ or “NPW2’ is a Bronze Age layer, and is thought to be present in all trenches
excavated across the Non Pa Wai mound (Figure 2.6). The ephemeral Bronze Age deposits
contain evidence for copper-base metal consumption, ‘Metallurgical Phase 1’ (MeP1),
and a sequence of inhumation features with a material culture assemblage reported to
be different to that found in NPW1 (Rispoli et al. forthcoming), though material culture
change does not of course necessarily imply population change. On the basis of typological
analogies to ceramics at sites in central Thailand and on the Khorat Plateau, Fiorella
Rispoli et al (forthcoming) have separated these burials into ‘Mortuary Phase 2a’ (MP2a)
and ‘Mortuary Phase 2b’ (MP2b), dated from c. 1250 BCE to ¢. 1000 BCE, and c. 1000
BCE to c. 800 BCE, respectively. Firm evidence for Bronze Age metallurgy at Non Pa
Wai exists only for the consumption of copper-base artefacts in funerary deposits. The
metal burials are undated but they are intersected by later Period 2 internments, thus they
are unlikely to date from the very end of the Bronze Age at Non Pa Wai. On site founding
processes could be interpreted from the presence of intact pairs of bivalve moulds for
large axes in two ‘founder’s’ burials (Pigott et al. 1997: 122-123, Pigott & Ciarla 2007:
82), but definitive evidence of NPW2 production activity remain difficult to identify due
to the shallowness of the deposit and its intercutting with Neolithic burials below and
intrusive Iron Age pitting from above. However, a charcoal fragment (B-27364) from a
securely provenanced copper-related context (Fissure 26) gives a terminus ante quem of
c. 1400-1300 cal BCE for MeP1 at Non Pa Wai (Rispoli et al. forthcoming).

The NPW2/MeP1 metallurgical assemblage as identified from burials is comprised of
two bivalve mould pairs, one socketed copper-base axe/adze, one corroded copper-base
artefact, and one fish hook (Pigott et al. 1997: Figures 7-9).

Moulds:

The Bronze Age bivalve moulds are made in ceramic, and appear to have been used
for the casting of large socketed axes. Intact examples of these moulds were found in
burial 5 (Square A, see Figure 2.6), as well as in fragmentary form in disturbed contexts
above and below the Caliche Crust (see below). The Non Pa Wai moulds have been
compared, for example, to those reported from Tangxiahuan in Guangdong Province in
China (Guangdong sheng Wenwu Kaogu Yanjiusuo 1998 in Pigott & Ciarla 2007: 84-85),
Dong Den and Go Mun in northern Vietnam (Reinecke 1998: Plate 38.5 cited in Ciarla
2007a), and at Mlu Prei in Cambodia (Levy 1943). The Thai, Cambodian, Chinese, and
Vietnamese contexts are consistent with large bivalve mould usage being associated with
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Bronze Age metallurgical activity.

Metal:

NPW2/MeP1 burials (see above) contain a socketed copper-base axe/adze, which could
have been cast in the ceramic bivalve moulds noted above. PIXE spectrometry conducted
under the auspices of the Museum Applied Science Center for Archaeology at the University
of Pennsylvania Museum indicated it contained c. 0.75wt% Sn (Pigott et al. 1997: 122
& Figure 5). TAP consensus was that this amount of tin was not indicative of intentional
alloying as the tin could have been contained in the ore that was smelted (Vincent Pigott
pers. comm.). The axe can be compared typologically to those found locally at Tha
Kae, and much further afield from Yinxu, Anyang Province, China (Zhongguo Shihui
Kexueyuan Kaogu Yanjiusuo 2006 in Pigott & Ciarla 2007: Figure 9, Ciarla 2007a).

Between them, NPW 1 and NPW2 account for only 30-50cm of the c. 3m of archaeological
deposits at Non Pa Wai, but provide evidence for a lengthy sequence of Neolithic and
Bronze Age burial activity. The association of copper-base artefacts and ceramic moulds
in some of the latter internments (‘founders’ burials’) have been argued to represent a
technological package which could indicate a socio-technical link of sorts to southern
China, and perhaps to wider Eurasian traditions (Pigott & Ciarla 2007, cf. White &
Hamilton in press). Above the Bronze Age deposit, a distinctive geological barrier is met
- the ‘Caliche Crust’.

- The Caliche Crust, a layer of calcareous concretion (called calcrete or caliche), is of
some importance for our understanding of Non Pa Wai’s stratigraphy. It was also enough
of an obstacle that archaeologists were often forced to use pickaxes to access the layers
NPW1 and NPW2 beneath?. According to the TAP geomorphologist, Mauro Cremaschi
(University of Milan), the crust is probably a post depositional feature caused by the
differential permeability between the dense brown rendzina soil of the NPW2 deposit
below, and the loose ashy matrix of the NPW3 deposit above. Heavy tropical rains could
easily percolate though the loose upper deposit, dissolving large amounts of fuel-derived
calcium carbonate, which would then crystallise at the soil interface, as the rainwater
could not drain quickly (Cremaschi et al. 1992). At Non Pa Wai, the crust sits atop of
the rendzina soil matrix, in which the Neolithic, Bronze Age deposits are contained, and

extends as a relatively level horizon across all areas of the site excavated but varying

2 As might well be expected, the Caliche Crust was at first thought to represent
the sterile baserock of the site.
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between 1 and 10cm thick. According to the new chronology (Rispoli et al. forthcoming),
this would date the Caliche Crust as post NPW2 or after c. 800 BCE, but probably
substantially later if the calcrete is a post-depositional feature, formed after the Iron Age
NPW3 deposition had begun. The Neolithic NPW1 and Bronze Age NPW?2 layers cannot
be considered as uniformly culturally sealed by the crust, as the excavators believe that
Iron Age NPW3 metallurgical activity (see below) had penetrated through to the rendzina
soil on numerous occasions before the calcrete formed, pitting earlier burials as well as
the basal deposit itself and depositing Iron Age archacometallurgical materials in what
were to become sub-crustal contexts (Roberto Ciarla & Fiorella Rispoli pers. comm.,
Rispoli et al. forthcoming). The archaeological meaning of the Caliche Crust remains
uncertain, but as a post-depositional feature the only option is to try to understand its
formation, and then to ignore it. What could prove informative in the Khao Wong Prachan
Valley and surrounding area is a detailed geological reassessment of the Caliche Crust as
the same calcia-rich crust was found at Non Mak La, Phu Noi, Khao Sai On, and Tha Kae
(Ciarla 2005: 79, 82, 2007b).

- ‘Period 3° or NPW3 is the Iron Age deposit which comprises the bulk of the mound, and
formed directly on the basal brown soil below, the Caliche Crust being an archaeologically
irrelevant feature. The stratigraphy of NPW3 is characterised by its dearth. The TAP
excavators’ field notes record a lack of discernable layering in a loose-grained ashy
matrix of archaeological material over 3m thick. This was termed the ‘Industrial Layer’
due to the thousands of kilogrammes of archacometallurgical production debris recovered
during excavation, which relate to Iron Age ‘Metallurgical Phase 2° (NPW3/MeP2) in
Valley copper smelting technologies. One of the fieldworkers, Roberto Ciarla (1993:
1) describes the internal uniformity of NPW3 as a “real nightmare” due to extensive
disturbance by wind, rain, root growth, animal burrowing, and human pitting activity.
Ciarla prefers to visualise the deposit as a spirally stratified “industrial refuse dump”
(1993: 3) formed by shifting but intensive Iron Age copper smelting. The resulting
heaping, flattening, and pitting resulted in a thoroughly churned and featureless mass
from which the extraction of accurate provenance data has proven particularly difficult.
The only subdivision the excavators are now prepared to make is between those artefacts
located at the very base of the Iron Age deposit, where it intercut the Bronze Age layers,
and everything else in the body of the industrial layer. On this basis samples could be
divided into Metallurgical Phase 2a and Metallurgical Phase 2b, but this classification
is subject to ongoing refinement by TAP archaeologists (Rispoli et al. forthcoming), and

was not pursued in the present study.

Excavators found no features clearly evidencing NPW3 settlement, although Rispoli
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has used the presence of domestic red-slipped pottery with ‘hanging triangles’ and
‘platform rims’, amongst other criteria, to date Non Pa Wai’s Iron Age deposit between c.
600/500 BCE and c. 300 BCE (Rispoli et al. forthcoming). It is argued that the uniform
distribution of these diagnostic ceramics throughout the NPW3 matrix supports the
interpretation of a highly disturbed and homogenised stratigraphy, rather than a lone
unfeasibly rapid depositional event (Ciarla 1993, Rispoli et al. forthcoming). The c. 800
BCE end date for NPW2/MP2b mortuary practice leaves a gap of several centuries before
the commencement of NPW3/MeP2 smelting activity c¢. 600/500 BCE. Though these
chronological boundaries are necessarily hazy, a multi-generation separation of the two
phases could have potentially significant ramifications for the continuity of metallurgical

knowledge and traditions within the Valley (see Chapter 8).

The NPW3/MeP2 metallurgical assemblage consists of marked bivalve, cup, and conical

moulds, as well as mould plugs, crucibles, furnace fragments, minerals, and slag.

Crucibles:

The crucibles which have been attributed to NPW3/MeP2 contexts are constructed of a
thick organic-tempered fabric (possibly rice-chaff), usually with abundant macro-evidence
for their involvement in high-temperature copper-related activities. This evidence takes the
form of vitrification and bloating of the interior surface of the vessel fragments, alongside
extensive green-stained slagging and scoria. Most of the crucibles excavated were too
fragmentary to be reconstructed but one, ‘Mr Crucible’ (see Figure 5.7), was recovered
almost complete and shows the form of the vessel to be almost hemispherical, with a
diametre of ¢. 16cm and height of ¢. 8cm. However, these dimensions are approximate as
the entire circumference of the rim has been broken away, in one section into a ‘pouring
spout’. Although even small linear changes will have a significant volumetric effect, the
original size of the vessels was probably not much larger. Unfortunately, ‘Mr Crucible’s’
context does not allow us to date it precisely within the period of Iron Age production
activity. However, the likelihood, and the established assumption based on comparison
with thousands of crucible fragments, is that this uniquely intact sample is representative

of the fragmentary Iron Age crucibles recovered at Non Pa Wai.

Ore and gangue minerals:

The NPW3/MeP2 mineral assemblage consists of small fragments of copper carbonates
sulphates, and sulphides, as well as siliceous and ferruginous hostrock. There is no

clear consistency to the mineral suite, and none were recovered in contexts suggesting
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individual work areas or ‘stockpiles’.

Slag:

Slag in the thousands of kilogrammes® was recovered from NPW3 deposits across the
entire site mound, with, for example, ‘Square A’, a 5x5m trench, yielding in excess of a
tonne (Figure 2.5, McQuail 1986), but it is notoriously difficult to convert these waste
product figures into copper metal output and labour input due to the unknown variables of
ore quality, extraction efficiency, and the duration and intensity of production. For a full
discussion on NPW3/MeP2 slag please see Chapter 5, but in brief the early Iron Age slag
morphology appears to be based on plano-convex cakes of c. 2kg, and coarsely crushed
pieces thereof (see Figure 5.27 & 5.28). The level of fragmentation is not consistent
with the manual extraction of small copper prills, and stands in contrast to metallurgical
behaviour at Nil Kham Haeng (see below). Both on the surface and in section, the slag has
a high level of heterogeneity, representing a smelting charge that never fully reacted and
liquefied. The NPW3/MeP2 slag cakes and fragments recovered below the Caliche Crust
frequently have green staining on their surface, but this could well be a post-depositional
effect due to differential water levels and subsequent oxidation conditions related in part

to the Caliche Crust’s formation.

Pyrotechnological installations:

Whilst none of the NPW3/MeP2 deposits provided clear evidence of furnace structures,
Roberto Ciarla (1993) does report shallow depressions cut into the brown soil of the
Bronze Age NPW2 layers, which he thought might represent smelting installations
(including the large pit where ‘Mr Crucible’ was found in 1993). These pits were noted
in at least ‘Operations’ 1, 2, 3, A, and B, and were generally 30-40cm in diametre and
30-40cm deep, and perhaps included a baked clay rim (in situ examples F.33 and F.34)
to elevate the walls of the pit. A field sketch by Ciarla (see Figure 5.5) gives a clear

indication of what he meant.

The MeP2 assemblage contains what are thought to be sections of broken ceramic furnaces

3 Regarding the metallurgical assemblage metrics, “Due to the extensive ongo-
ing process of cross-checking TAP data, it was not possible to provide estimates for the
amounts of slag, technical ceramic, and minerals recovered from Non Pa Wai and Nil
Kham Haeng in time for the completion of Pryce’s thesis. These data will be furnished
in the future, but the fact that much of the slag is so finely crushed means, in truth, an
accurate quantification of pyrotechnological waste per operation or in the site as a whole
will simply not be obtainable...” (Vincent Pigott pers. comm.).
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or, as they have been termed, ‘pit-rims’*. These fragments are made from a friable red
fabric, which is clearly oxidised and not reduced. The ceramics are uniformly c. Scm
thick, but the height and circumference of their original form in unknown. There is no
evidence for slagging or vitrification of the fabric, suggesting these ceramics were neither
in close contact with the hot charge, nor exposed to excessive temperatures themselves.

For a detailed discussion of these finds see Chapter 5.

Moulds and mould plugs:

The excavated NPW3/MeP2 moulds were noted to be dissimilar to the proceeding
MeP1 examples. However, due to stratigraphic disturbance, heavily eroded fragments
of Bronze Age ‘big axe’ moulds were encountered, predominantly in the lower portion
of the industrial deposit. There appear to be two major categories of Iron Age moulds:
relatively small bivalves for the manufacture of ornaments and fishhooks, small socketed
tools and weapons, as well as open conical and cup moulds, apparently for the casting
of ingots (Pigott et al. 1997: 126, Figures 11 & 12). The mould plugs (also known as
‘suspended cores’) would have been used to create a hollow socket for hafting. Both
bivalve and conical forms frequently display geometric and curvilinear designs on the
outer surfaces, suggested by Pigott and Ciarla (2007: 82) to represent makers’ marks, and
can be compared to the incised moulds excavated at Phu Lon (Loei Province, Thailand)
and Yuanlongpo (Lingnan Province, China), both of predominantly 1** millennium BCE
date (Ciarla 2007a). The Valley cup and conical moulds were not analysed by the author,
but have been studied typologically by Lisa Armstrong (1994, see Pigott 1999a: Figure
11). A study of the Iron Age Non Pa Wai bivalve moulds and their markings is being
carried out by Judy Voelker (University of Northern Kentucky) and they do not form part

of the current study.

- ‘Period 4’ is the wind-scoured and deflated protohistoric and historic deposit making up

the topmost layer of Non Pa Wai. No material was studied from this layer.

2.2.2 Nil Kham Haeng

Nil Kham Haeng has an intermittent archaeological sequence from the Neolithic to the
proto-historic period, and provides continued evidence of intensive Iron Age copper
smelting in the Valley. The site is located at 100.661°E, 14.9549°N at the western edge
of the Valley, and was partially damaged by the construction of a reservoir by the Thai

4 The potential significance of these finds was only appreciated after the recovery
of a complete perforated cylinder at Nil Kham Haeng (Vincent Pigott pers. comm.).
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military (Figure 2.5). The remaining deposits extend over more than 30,000m?, and lie
in excess of 6m deep. A total of four trenches with a surface area totalling c. 100m? were
excavated in three field seasons by TAP in 1986, 1990, and 1992 (Figure 2.9), but given
the size of the site, these investigations should be considered preliminary in their scope
(Pigott et al. 1997). The site is uninhabited due to its containment within the Sa Pra Nak

Royal Thai Army airbase.
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Figure 2.9 - Plan of Nil Kham Haeng showing trenches excavated. Courtesy of TAP.

The original TAP dating of Nil Kham Haeng has been substantially revised by Rispoli et
al. (forthcoming), and is now comprised of three periods. The first of these, ‘Period 1’ or
‘NKH1’, is evidenced by only a few Neolithic sherds dating from the late 3™ to early 2™

millennium BCE, whose source at present remains uncertain.

‘Period 2’ or ‘NKH2’ is an early Iron Age deposit containing evidence for copper smelting.
Due to time constraints caused by excavation at depths in excess of 6m, the exposure of this
layer was limited to about 1m? at the base of Operation 1 (Weiss 1992). This small window
rather limits what can be said about prehistoric activity during this period at Nil Kham
Haeng, but TAP archaeologists clearly noted the distinct difference in material culture
and matrix formation between NKH2 and the proceeding NKH3. However, Weiss (1992:

1) specifically records that the NKH2 archacometallurgical material was identical to that
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Figure 2.10 - Eastern section of ‘Operation 3’ during the 1990 season at Nil Kham Haeng, only NKH3
contexts are visible. Courtesy of TAP.
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from Iron Age Non Pa Wai’s Metallurgical Phase Two (see above). During subsequent
study of the ceramic assemblage, Fiorella Rispoli (pers. comm.) found it was impossible
to distinguish between NPW3 and NKH2 wares on a typological and technological basis.
This would assist in dating NKH2 between c. 6/500 BCE — c¢. 300 BCE according to the
revised Valley chronology (Rispoli et al. forthcoming).

Due to the very small amount of material recovered from the NKH2 exposure, no samples
were analysed during the present study. Whilst this is a situation that should be remedied,
the unequivocal nature of the Nil Kham Haeng excavators’ NPW3 technological analogy
(Weiss 1992) would incline the author to interpret Nil Kham Haeng Period Two metallurgy
as being akin to Metallurgical Phase Two (NKH2/MeP2). Although preliminary, this
attribution is in line with the current project’s aim to examine copper smelting styles at a

Valley level.

‘Period 3’ or ‘NKH3’is also an Iron Age deposit, but with a fundamentally different character
to that of NKH2. On Rispoli’s current assessment, the domestic pottery dates the deposit
from c. 300 BCE to c. 300 CE, and thus extends Nil Kham Haeng’s chronology well into
the Southeast Asian proto-historic period (Rispoli et al. forthcoming). The stratigraphy
of NKH3 is characterised by multitudinous, thin lenses of finely crushed metallurgical
materials (Figure 2.10, Pigott et al. 1997: Figure 14 & 15). This is in marked contrast to
both the preceding Iron Age intensive copper smelting horizons in the Valley - NKH2
and NPW3 - and is in striking similarity to archaeometallurgical deposits reported from
the Pottery Flat and Ban Noi loci at Phu Lon (Pigott & Weisgerber 1998), and also those
recently excavated by LoORAP at contemporary Khao Sai On, 20km south-south-east of Nil
Kham Haeng (Ciarla 2007b). Could this textural change in archaeometallurgical deposits
be suggestive of a substantial shift in production techniques, namely the deliberate and
determined comminution of enormous quantities of metallurgical materials, both before
and after high-temperature processing? It has been suggested that the uniform layering
of NKH3 could be interpreted as regular hydraulic redeposition of spoil heaps from
beneficiation, smelting, and mechanical metal recovery processes, possibly during the

monsoon period (Cremaschi et al. 1992).

Perhaps due to this regular natural modification of cultural deposits, occupation evidence
in the form of domestic ceramics, faunal assemblages, and inhumations were interspersed
with the copper processing remains that comprise the bulk of the NKH3 matrix (Pigott
et al. 1997). What appeared to be living surfaces were discerned by TAP archaeologists,

interleaved within the many layers of crushed copper production debris. One particular
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inhumation was contained within a log coffin, and may be comparable to examples from
Dong Son and Ongbah (Ha Van Tan 1994, Weiss 1992: 2). Of interest, the ‘founders’
burials of Non Pa Wai Mortuary Phases 2a and 2b seems to continue or revive in NKH3.
At least seven NKH3 graves contained metal artefacts, including cordiform socketed
implements, bracelets, rings, and a spearpoint. Two burials were interred with copper
minerals and one had a complete perforated ceramic cyclinder, initially interpreted as a
furnace chimney by Pigott et al. (1997: 130, Figure 10).

Metallurgical areas were detectable only as vague scorched ‘hotspots’ and slag
concentrations (Weiss 1992), but the enormous quantities of related materials recovered
are indicative of a similar scale of production intensity to Non Pa Wai’s Period 3. The
NKH3/MeP3 metallurgical assemblage includes metal, crushed ore, gangue, and slag,
along with perforated ‘furnace’ fragments, smelting pit linings (‘slag-skins”), with some

bivalve, cup and conical moulds, and crucible sherds.

Ore and gangue minerals:

As mentioned above, crushed mineral accounts for the vast bulk of the NKH3 matrix,
tens of thousands of tonnes distributed over c. 3ha and more than 6m deep in places.
The amount of labour this represents is hard to over-estimate, and certainly evidences
a rigorous and long-term commitment to extract the maximum available metal from the
best possible smelting charge by Nil Kham Haeng metal workers in the later Iron Age.
The mineral assemblage has a distinctly sulphidic nature compared to that recovered from
Non Pa Wai.

Slag:

As per the minerals above, slag is also a major constituent of the NKH3 matrix and
metallurgical assemblage. Thousands of kilogrammes of slag are recorded as having
been found in TAP excavations, a number which can be multiplied manyfold across the
entire site. The fragmentary nature of the slag means the original morphology is usually
unclear, but some can be described as ‘slag cakes’ or ‘slag casts’. There is a visibly greater
homogeneity and glassiness when compared to Non Pa Wai material. For a full analysis
of NKH3/MeP3 slag please see Chapter 6.

Crucibles:
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Crucibles are thought to have been rare in the MeP3 deposit, due perhaps to their being
used repeatedly, or perhaps having a different purpose in later [ron Age copper production,
but they appear not to have played a fundamental role in the smelting of copper — the
author’s focus. The NKH3/MeP3 crucible sherds have yet to be studied in any detail
by TAP archaeologists and the lack of any intact or near complete vessels means their

typology is at present imprecisely known.

‘Slag skins’:

The considerably reduced quantities of crucibles is currently best explained by the
presence of enormous quantities of fragments of rice chaft-tempered baked clay with
an adhering layer of slag, suggesting the NKH3/MeP3 copper smelting reaction was not
contained within crucibles as in NPW3/MeP2 production, but in shallow pits lined with
clay to isolate the hot smelting system from the ground (Pigott et al. 1997, Weiss 1992).

Perforated ceramics:

Perforated ceramic cylinder sections were recovered from NKH3 industrial deposits, and
were recognised as being fragments of the near complete artefacts found in, for example,
graves 1 and 5 in ‘Operation 4’ and ‘Operation 1’ respectively (Pigott et al. 1997: Figures
18 & 19, White & Pigott 1996: Figure 13.9). These cylinders, with perhaps four to six
perforations c. 3cm in diametre (e.g. Figure 6.7), were made from a friable rice chaft-
tempered clay which fired bright red, although a thin white layer is often present on the
interior wall. The complete examples have a wall thickness of c¢. Scm, stand c. 20cm tall,
and are c. 20cm in diametre. Interestingly, the ceramics are neither slagged nor vitrified
but TAP archaeologists have initially interpreted them as being furnace chimneys for
copper smelting operations (ibid.: 130, see also Ciarla 2007b). For further discussion
please see Chapters 6, 7, and 8.

Metal:

TAP excavators recovered a number of copper-base artefacts from NKH3 burials,
substantially in excess of the few copper-base artefacts excavated from NPW2 and NPW3
contexts (Pigottetal. 1997: Figure 17, Wang et al. 1998). The majority of the NKH3 metal
was unalloyed copper in the form of thin ‘cordiform’ implements, which occurred, for
example, in a burial in a group of 60 or more, but they were corroded into one somewhat
amorphous mass making exact counts impossible. Only through extensive conservation
will the final count be ascertained exactly. The casting of these artefacts in unalloyed

copper means they would have had limited mechanical utility, especially when they were
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so thin and frequently miscast. Though previous scholars have interpreted them as ‘copper
socketed points’ (Pigott et al. 1997: 131) or ‘arrowheads’ (Bennett 1989: 337), the author
prefers Pigott et al.’s (1997: 131) alternative suggestion of the cordiform implements as a
distinctive ingot type, perhaps identifying NKH3’s standardised copper output. The author
suggests the pseudo-functional form of these ‘ingots’ might then represent what the metal
could become when alloyed, cast, and worked into a final artefact, a form of prehistoric
branding (cf. Wengrow 2008)? Examples of similar artefacts have been reported from
Nong Nor and Ban Chaimongkol in central Thailand (Higham et al. 1997: 177, Figure
5, Onsuwan-Eyre 2006), Ban Non Wat in northeastern Thailand (Charles Higham pers.
comm.). There are even reports of similar ‘ingots’ from Bali (Peter Bellwood pers. comm.,
Soejono 1972), an island with no known copper sources but contained within extensive
prehistoric maritime exchange networks (e.g. Bellina 2007). Ciarla (2007a: 321, Figure
17) has also noted typological resemblance between the Nil Kham Haeng ‘ingots’ and the
‘axes’ from broadly contemporary 4" c. BCE Warring States site of Hejiashan in Yunnan.
The recovery of a NKH3 mould for the cordiform artefacts suggests they are part of the
on site production sequence (Pigott 1999a: Figure 17). Whether comparable artefacts
found outside the Valley can be analytically attributed to its metalworkers or other
regional producers is obviously one of great significance for evidencing long distance

social interaction throughout Iron Age Southeast Asia (see Chapter 9).

2.3 Other metallurgical sites in or near the Khao Wong Prachan Valley

2.3.1 Non Mak La

Non Mak La is dispersed around 100.675°E, 14.9639°N, less than 1km from Non Pa
Wai, and was excavated by TAP in 1994 (Pigott et al. 1997). The limits of the site are
uncertain, due in part to extensive ploughing, but the core surface-realised distribution
is approximately 40,000m?, and up to 2m deep. The sequence ranges from Neolithic,
Bronze Age, and Iron Age phases, as well as historical material. Previously, scholars
had maintained that Non Mak La’s chronology overlaps that of Non Pa Wai on the basis
of shared material culture (Pigott & Natapintu 1996-1997). However, Fiorella Rispoli
(pers. comm., and following on from Rispoli 1997) identifies an at best weak connection
between domestic pottery traditions at the two sites, a situation which need not rule out

contemporaneity.

The larger number of primary burials (56), and the presence of domestic ceramics, faunal
remains, and other craft activities suggest Non Mak La was a multi-activity site, but
probably included settlement. Whilst there is at least one copper-related metallurgical slag

concentration at Non Mak La, it remains imprecisely dated, and by no means compare in
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volume to those at Non Pa Wai and Nil Kham Haeng (Bennett 1988a, Natapintu 1988),
thus materials from this site were not analysed during the current study.

2.3.2 Tha Kae

Tha Kae is located c. 15km northeast of the Khao Wong Prachan Valley. The site,
covering c¢. 120,000m?, was investigated by the Fine Arts Department in the late 1970s
(Natapintu 1979, 1980, 1984), and subsequently by LoRAP in the late 1980s (Ciarla
1992, 2005, Rispoli 1992). Looting and construction activity had seriously affected Tha
Kae’s archaeological deposits since the 1970s, and excavators were forced to focus on a
small undisturbed section named ‘The Central Island’.’ The result was an archaeological
sequence spanning the Bronze and Iron Ages, with concentrations of slag being reported
in the latter (Ciarla 2005: 82). Of further interest, a horizon of calcrete comparable to Non

Pa Wai’s Caliche Crust separated the two layers, and suggests that the conditions which

led to its development maybe a regional phenomenon.

Figure 2.11 - Crushed matrix, hotspots, and technical ceramics (red square) at Khao Sai On, image width
c. 2m at base. Courtesy of LORAP.

2.3.3 Khao Sai On

5 Tha Kae is now completely destroyed.
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Khao Sai Onrefers to a cluster of sites centred around 100.73°E, 14.7845°N, approximately
20km southeast from the Khao Wong Prachan Valley (Figure 3.5). The locale is currently
under investigation by LORAP, who report a complete metallurgical production sequence
of mining and smelting evidence, contemporary with Nil Kham Haeng Period 3 (Ciarla
2007b). Of the greatest interest, the investigators report that the matrix of the smelting
area is almost identical to that of NKH3, and is composed of crushed ore, gangue, slag,
and perforated ceramic fragments, and incorporating ‘hotspots’ with closely associated
pit features (Figure 2.11). To further cement the technological connection, a burial (Ciarla
2007b: 400-401) contained a complete perforated ceramic cylinder, and fragments of
others, entirely comparable to that reported from Nil Kham Haeng (see above). On the
basis of current LoORAP evidence, the author would tentatively assign Khao Sai On’s
metallurgical assemblage® to the later [ron Age MeP3 tradition, and would regard the site as

providing support for a regional sequence in copper-smelting behavioural development.

2.4 Previous archaeometallurgical research in the Khao Wong Prachan Valley

In part due to the outstanding, and to date unique, confluence of high-volume, high-intensity
archaeological evidence for prehistoric copper production, the Khao Wong Prachan Valley
became a foci for archaeometallurgical studies in Southeast Asia in the 1980s and 1990s,
with original laboratory-based contributions from Anna Bennett, William Rostoker, and
Dong Ning Wang. However, their analytical insights were also to a large extent enabled
by the laudable supply-side TAP research objectives of Surapol Natapintu and Vincent

Pigott, and the sustained metallurgical focus of the entire TAP team.

Bennett 1988b:

In a pioneering doctoral study, Anna Bennett’s analyses of metal, slag, and technical
ceramic samples from the 1986 TAP season, surface survey, and private collections,
identified many of the metal-related activities taking place at sites in and around the
Khao Wong Prachan Valley, in what may be considered the first technological study of
copper-base extractive metallurgy in Southeast Asia (Bennett 1988b). Using data and
material available in the mid 1980s, Bennett’s analytical programme included the sites of
Non Mak La (ibid.: 143-216), Non Pa Wai (ibid.: 217-259), Nil Kham Haeng (ibid.: 260-
283), Wat Tung Singto (ibid.: 284-291), Tha Kae (ibid.: 292-297), Khao Sam Yoi (ibid.:
298-320), and the mineralisations Khao Phra Bat Noi, Khao Phu Kha, and Khao Tab
Kwai (ibid.: 231-325), ranging from the regional Metal Age right up to the Dvararati and
Sukhothai periods (ibid.: 338)". As such, Bennett’s doctorate had a wide remit to study and

6 Samples of which were not available for study.
7 Bennett’s thesis was submitted in November 1988, and thus she did not have
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interpret all the metal-related remains emerging from an exciting period of archaeological
investigation in the Khao Wong Prachan Valley area. In summary, Bennett’s reconstructed
metallurgical practice in the prehistoric Valley and its environs as the smelting of local
copper minerals in an efficient crucible-based reaction fluxed with local iron minerals,
producing copper with significant but varying levels of arsenic and sulphur (Bennett
1989: 347). The Valley sulphidic arsenical copper alloy product was seen as the likely
source for copper-base artefacts of similar composition then (mid/late 1980s) reported
around central Thailand (ibid.), although this has never substantiated with a systematic

large-scale programme of lead isotope and/or trace element analyses (see Chapter 9).

Although material from some of the same sites have been analysed in both Bennett’s
doctorate and the current study, the research objectives are quite dissimilar. Whilst
Bennett aimed to provide a preliminary overview of pre-modern metallurgical activities
in the Lopburi area whilst TAP excavations were ongoing, the current author was tasked
with deriving higher resolution technological reconstructions to begin to address long-
term change in prehistoric smelting behaviour at just two sites, Non Pa Wai and Nil Kham
Haeng, with the benefit of many years of post-excavation study and interpretation by the
TAP team. In addition to providing a diachronic perspective, the present study also differs
from Bennett’s in that the author believes the Non Pa Wai production technique was
anything but ‘efficient’ (see Chapter 5) and that the presence of residual iron minerals in
Valley slags is probably not indicative of ‘fluxing’ (see Chapter 8). Nevertheless, the broad
scope and analytical competence of Bennett’s research in central Thailand (Bennett 1988a,
1988b, 1989, 1990) ensures it remains a cornerstone of archacometallurgical knowledge
in Southeast Asia and, combined with her work in west-central Thailand (Bennett 1982,
1992) and ongoing efforts on regional metal technologies (e.g. Bennett 2008), cements a

scholarly contribution which continues to this day.

Rostoker et al. 1989 and Wang & Notis n.d.:

At the same time as Bennett was finishing her PhD in London, William Rostoker, at
the invitation of Vincent Pigott, was working on a copper smelting reconstruction
based on the exothermic co-smelting reaction between oxidic (malachite) and sulphidic
(chalcopyrite) copper minerals known to be available within the Valley (Rostoker &
Dvorak 1991, Rostoker et al. 1989, Vernon 1988). Co-smelting, or the production of metal
from mixed ore sources, has long been known to industrial metallurgists (e.g. Hofman
1914: 66-99), but the Khao Wong Prachan Valley was the first proposed employment
in an archaeological context (see Lechtman 1991, 1996, Lechtman & Klein 1999 for

access to any TAP material from Nil Kham Haeng, or later seasons at Non Pa Wai.
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other examples). A subsequent study by Dong Ning Wang and Michael Notis at Lehigh
University argued in support of Valley co-smelting on the basis of comparable sulphur-
rich inclusions within archaeological and experimental copper microstructures, but this

has never been fully published (Wang et al. n.d.).

Whilst thermodynamically correct and practically plausible, Rostoker et al.’s (1989,
1991) reconstruction was largely theoretical and based on experiments conducted under
laboratory conditions, which tend to be much more consistent and manageable than those
in field simulations (see Chapter 7). Without a detailed consideration given to how co-
smelting might have been conceived and practiced in a prehistoric setting, the author
prefers to see the theory as a technical likelihood at the chemical level, but probably not
a deliberate and intentional strategy by Valley metalworkers as we remain unaware of the
exact composition of the smelting charge and the ratio of oxidic to sulphidic minerals.
Though significant advances in the technical understanding of pre-modern co-smelting
processes have been made (e.g. Artioli et al. 2007, Burger et al. 2007), it is not the subject

of detailed investigation in the present study, which instead focuses follows a more

Characteristic MeP1 MeP2 MeP3
Founders’ graves X - X
Artefact moulds X X X

Ingot moulds - X X
Pit features - ? X
Smelting crucibles - X -
‘Slag-skins’ - - X
Installation superstructure - X X (perforated)
Slag homogeneity - Low Medium
Site matrix - Ashy Crushed

Table 2.1 - Predominant features of prehistoric Valley techno-
logical styles.

‘human-level” approach via the reconstruction of prehistoric Valley chaines opératoires
(see Chapter 3).

The technical efforts of the scholars above have definitely furthered our understanding of
prehistoric copper smelting in the Valley, and have enabled over twenty years of profitable
discussion on Thai extractive metallurgy. Likewise, the established TAP interpretation
(Figure 2.12) of prehistoric Khao Wong Prachan Valley copper industry has received
wide acceptance and been extremely influential upon those synthesising Southeast Asian
metallurgical evidence (e.g. Higham 1996: 269-274; 2002: 118-122; White & Hamilton in
press). However, reassessing the evidence from first principles, including the excavator’s

original observations and over two decades of regional archaeological advances, suggests
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the established technological reconstructions are in need of modification. As remarked
repeatedly throughout this chapter, the re-dating of the Khao Wong Prachan Valley
sites, along with an improved appreciation of their formation, appears to separate the
metallurgical evidence into a sequence of three phases spanning the Bronze and Iron Age
periods, of which the diagnostic features can be seen in Table 2.1. Metallurgical phases
1 refers to consumption and founding, phases 2 and 3 refer to extraction, founding, and
consumption. Phases 1 and 2 seem to be present at Non Pa Wai, and phases 2 and 3 at Nil
Kham Haeng, as well as phase 3 also being likely at Khao Sai On. Thus, before a single
laboratory analysis is considered, our knowledge of local metallurgical development is

already hugely refined.

2.5. Sampling strategy

The TAP excavations in the Khao Wong Prachan Valley recovered many tonnes of mineral,
slag, and technical ceramic. The bulk of this archaeometallurgical material is stored in
the King Narai Palace Museum in Lopburi, Thailand, but a substantial sub-sample was
exported to the US and is held at the University of Pennsylvania Museum in Philadelphia.
It is increasingly recognised that sample populations for archaeometallurgical study are
often far from statistically significant (e.g. Humpbhris et al. 2009), but this is an unfortunate
reality given the size and nature of industrial deposits, as well as the time and financial
cost of analysis. Given these practical limitations, studying material from every context at
every TAP site was simply not feasible. The current research project was concerned with
discerning technological choices and styles (see Chapter 3) in prehistoric Valley copper
smelting behaviour and thus focused on the two major production sites of Non Pa Wai and
Nil Kham Haeng. The lack of stratigraphic resolution, given the highly disturbed deposits
at the former and probable hydrodynamic layering at the latter, means it was only possible
to generate general chaines opératoires (or technological reconstructions, see Chapter
3) for copper smelting activities at each site and mitigated against any investigation of
intra-site technological change. Nevertheless, the chronological and spatial contiguity
between Non Pa Wai and Nil Kham Haeng provided an excellent opportunity for inter-

site comparison and the discussion of long-term technological change between the two.

Samples for analysis were selected during two visits to the TAP archives in Philadelphia
during December 2005 and October 2006. The material from Non Pa Wai and Nil Kham
Haeng was held in an organised system separating the material into boxes by site and

artefact type, but the Khao Wong Prachan Valley collection in the United States alone is
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massive. Attempting to derive a sub-sample that was to some degree representative of the
original industrial deposits, the author employed a ‘stratified sampling frame’ to select
boxes representing contexts extending horizontally and vertically across each site (Orton
2000)%. From these boxes a ‘random sampling strategy’ was used to select samples (ibid.),
on the proviso that a bag contained sufficient material to produce [P]ED-XRF pellets
and RLM/SEM-EDS polished blocks (see Chapter 4). In total a selection of 18:20 slag
samples, 13:6 mineral samples, and 13:3 technical ceramic samples, were taken from
Non Pa Wai and Nil Kham Haeng respectively. Bulk compositional analysis (see Chapter
4) of these samples (excepting ‘slag-skins’) guided sub-sampling of the population for
microanalysis by identifying chemical variability and those samples from the two sites
or overlapping and outlying values. In summary, the sampling strategy was intended to
provide aselection of all available materials (mineral, technical ceramic, and slag) probably
involved in Valley copper smelting, in sufficient quantities to produce higher resolution
(though still preliminary) chaines opératoires for both sites so as to potentially identify
past technological choices and styles, as well as enabling the discussion of technological
change in the Valley over the course of the attested Iron Age production period, as per the
research aim. However, it is conceded that the statistical significance of current study’s

sample cannot be assessed and thus the data are open to alternative interpretations.

Summary

This chapter has provided the geological background and detailed information on the
major mineralogical and archaeological deposits in the prehistoric Khao Wong Prachan
Valley, as well as discussions of neighbouring sites and prior archacometallurgical in the
area. Building upon the previous interpretations of TAP and related project members, the
Valley data have been drawn together to give an initial reconstruction of small scale but
intensive crucible and bowl furnace copper smelting operations. It is thought that industrial
activities were organised at a household level though evidence for individual work and/or
habitations areas is absent in the remarkably uniform distribution of metallurgical artefacts
in the matrices of both smelting sites. Now, having discussed the contexts, assemblages,
and sampling of Non Pa Wai and Nil Kham Haeng, Chapter 3 introduces the theoretical
framework with which the current study’s archaeometallurgical analysis of prehistoric

extractive Valley metallurgy was underpinned.

8 In the sample catalogue, the ‘Op.’ or ‘operation’ indicates the excavation square
or the horizontal variant (see Figures 2.6 and 2.9), and the ‘Level’ represents the vertical
component; a higher number indicating greater depth.
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Chapter 3
Theoretical approaches to ancient technologies

The primary purpose of this thesis is to use archacometallurgical evidence to investigate
diachronic technological behaviour in the prehistoric Khao Wong Prachan Valley, but
to achieve this it is necessary to establish a sound theoretical framework. Thankfully,
this need can be adequately provisioned from a rich theoretical literature developed by
scholars for whom technology has long been a core concern. Due to the close association
of material culture studies and archaeology, the conceptual frameworks for addressing
patterning and variation in ancient technologies have waxed and waned largely in line
with theoretical trends within the wider discipline and the social sciences generally (e.g.
Bintliff 2008, Costin 2001, Henry 2002, Trigger 2006). For many years ancient technology
researchers have combined social and physical science techniques but have been argued
to have failed in uniting their philosophies (cf. Jones 2004, Killick 2005). The present
study is hoped to move beyond this paradigm by employing a technological approach
to material culture whose investigative and interpretive framework is derived from the
‘Anthropology of Technology’ theoretical literature (see e.g. Miller 2007 for overview),

ultimately sourced from a range of fields in the social sciences.

The purpose of this chapter is to justify the technological approach and show how this
perspective is central to the investigation of Khao Wong Prachan Valley metallurgy. The
first section will discuss what contemporary archaeologists mean by ‘technology’ and
how this can differ from the wider public perception. The second section introduces the
francophone concept of the chaine opératoire, whilst the third deals with the concepts
of ‘technological style’ and ‘technological choice’; all of which are essential for the
generation of technological reconstructions for Iron Age metallurgical behaviour at
Non Pa Wai and Nil Kham Haeng (detailed in Chapters 5 and 6 and synthesised into a
long-term account of Valley metallurgy in Chapter 8). The fourth section broaches the
‘organisation of production’, a topic dominated by Cathy Lynne Costin’s framework which
attempts to intertwine technological issues with those of economy and social complexity.
The fifth section concerns the application of the Weber fraction to archacometallurgical
assemblages, and the sixth and final section will discuss the theoretical background for
the present study’s experimental archaeological programme, the results and findings of

which can be seen in Chapter 7.

3.1 Social constructionism and ancient technologies
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As noted by Killick (2004a: 571), social constructionism does not refer to a well-defined
cohesive intellectual school, but is a collective term for approaches to archaeological
material culture including: technological style (e.g. Lechtman 1977, White 1988,
Veldhuijzen & Rehren 2007), technological choice (e.g. Lemonnier 1993, Sillar &
Tite 2000), and advocates of practice, agency, and materiality in archaeological theory
(e.g. Dobres & Hoffman 1994, Gardner 2008, Jones 2002, Martinoén-Torres et al. 2007,
Martindn-Torres & Rehren 2008, Taylor 2008). Though varied, these inter-related bodies
of thought offer perspectives on material culture arguably conceived in response to the
generalising and mechanistic tendencies of processual archaeology in the 1960s and
1970s (Shanks 2008), and certainly influenced by concurrent developments in the social
sciences (e.g. Appadurai 1986, Geschiere 2005, Gosden & Marshall 1999, Knappett 2005,
Miller 2005, Pfaffenberger 1992).

The references cited represent a significant scholarly diversity, but much of the variation is
expressed in nuance and emphasis. What social constructionists can be argued to share is a
rejection of the general Western public perception of material culture, described by Bryan
Pfaffenberger (1992) as the ‘Standard View of Technology’. In this paradigm, artefacts,
and the technologies which produced them, are divorced from culture and society at
large and are predominantly measured in degrees of optimised functional efficiency. The
prejudiced selection of the most efficacious technical solution would tend to assume a
unilinear trajectory of technological development, typically synonymous with increasing
social complexity and progress (ibid.). Social constructionists would generally argue the
‘Standard View’ is highly unacceptable for the study of technologies across vast stretches
of space and time, due not only to the potential for extreme divergence in the value
systems and motivations for endeavour in pre-modern and non-Western societies, but
also because technologies must be seen as integral and not peripheral to societies (e.g.
Killick 2004a). Social constructionists would also make the case for the existence of
multiple technological solutions for most tasks, and thus the preferences expressed by
people through technological choices can reflect to a high degree their particular historical
context. Therefore, changes in archaeological material culture derive from technological

choices that were, in part, socially constructed.

A common conviction of social constructionists is that technologies and the material
culture they create are socially contextualised, and that this embedded social meaning
is created through networks of reciprocal relationships between objects and people (e.g.
Appadurai 1986, Appadurai 1998, Binsbergen 2005, Briick 2005, Costin 2001, David &
Kramer 2001, Demarrais et al. 1996, Gabora 2008, Gardner 2008, Gosden & Marshall
1999, Hays-Gilpin 2008, Jones 2002, Jones 2008, Knappett 2005, Kopytoff 1986, Lahiri
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1995, Lemonnier 1989, 1992, 1993, Pfaffenberger 1988, 1992, Taylor 2008). Defining
‘technology’ as ‘technical plus social” will not normally satisfy a social constructionist,
as innumerable ethnological and ethnoarchaeological studies (reviewed in e.g. David
& Kramer 2001) have repeatedly demonstrated that in many societies, perceptions of
material culture do not divide neatly into the objective and subjective, active and passive,
functional and stylistic. ‘Physical’ objects and ‘social’ humans interact, exchange, and
modify each others’ corporeality and identity in dynamic socio-technological systems
where the boundaries between the two are both blurred and permeable (Pfaffenberger
1992). For social constructionists, ‘technology’ is a concept that can encapsulate the entire
sphere of human experience pertaining to material culture. Though we can never hope to
unravel the full complexity of past societies, a contextualised high resolution understanding
of ancient technologies does have the potential to give us some insight into the people
that produced and consumed artefacts (Taylor 2008: 297). Social constructionists believe
understanding technological behaviour is important in its own right as a significant
element of human lives (e.g. Killick 2004a, Knapp et al. 1998, White 1988).

The use of social constructionist perspectives in archaeology has often been led by
those researching lithic materials (e.g. Bellina 2007, Roux et al. 1995, Sinclair 2000)
and ceramic technologies (e.g. Bacus 2004, Bouvet 2008, Courty & Roux 1995, Rispoli
2007), but perhaps in part due to the physical sciences background of many practitioners,
anthropological approaches to archaeometallurgy are not as prevalent as they should be
(though cf. Childs 1991, Killick 2004b, Lechtman 1984, 1988, 1991, 1993, 1996, 1999,
Lechtman & Klein 1999, Martinon-Torres et al. 2007 amongst other notable exceptions),
although significant efforts continue to be made to address this issue (i.e. Rehren etal. 2007
and the Minds Behind the Metal session at the 2008 meeting of the Society of American
Archaeologists in Vancouver). In Southeast Asian archaeology, social constructionist
approaches have already made significant strides towards identifying the ‘invention’,
‘diffusion’, or ‘innovation’ of regional technologies (e.g. Adams 1977, Bellina 2001,
2003, 2007, Bellina 2008, Ciarla 2007a, Pigott & Ciarla 2007, Rispoli 2007, White 1988,
White & Hamilton in press), though there remains an enormous potential for technological

research within the region to inform more broadly on social behaviour.

3.2 The chaine opératoire technique

Often, the first step in studies of ancient technologies is to use all the available evidence
(archaeological, archacometric, ethnographic, experimental, textual etc.) to reconstruct
the network of human behaviours and physical acts involved in the production, exchange,
and consumption of archaeological material culture. This approach is known as the chaine
opératoire technique (loosely rendered in English as ‘technological reconstruction”), due
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to its Francophone theoretical origins (e.g. Leroi-Gourhan in Audouze 2002 and Ingold
1999), though others (e.g. Killick 2004a: 573) make the case for an independent, though
later, invention in North America. The chaine opératoire technique, whether employed
explicitly or implicitly, can be argued to constitute the foundations of most contemporary
technological studies. The current approach to a large extent derives from the work of
anthropologist André Leroi-Gourhan (e.g. Audouze 2002, Ingold 1999) and his focus on
‘gesture’ in ethnographic production techniques; literally the physical movements of the
human body that control the application of ‘energy’ to ‘matter’ via the medium of ‘objects’
(tools) and guided by ‘knowledge’ (or the more practical ‘knowhow’). Leroi-Gourhan,
and subsequently Pierre Lemonnier (e.g. 1988, 1992), regard individual technological
systems as being the particular configurations of these five major components, and that
by reconstructing technological chaines opératoires one can approach, at least indirectly,
multilateral relationships within the societies that produced them. The approach requires
the conceptualisation, description, and organisation of all possible factors and actors
involved in the process of creating, using, curating, and disposing of an object, and should
certainly be regarded as a relational web rather than a linear chain of connection (cf.
Schiffer 1972, 2004).

N Social perceptions of
oot WIS bl soosppys sty
liquidity (material/labour/display) control resources inutate

Figure 3.1 - A schematic of potential links between materials, knowledge, and some hypothetical charac-
teristics of human societies. Image: author.

Technological networks have an almost fractal degree of complexity, with the choices of
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each actor cascading to other agents and structures via a potential multitude of interaction
paths (cf. Bentley 2008). An attempt to display this complexity can be seen in Figure 2.1,
which depicts a highly simplified network of the possible agents and structures involved
in a hypothetical copper smelting operation imperfectly and artificially divided into
materials, knowledge, and societal characteristics. Figure 2.1 indisputably bears a degree
of resemblance to processual systems diagrams of the 1960s and 1970s (e.g. Flannery
1968, Renfrew 1972), but how one perceives such a schematic is largely determined by
one’s theoretical background and analytical objectives. A proponent of systems theory
might try to use the network as a scaffold from which to build up generalising laws for
human behaviour. However, the social constructionist would probably regard the network
as a socially-glutinous web of interaction, from which the agency of different actors and
structures can be extracted and related. In either configuration there is no denying the
intricacy of even arudimentarily represented network, the chaotic lattice of interconnections
merely demonstrative of the deep contextual entanglement of technologies within intra

and inter-societal relationships and multi-directional cultural transmissions.

Of course, when it comes to the archaeological record many of these interactions are
obscured or missing, and thus reconstructing past chaines opératoires and technological
networks tends to be problematic in practice. Nevertheless, Shennan’s (1999) study of
extractive copper production in the Bronze Age Austrian Alps is an excellent case study of
how ancient technologies can be approached analytical and argued to be intimately bound
with socio-political and economic issues. Using an ethnographic economic model based
on the relative labour costs of exchanged commodities like palm oil and iron in Cameroon
(ibid.: 353), Shennan examined the choices made by inhabitants of the Mitterberg mining
region from the beginning of the 2nd millennium BCE. Despite the wide availabilty of
copper ores in the area, primary copper production seems to have been practiced only by
small autonomous communities living high up in the valley, in an environment with few
subsistence alternatives. Compared to the communities nearer the valley bottoms, fewer
exotic goods were excavated from the metalworking sites, suggesting the inhabitants had
poorer access to, and/or economic power within, regional exchange systems. Due to the
fairly rudimentary smelting technique employed by the metalworkers, Shennan suggested
that extractive metallurgical knowledge was not a ‘secret’ in the area, and that whilst
demand for copper was fairly universal, communities with superior agricultural and/or
pastural land preferred to acquire metal via exchange. Crucially, Shennan interpreted that
due to the lack of economic options for the miners and smelters, and the low productivity
of their labour, they were forced to accept a poor rate of exchange for their copper,

producing and reinforcing local social inequalities (ibid.: 360).
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Although the Bronze Age Mitterberg is but one metallurgical example, it remains a
truism that each utilised resource will be owned, controlled, or husbanded, each material
will have a dynamic socially-prescripted value within a non-linear spectrum between
pragmatic and symbolic, each technology involves skills and knowledge that must
be learnt, maintained, and taught, and each community will have its own interplay of
social and ideational structures that will determine how people invent, adopt, and adapt
technologies within geographical, geological, historical, and thermodynamic constraints
(e.g. Arnold 1985, Blackman et al. 1993, Budd & Taylor 1995, Childs 1991, Costin 2001,
Courty & Roux 1995, Dods 2004, Lahiri 1995, Nakou 1995, Roux et al. 1995, Tabor et
al. 2005). Thinking about technologies is more than considering the production sequence
of an artefact, and as such, utilisation of the chaine opératoire technique implies at least a
consideration of the innumerable connections between ideas, objects, people, and society,
and the realisation that one’s own study should strive to extract as much as is possible of

this social information from archaeological material culture.

3.3 Style and choice in metallurgical technologies

Within the chaine opératoire technique the concepts of technological choice and
technological style are the tools with which variation in archacometallurgical assemblages
can be separated into that representing ‘forced moves’ i.e. geological or thermodynamic
constraints, and that which may to some degree represent the technology’s original social
context and thus a identify a cultural tradition. The archaeological use of the term ‘style’
has been much debated since the 1970s (e.g. Dunnell 1978, Hegmon 1992, 1998, 2003,
Sackett 1977, 1985, 1990, Wiessman 1983, 1985), and as a result is often tightly defined
before its use in scholarly enquiry (e.g. Bacus 2004, David & Kramer 2001: 168-224,
Hegmon 2003). This thesis relies predominantly on Lechtman’s (1977: 6) concept of
‘technological style’ or, “the many elements that make up technological activities - for
example, by technical modes of operation, attitudes towards materials, some specific
organisation of labor, ritual observances - elements which are unified nonrandomly in
a complex of formal relationships” (Lechtman 1977: 6). Nevertheless, it is necessary
to consider some of the alternative definitions and their appropriateness for the present

study.

‘Style’, itis generally agreed, represents that portion of formal variability that can represent
the particular way something was done in a certain place at a certain time, and has long
been used archaeologically as a marker of temporal-spatial relations in assemblages (e.g.
David & Kramer 2001, Hegmon 1992, Sackett 1977, Wiessner 1983, Wobst 1977). The
role of material culture style in facilitating the exchange, whether deliberate or otherwise,
of information about social identities is also frequently emphasised (e.g. Hegmon 1992,
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2003, Wiessner 1983, Wobst 1977). An artefact’s style is represented by its configuration of
formal characteristics, which were imbued by cultural choices during its manufacture and/
or life history. Thus, at some level, style can be said to represent social boundaries, though
these identity markers may be deliberately manipulated for socio-economic or socio-
political reasons (e.g. David & Kramer 2001: 219-221, Hegmon 1992, 1998). Therefore,
a spatially and/or diachronically consistent configuration of archacometallurgical styles
may be used to characterise the way metallurgy was done, used, or conceived in a certain
context - an archaeometallurgical style (e.g. Lechtman 1984, 1996, White 1988, White
& Hamilton in press). A sensitive appreciation of style, especially in technology studies,
suggests that far from being in opposition to function, an understanding of archaeological
styles can perform an analytical function in identifying interactions between material and
social worlds (Hegmon 1998: 529).

In 1983, Polly Wiessner differentiated between ‘emblemic’ and ‘assertive’ types of
style. Emblemic style “transmits a clear message to a defined target population...about a
conscious affiliation” (Wiessner 1983: 257), whereas assertive style “carries information
supporting individual identity” (ibid.: 258). For the purposes of this thesis, where variation
in a waste product assemblage is the source of information, the author considers is it
unlikely that much deliberate and especially ‘clear’ information was even intended to be
sent at either a group or individual level. However, this does not disregard the possibility
that prehistoric Valley metallurgical behaviour did not exhibit stylistic signalling of some
form. Had we the opportunity to interview a prehistoric Valley metalworker about the
particular idiosyncrasies of their smelting technique, we might expect to be told that, “this
is how it is done”, a commonly reported ethnographic response (e.g. David & Kramer
2001). However, within the environs of small specialised craft community (White &
Pigott 1996) it is perhaps unlikely that individuals would want to vary significantly
from the established smelting technique, either to avoid the risk of experimentation, or
to avoid this being a socially isolating move as style has also been argued to constitute
“identification via comparison” (Wiessner 1984). With regard to production activities like
copper smelting, Sackett’s (1990: 36-37) differentiation between ‘active’ and ‘passive’
style is of relevance. Active style constitutes “ethnic ‘messaging’ generated by what
is essentially self-conscious, deliberate, and premeditated behaviour on the part of the
artisans”. Whilst this sort of style may well have been employed by Valley metalworkers
in their products, especially the potentially branded (sensu Wengrow 2008) MeP3 ‘ingots’,
it is extremely unlikely that they wished to intentionally convey social information in
their waste products — the materials normally available for the study of metal production.
The typical archacometallurgical assemblage may thus exhibit passive style, the “latent,
inherent” execution of choices (Sackett 1990: 36-37). Whilst passive style implies cultural

choices it does not suggest those choices were intentionally imbued with social meaning,
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and were activities become habitual or performed without conscious input, the resulting

style may be described as ‘vernacular’ (ibid.).

The reconstruction of ancient chaines opératoires implies that the researcher must
strive to comprehend the past craftspersons’ many alternative choices to achieve desired
technical solutions, although these options are not infinite, as “technological practices
are obviously constrained by the laws of physics and chemistry and by their geological,
ecological and historical setting” (Killick 2004a: 572). Sackett’s (1982: 73) introduction
of the “isochrestic” style perspective, meaning ‘equivalent in use’, may be seen as closely
aligned to Lemonnier’s (e.g. 1993, see also Sillar & Tite 2000) ‘technological choice’
concept. That one or more methods and techniques were repeatedly practiced in the past
may carry significant social information for questions of the expression of inclusion or
individuality through technological choices (e.g. Martineau et al. 2007, Petrequin 1993,
Shennan & Wilkinson 2001, Sillar & Tite 2000). The interpretation of what could have been
done (the potential technological alternatives) minus what we understand was done (the
actual technological choices made, as inferred from the reconstructed chaine opératoire)
allows us to identify the defining characteristics of a technology - or a ‘technological
style’ (e.g. Appadurai 1998, Hegmon 1992, 1998, Lechtman 1977, Steinberg 1977). To
the author’s mind, ‘technological style’ encompasses the materialisation of a technology’s
ethos, or those elements or essences that differentiate it from other similar technologies.
The analytical utility of the technological style concept lies in its capacity to detect and
differentiate multiple, subtle dimensions and choices in the production and consumption
of material culture. Utilising this array of comparative factors, technological arguments
for ancient social interaction have the potential to be more robustly substantiated than

typological studies alone.

The capacity for stylistic variation in metal-related behaviour is enormous, and best attested
by ethnoarchacometallurgical research on African iron production (e.g. Childs & Herbert
2005, Chirikure 2007, Chirikure & Rehren 2004, Haaland 2004, Killick 2004b, Miller
2002, Milleretal. 2001, Rehren et al. 2007), though there are some Southeast Asian sources
(summarised in Bronson & Charoenwongsa 1994). Therefore, the archacometallurgist
must consider that for populations which practiced metallurgy many aspects of their
technology may represent choices (e.g. Lechtman 1984, 1988, 1996, Lechtman & Klein
1999). The identification of archacometallurgical choices is by no means a simple process,
nor one that is always fully accomplished. The macro and microanalysis (see Chapter 4) of
an archaeometallurgical assemblage is used by the researcher to produce a technological
reconstruction of what metallurgical processes and activities were being performed, within

a particular social context. The archaeometallurgist can then compare this reconstruction
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with other solutions that past metalworkers could have chosen, considering the affordances
of their material and social landscape. The hypothetical (and highly interpreted) equation
‘potential technologies minus actual technologies’ can give added credence to our
understanding of why particular archacometallurgical choices were made. For example, a
smelting population may be equidistant between two ore sources, but the reconstruction
indicates that only one source was used at a particular time. The archaeometallurgist
can then combine their interpretation with those of the other archaeological evidence to
produce possible explanations for this decision, i.e. was the other source likely to have
been known by the metalworkers, was access prevented by a competing social group,
or perhaps the source was located in a taboo area? Thus, the concept and interpretation
of archaeometallurgical choices can be correlated closely to other technical and non-
technical factors contributing to a particular archacometallurgical style. Whilst many
metallurgical processes are constrained by the availability of materials and governed by
the laws of thermodynamics (Killick 2004a), human beings always retain a degree of
will or choice in their actions (Rehren et al. 2007). A metal producing and/or consuming
population may have had many options with regard to raw materials, techniques, and
products, or they may have had very few alternatives, but there was always the possibility
of doing nothing at all. At its extreme, this approach could be applied to a population with
no ore minerals, clays, or fuel, for whom smelting would not be a logically practicable
activity, however that population has made the technological choice not to practice
smelting via the long range acquisition of materials and metallurgical knowledge. As per
any archaeological analogy, archaeometallurgical styles cannot be blindly contrasted over
millennia or continents without risking the drawing of humanly irrelevant correlations,
although juxtaposing technologies from a purely technical ahistorical vantage point can
provide interesting perspectives (e.g. Craddock 1995, Tylecote 1992).

Many scholars regard the study of technical ceramics as an especially useful means of
defining archacometallurgical styles (Bayley & Rehren 2007, Martinon-Torres & Rehren
2009, Veldhuijzen 2005, White & Hamilton in press). Whether a metallurgical process
yields slag or not, and the mineralogy of that slag (e.g. Bourgarit 2007: Table 1) are factors
affected by human choices, but these traits are also heavily influenced by geological
factors and universal physico-chemical laws. However, the incorporation and design of
furnaces, crucibles, tuyeres, and moulds is arguably an arena for substantial variation in
archacometallurgical style, due to the literal and metaphorical plasticity of clay affording
a wide range of potential archacometallurgical choices. Analysis of technical ceramics
does not deflect from the importance of other forms of evidence, recent studies of slag
composition (e.g. Humphris et al. 2009) or metallurgical microstructures (e.g. Artioli
2007) have demonstrated that with ingenuity, perseverance, and a holistic approach to

archacometallurgical assemblages, technological style evidence can be successfully
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identified and employed in aiding archaeological interpretation.

Technological notions of skill are derived from ethnological and cognitive psychological
analyses of apprenticeship learning environments (e.g. Epstein 1998, Keller & Keller
1996, Roux et al. 1995). As metals are unevenly distributed resources, it follows that
metallurgical production behaviours are not universal phenomena and that the transfer
of specialist knowledge and skilled practices are often implicit in the consideration of
metallurgical technologies (e.g. Pigott & Ciarla2007, White & Hamilton in press). Although
the question of skill may have been involved in defining archacometallurgical styles, it
is inevitably the focus of their comparison - contrasting two distinct metal technologies
will be difficult if much of the difference between them is attributable to factors with little
human influence (like geology). The transmission of archacometallurgical knowledge
becomes especially interesting when certain behaviours that make up a style require a great
deal of learning and practice before they can be conducted effectively. Therefore, there is
some justification for stating that similar skilful traits between technological styles, not
too far apart spatially nor chronology, may be at least partially the result of technological
transfer (see Bleed 2008 for lithics). This evidence, or counter evidence, for sociocultural
interaction is arguably one of the most significant contributions archacometallurgy can

make to the wider discipline.

3.4 Organisation of production

The most complete treatise on the organisation of production can be attributed to Cathy
Lynne Costin (e.g. 1991, 2001, see also Clark 1995). Costin’s approach is primarily
concerned with the socio-economic aspects of organisation and offers a clear terminology
for the definition of different modes of craft production, focusing predominantly on
aspects such as specialisation, technological variation, and social complexity. Costin’s
‘craft production system’ (1991, 2001) is largely comparable to Pfaffenberger’s (1992)
‘sociotechnical system’, and constitutes a holistic consideration of all the agents and
structures impacted by technologies, including: producers, consumers, intermediaries,
artefacts, the means and organisation of their production, and the nature of their distribution
and consumption (Costin 1991, 2001). Taphonomic factors dictate that the evidence for
identifying archaeological craft productions systems may be fragmentary, misleading,
or plain missing, and that alternative interpretations are often possible (Costin 2001,
278). Nevertheless, the framework provided by Costin’s craft production concepts can
permit archaeological data pertaining to technologies to be approached systematically
and thoroughly, as per White & Pigott’s (1996, see also Chapter 1) analysis of the Khao
Wong Prachan Valley data (see Chapter 2).
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A specialist producer may be defined broadly as one who produces more of a type of
object or foodstuff than is required for personal consumption, which may include that of
their family too (e.g. Costin 2001). The nature of the specialisation can vary according to:
whether elite consumption (attached specialisation) or for general consumption (individual
specialisation), the distribution network for the product (local versus regional), the location
of producers relative to consumers (communities versus administered settings), the scale
of the production unit (individuals to households to workshops), and the intensity of
production (part-time versus full-time (Costin 1991, 2001). Many of these factors can
overlap, e.g. prehistoric Valley copper smelting is thought to have taken place in small,
possibly family, units, but overall production seems to have been industrial in scale
(White & Pigott 1996, Pigott et al. 1997), but by following the criteria for different modes
of production a reasoned interpretation of the organisation may be reached (Table 3.1).
Another critical aspect of specialisation is often agreed to be that of ‘skill’, such that more
complex technologies require more skill and are therefore more specialised (e.g. Costin
2001). The author would argue that all metal production is to some degree skilful due to
the relative complexity of most metallurgical technologies, but that consideration of skill
in metal production can be extremely important for interpreting the nature of the industry
(see Chapters 5, 6, and 8). As a specialist producer is at least partially occupied with their
particular activity in lieu of a purely subsistence lifestyle, it is commonly thought that
they must in some way be compensated or supplied with those materials that they are
not producing themselves (e.g. Costin 2001). It is this notion that leads Pigott & Mudar
(2003) to suggest that Valley metalworkers may have exchanged copper for foodstuffs

Level 1 (Class) (Stlj_sgftlyie) Level 3 (Type) Type Name
Local Autonomous Individuals or Households  |Individual Specialisation|
Unrestricted | ¢ ti
Consumption onsumption Larger Workshop Dispersed Workshop
G 1
lgererll;fg) Autonomous Individual or Household-Based Community
Individu a'l Regional Unit Aggregated within a Single Community Specialisation

Specialisation | Consumption PR
Larger Workshop Aggregated Within a Single Nucleated Workshop

Community
Restricted Household
estricte
Consumption Cg:nl;r?lfiilt Part-time Labour Dispersed Corvée
for Elite or Setting Y
Government — — - - — -
Institutions Administered Individual Artisans, usually Full-time Individual Retainer
: Setting such : :
Elite Demand). Part-time Labour Recruited by Government ,
( Attached " as Palace or Institution Nucleated Corvée
ialicatinn |Special Purpose
Specialisation Facility Large-scale with Full-time Artisans Retainer Workshop

Table 3.1 - A classification of craft production systems based upon: the relationship between producers
and consumers (Class), the location of production and the distribution of product (Supertype), and the

scale of production (Type). After Clark 1995.
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due to a poor agricultural environment. Furthermore, it is sometimes presumed that wet
weather absolutely precludes metallurgical activities, and thus White & Pigott (1996)
suggest that Valley production was probably part-time due to the pronounced wet season

in the area (see Chapter 8 for further thoughts on this issue).

Costin (1991, 2001) considers that reconstruction of a technology’s chaine opératoire
is required to properly characterise archaeological production systems. By generating
a chaine opératoire it may be possible to consider five factors linking technology to
the organisation of production, and their interpretative affordances and limitations are

discussed below:

- ‘Technological complexity’ is sometimes thought to be synonymous with organisational
complexity, but this ignore the potential for complex configurations of both technical and
ritual skill and knowledge being involved in technological activities that might appear
‘basic’, e.g. many of the ethnoarchaeologically attested African iron smelting operations
are superficially straightforward and/or rudimentary, but the attendant cosmological
knowledge required is extremely complex (e.g. Schmidt 1997, see also Hegmon 1998:
279).

- ‘Efficiency’ can be defined as the relationship between the raw materials, time, and
energy input for each unit of output, but this could be said to be a modern Western market-
driven perspective which undermines alternative views of what is acceptable or desirable
in a craft practice (e.g. Costin 2001). Archaeometallurgical studies frequently refer to the
‘efficiency’ of a technology (e.g. Bamberger & Winciercz 1990, Bennett 1989, Thomas
& Young 1999), but both the conceptualisation and the tools (see section on liquidus
calculation in Chapter 4) have been largely derived from modern industry and thus do not
necessarily reflect the social context of past productions systems, which may emphasise

social considerations over technical ones (e.g. Lechtman 1977, 1996).

- ‘Output’ typically refers to the quantity of product, both at an absolute scale and per
unit time. A high degree of specialisation might be associated with an elevated output, but
highly skilled artisans may also produce small amounts of products which required a high
labour input (e.g. Costin 2001). Furthermore, in archacometallurgical studies the output
of a particular industry is notoriously difficult to calculate due to typical lack of metal
recovered at production sites and the many technical factors affecting the calculation of
output from the waste products, this coupled with the challenges of providing accurate
chronologies for large and complex deposits of mineral, slag, and technical ceramic (e.g.
Bachmann 1982).

- ‘Control’ of specialised production, and in particular metallurgy (e.g. Childe 1936,

1942), has traditionally been regarded as evidence for greater social complexity via the
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marshalling of raw materials, skilled artisans, and products to concentrate wealth and
influence for the benefits of political elites (e.g. Costin 2001). However, the archaeological
record is frequently reticent to provide data strongly indicating elite control over the
organisation of production, except in obvious ‘palatial’ contexts (e.g. Rehren & Pusch
1997). More often than not production sites produce little evidence to support detailed
analysis of this aspect of craft production systems, as seems to currently be the case in the
Khao Wong Prachan Valley (White & Pigott 1996).

- ‘Standardisation’ of chaines opératoires and their products has frequently been seen as
indicating specialised production and possibly elite control of that production (reviewed in
e.g. Costin 2001). This can be a dangerous leap on two major counts. Firstly, we often do
not know how ‘standardised’ different industries, their products and waste products, may
look archaeologically, as suggested by the study of single iron smelting (e.g. Humphris et
al. 2009) and pottery firing (e.g. Blackman et al. 1993) episodes, as well as the frequent
absence of systematic ethnoarchaeological analogy (e.g. Roux 2007). Likewise, whilst
the association of elite consumption and highly skilled technologies can sometimes be
made (e.g. Bellina 2007), it is wrong to assume that ‘mass produced’ goods, though
perhaps the result of skilled processes like wheel throwing pottery (e.g. Roux 2003), are
necessarily destined for, or controlled by, elites, who indeed may prefer more exclusive
individualised goods, though still the result of skilled artisans. Thus, whilst it appears
that the copper ‘ingots’ from Nil Kham Haeng (Pigott et al. 1997) may be standardised,
at least typologically, there is no reason to suggest that this automatically implies social
stratification in the later Iron Age Khao Wong Prachan Valley (White & Pigott 1996),
and, as suggested in Chapter 2, the ‘ingots’ could represent some sort of community-level

product branding (sensu Wengrow 2008) for recognition by regional consumers.

Costin (2001) explicitly concedes that in practice archaeological evidence for each of
the preceeding aspects may be difficult to detect or ambiguous to interpret. However,
her careful dissection and discussion of craft production systems means that we do have
a common language with which to describe and discuss the organisation of production.
Via the careful reconstruction of chaines opératoires and the application of Costin’s
(1991, 2001) framework we can seek to identify multiple lines of evidence for better
understanding ancient technologies, or at least highlighting the weaknesses in our data to

produce balanced interpretations.

3.5 The Weber fraction in archaeometallurgy

An important issue to the present study is that of making interpretive headway with the

variation in compositional data, especially for that of the slag samples. Akin to ‘mutation’
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in biological models, ‘random variation’ or ‘copying error’ can introduce new behavioural
and/or artefactual variation due to the inability of humans to exactly replicate. Its
archaeological application largely developed by scholars working with an evolutionary
theoretical perspective, a quantitative measure of ‘copying error’, the ‘Weber fraction’,
has been derived from cognitive psychological studies of human sensory perception and
motor skills in a wide range of skilled and unskilled social learning environments, from
various cultural backgrounds (Eerkens 2000; Eerkens & Bettinger 2001; Eerkens & Lipo
2005; Eerkens & Lipo 2007). The Weber fraction dictates that without aids (i.e. a ruler or
mould) people will on average introduce a replication error of up to 5% for each successive

generation; presupposing they only have reference to the immediate generation before.

Ignoring any other cultural mechanism which may be operating on variation, the
cumulative effect of an up to 5% ‘copying error’ per generation can rapidly produce
substantial behavioural and/or artefactual divergence. If the ‘coefficient of variation’
(CV) per generation within an assemblage is up to 5% then the null hypothesis is that all
material culture change can be accounted for by ‘copying error’ and there is no need to
invoke more complex transmissions of cultural information (Bentley et al. 2004: 1449).
If the observed CV is significantly less than 5%, then some sort of biased transmission
may be responsible for constraining people’s choices. If the observed CV is significantly
in excess of 5%, then we may be seeing the introduction of new behavioural variants
through experimentation and innovation. A number of studies on modern and ancient data
have demonstrated that much of the material culture variation can be explained simply
by cumulative copying error (e.g. Eerkens & Lipo 2005). However, of consequence for
the present study, the 5% CV figure relates to the variability of final artefacts; the entities
upon which people can presumably exercise their full sensory judgement of replication
fidelity. We do not currently have quantitative data for the expected variability of the
other materials resulting from production processes (cf. Humphris et al. 2009). This is

something of an issue for a study based on metallurgical waste products.

Unfortunately, this approach cannot be applied directly to compositional data. The Weber
fraction was derived from studies of artefact production in numerous social contexts,
where the human subjects had only their natural sensory skills (e.g. hearing, sight, smell,
taste, and touch) to control product variation (Eerkens 2000; Eerkens & Bettinger 2001;
Eerkens & Lipo 2005). As identified by Humphris et al. (2009), this implies two major

problems in the application of the Weber fraction to slag-based traits:

- Firstly, slag is a by-product not a product, and whilst metalworkers may have sought
to constrain or exaggerate variation in their products, we do not know what quantitative

effect this would have on by-product variability.
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- Secondly, ancient metalworkers would not be able to control variation in slag chemistry

to the same degree as artefact variability (+/- 5%) by human senses alone.

However, the effects of slag variation would have been detectable in terms of the
performance and efficacity of the smelt, slag formation and behaviour during the
smelt, and its physical characteristics when cooled. Therefore, it is not unreasonable
to expect metalworkers to have correlated, to some degree, the quality of their product
and by-product with the composition of their smelting charge. As suggested by Marcos
Martinon-Torres (pers. comm.), the only realistic means with which these issues could
be overcome, is an extensive programme of experimental testing involving skilled and
unskilled smelters to attempt to reliably correlate variation in product (metal) to variation
in by-product (slag). Though an expensive proposition, this approach would provide the
objective reference data on slag composition needed to assess the degree of variation
in archaeological samples. In lieu of this, the Weber fraction in particular, and CV in
general, remain qualitative though useful means of intepreting slag variability for the

present study (Chapters 5, 6, and 8).

3.6 - Theory in experimental archaeology

Archaeological experimentation has almost as long a history as its parent subject, and
has evolved into a valuable avenue of research. However, the conceptual approaches to,
and expectations of, experimental archaeology have been significantly modified over the
years, largely in line with theoretical changes in the wider discipline. An early interest
with ancient materials and technologies (e.g. Cushing 1894) led to a desire for more
rigorous procedures (e.g. Ascher 1961), and an increasing realisation of the importance
of experimentation for archaeological interpretation and public dissemination (e.g. Coles
1979, Mathieu 2002, Stone & Planel 1999). A number of scholars have also come to argue
that the act of experimenting can provide archaeological inferences of equal interest to the

material results (e.g. Townend 2002).

Cushing’s (1894) paper is particularly pertinent here, relating as it does to copper, for
demonstrating early uses of archaeological experimentation. Cushing’s advocation of the
skill and ingenuity of indigenous North American metal workers is exemplar of how
a practical understanding of a technology can enlighten archaeological interpretation.
Against a backdrop of contemporary racial prejudice, Cushing’s insistence upon the
potential for simple metallurgical techniques and tools to produce complex artefacts
must be lauded as an especially sympathetic treatment of material culture and its social
significance. The development of archaeology in the mid 19th century as a reputable

academic pursuit (e.g. Trigger 2006), coincided with a general global decline in traditional
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craft skills and knowledge. Thus, the initial use of archaeological experimentation was
to acquaint Western scholars of the Industrial Age with the practicalities and potential of
previous modes of settlement, subsistence, and production. This stage of experimental
archaeology can be regarded as an important awakening, but by the New Archaeology
of the 1960s, it began to face criticism for a lack of scientific rigour. Ascher (1961: 793)
characterised ‘imitative experiments’ as a unique means with which to translate hypotheses
or beliefs into substantiated archaeological inferences. This notion of experimentation as
serving to legitimise interpretation was shared by Coles (1979: 243), and was likewise
in accordance with the scientific aspirations of contemporary archaeological thought
(e.g. Trigger 2006). However, it was also noted that archaeological experiments seek to
imitate past cultural patterning, whereas the Baconian experimental model was designed
for modelling natural phenomena, and the two are thus, at some level, fundamentally
different (e.g. Ascher 1961: 807, Coles 1979: 246, Henry 2002). Coles (1979: 243) also
pragmatically acknowledged the inability of an archaeological experimental approach to

provide absolute proof in relating reproduced materials to archaeological examples.

To date, experimental reconstruction based on laboratory evidence has proven to be
extremely useful for the interpretation of archacometallurgical evidence, and has opened
previously inconceived windows of understanding (e.g. Burger et al. 2007, Crew & Crew
1997, Doonan 1996, Merkel 1990, Rothenberg et al. 1978, Timberlake 2007, Tylecote
& Merkel 1985). Physical testing of an ancient metallurgical technology can be used to
establish whether theoretical reconstructions actually work in laboratory or field conditions,
and enable the experimenter to practice, and, if necessary, adjust reconstructions until
they can reliably produce metal and associated debris (slag and technical ceramic) of a
form and composition that is to some degree comparable to that of the archaeological

material.

The influence of postprocessualism, ethnoarchaeology, and other alternative philosophies
is evident in more recent thinking on archaeological experimentation (e.g. Andrews
& Doonan 2003, David & Kramer 2001, Killick 2001, Mathieu 2002, Townend 2002,
Trigger 2006). Although our ethnoarchaeometallurgical insights are based largely on
recent historical iron production in Africa (e.g. Killick 2004b, Schmidt 1997), the wealth
of data revealed by participant-observation and reconstruction experiments suggests that
attempts to clinically reproduce ancient technologies were producing useful technical
information, but failing to appreciate the socially embedded nature of these behaviours.
One of the most sophisticated reappraisals is Townend’s (2002) summary of his doctoral
research on Heideggerian approaches to experimental archacology. A central tenet of this

paper is that it is not the physical products but the interactions and encounters between
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people and things which provide the greatest archaeological insight. Although the
Heideggerian terminology requires a degree of commitment, Townend’s argument follows
that archaeological reconstructions can be used to study how participants of different skill
levels negotiate the tasks facing them, and that the social mechanics of problem solving,
or encountering no problems at all, could affect material pattering in the archaeological
record (Townend 2002: 89).

Thus it may be argued that an important value of experimentation is for the researcher
to personally acclimatise and interact with the ancient technologies themselves. In line
with a technological approach, the performance of experimental archaeology is more
than ‘doing science’, and the experimenter’s own relationship and learning experience
with the technology may provide otherwise unknown insights into ancient metallurgical
behaviour (e.g. Briick 2005, Doonan & Andrews in press, Killick 2004a, Townend 2002).
To that end, the recording and presentation of the tests (Chapter 7 and Appendix C) is
as full and frank as possible, in the belief that ‘warts and all” documentation will permit

readers to more critically assess the work and, if necessary, reinterpret the results.

Summary

This chapter began by discussing the contemporary anthropological perspective that
technologies are socially-contextual rather than existing in isolation to culture. Therefore,
it can be argued that by investigating ancient technologies, for which we often have
reasonable archaeological evidence, we are in fact studying the societies and the people
that constructed those technologies. Central to this endeavour is the francophone chaine
opératoire technique, which is the approach taken to reconstruct all the technical stages
and associated social factors in the production of artefacts. Within the chaine opératoire
it may be possible to identify the past ‘technological choices’ that people made in the
sequence of producing and consuming those artefacts, and taken together those choices
may be seen to represent a ‘technological style’. The section on the ‘organisation of
production’ discussed some of the socio-economic factors which embed technologies
within societal considerations, and how these may be detected in the archaeological
record. The final section concerned the theoretical perspectives behind the experimental

archaeological methodology employed in Chapter 7.

It is hoped that by drawing on the intellectual traditions of the ‘Anthropology of
Technology’, the technological reconstruction of copper smelting in the Iron Age Khao
Wong Prachan Valley are adequately justified (Chapters 5, 6, and 8), but first it is necessary
to discuss how chaines opératoires may be generated, technological choices identified,
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and technological styles defined through archacometallurgical analytical methodologies
(Chapter 4).
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Chapter 4

Analytical Methodology

Having covered the regional and local archaeological background, as well as the theoretical
framework of a ‘technological approach’in Chapters 1, 2, and 3, this chapter introduces the
archacometallurgical analytical methodology employed in the present study. The mineral,
slag, and technical ceramic samples from early Iron Age Non Pa Wai and later Iron Age Nil
Kham Haeng were evaluated by macro-analysis, bulk chemical analysis (polarising energy
dispersive x-ray spectrometry), micro-structural analysis (reflected light microscopy and
electron microscopy), compositional phase analysis (electron microscopy with energy
dispersive x-ray spectrometry), and the statistical analysis of resulting chemical data.
Each analytical technique employed has a sequential discussion of its purpose, method,
preparation, and equipment. The multiple technique analytical methodology was intended
to provide a range of data types of use for unravelling prehistoric Valley copper smelting
chaines opératoires and identifying technological choices and styles. A critique of the
archacometallurgical calculation of slag melting (or liquidus) temperatures forms the
second part to this chapter, as this element of the Valley technological reconstructions is
of some importance for the discussion of technological change in Chapter 8. Jones (2002)
has observed that as a scholar applies increasingly sophisticated techniques to produce
ever more detailed data, their interpretations often become more hazy and circumspect.
This inverse relationship between analytical resolution and interpretive resolution is
perhaps due to cumulative error margins eroding confidence. The author recognises that
escalating analytical complexity demands increased determination to ensure these data
are of archaeological use, and has endeavoured to err towards interpretive conservatism

throughout the present study.

4.1 Methods of archaeometallurgical analysis

4.1.1 Investigations at the artefact scale: macro-analysis

Although the earliest metallurgical processes are in part characterised by a lack of residual
waste (e.g. Bourgarit 2007, Tylecote 1974), many production technologies produce large
quantities of slag, technical ceramic, host rock, and ore mineral (e.g Rostoker & Dvorak
1991, Rostoker et al. 1989). To the trained practitioner they are an abundant source of
information on past metallurgical practice and socioeconomic activity, and should thus
receive an anthropologically-enlightened treatment as artefacts, as outlined in Chapter 2
(e.g. Jones 2004, Miller 2007, Taylor 2008). The first task of archaeometallurgical macro-
analysis is to determine whether the artefacts found actually relate to metal production
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or were one of the many materials that can be mistaken as such: rocks, ceramic wasters,
vitrified earth etc'. The second purpose of macro-analysis is to attempt a classification
of the finds into groups with similar characteristics, and to form initial interpretations
for their technical origins. Although these initial characterisations, classifications
and interpretations can be modified by later laboratory analyses, they are a vital step
in archaecometallurgical research and constitute a familiarisation with the material and
provide the holistic understanding of the assemblage necessary for an integrated and

well-reasoned final interpretation.

In 1982, Hans-Gert Bachmann published what remains to this day a seminal guide to field
archaecometallurgy and macro-analytical study. Bachmann’s geological and mineralogical
background dictates an approach to archacometallurgical materials based on field
characterisation of physical attributes perceptible to humans like: colour, crystallinity,
density, homogeneity, inclusions, magnetism, morphology, porosity, even smell. The
essential toolkit is comprised of eyes and knowledge, but can be supplemented by an
eyeglass, prospector’s magnet, scratch plate, and a phial of hydrochloric acid - or mineral
blowpipe apparatus for the ambitious. The macro-analysis can be qualitative such that the
described materials can be grouped into classes with probable archaeological meaning
- i.e. a group of slags with a consistently higher than average magnetic susceptibility
and porosity combined with a plano-convex morphology may represent evidence for
iron smithing, a distinct human activity with social and economic meaning. These field
techniques can also be quantitative given that estimations of a slag heap’s volume and
density can give a rough indication of the intensity or longevity of production (e.g.
Bachmann 1982: 5, Juleff & Bray 2007, Meyer et al. 2007).

The author has employed a modified Bachmann system of description, identification,
classification, and interpretation on a number of Thai archacometallurgical assemblages
(Ban Kao Din Tai, Ban Non Wat, Khao Sam Kaeo, Nil Kham Haeng, and Non Pa Wai), and
has found it a consistent investigative and explanatory framework for archaecometallurgical
deposits. Although Bachmann himself is undoubtedly a master of his craft, the rigorous
application of his macro-analytical protocol by any archaeometallurgist can produce
convincing interpretations of metallurgical behaviour at a site, without any recourse to
the laboratory (e.g. Pigott et al. 1997).

1 This should be done especially carefully if non-metallurgical materials were
found in secure metal-related contexts, and may then have meaningful technological as-
sociations
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Method:

Archaecometallurgical materials (minerals, technical ceramic, slag) were recorded as
per any artefact: for context, metric data (mass, linear dimensions), and photographed
for archiving and pertinent features. Recording of characteristics particular to
archaeometallurgy (e.g. crystallinity, magnetism, streak colour, calcification, hardness,
morphology etc) was based on the Bachmann (1982) system. The density and colour of
powdered samples (from a scratch on a streak plate) are commonly the most diagnostic
criteria for identifying archaeometallurgical materials, whereas metric data can be more
useful for quantifying production (mass), technology (crushing, tapping), and general

archival requirements.

Preparation:

Excess soil was removed by hand, and if necessary the artefact was washed under a tap.
The generation of a freshly fractured surface was often found to aid characterisation and

identification.

Equipment:

- Digital calipers.

- Digital camera.

- Diluted HCl(aq).

- Electronic balance.

- Geological hand lens.
- Naked eye.

- Porcelain streak plate.
- Prospector’s magnet.

- Steel dental pick.

4.1.2 Entering the phasescape: bulk chemical analysis by Polarising Energy Dispersive

X-Ray Fluorescence

Phasescape refers to investigation at the abstracted sub-artefact level, deriving increased

archaecometallurgical interpretative power from chemical and microstructural evidence.
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The laboratory-based analytical encounter moves beyond the realm of the human sensory
array, examining material properties of which past metalworkers can only have had
empirical knowledge. Therein lies a value of microscopic or compositional analysis:
the potential to investigate habitual or unpremeditated metallurgical behaviour through
attributes which cannot have been deliberately created. That is, if we wish to understand
past technological knowledge or skill we can examine microstructural and/or physico-
chemical aspects of metallurgical processes, that were of course affected by past human
technological choices, but cannot realistically have been scientifically informed. We
can therefore compare what was achieved technically with what we might interpret was
intended to be achieved, enabling us to discuss the proficiency and potential motivations

of past craftpersons.

It is at the phasescape that archacometallurgy implicitly enters the laboratory, and probably
accords most accurately with some archaeologists’ conception of the subdiscipline as a
purely scientific pursuit. This section will outline a number of instances where the physical
structure and chemical composition of artefacts can provide technological detail of past
metallurgical activities, unachievable without specialised analytical techniques and the
archaecometallurgical knowledge to apply them. However, the author hopes to have been
consistently clear that a great deal of archaecometallurgy can be effectively undertaken
in the field and office, and that laboratory investigation often confirms or only slightly

modifies the original interpretation (Veldhuijzen & Rehren 2007).

Bulk chemical analyses are typically the first laboratory analyses conducted on
archaeometallurgical materials, the question being “what is it?”2. The bulk chemistry of
a sample refers to its mean composition, assuming homogeneity and ignoring differential
phases. If a sample is heterogeneous, and many in archaeometallurgy are, then it is
normally crushed to standardise the matrix analysed (see 4.3.2 below). However, it must
be recalled that crushing will evenly distribute the chemistry of individual phases and
may substantially skew the bulk compositional data if the sample is not representative
of the whole (e.g. Humphris et al. 2009), though the NPW3/MeP2 and NKH3/MeP3
slag cakes are relatively small and thus the samples taken are likely to be representative.
The potential problems caused by unreacted minerals in slag liquidus calculations (e.g.
Bachmann 1982) was avoided in the present study by combining both bulk and micro

compositional studies.

2 This information can be used to further screen out non-archaecometallurgical
materials.
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Beyond “what is it?”, the aim of bulk chemical analysis is to further refine the macro-
analytical interpretation of past metallurgical behaviour. A common approach to the
technological reconstruction of metallurgical processes is ‘mass balancing’, whereby the
chemistry of materials inputted (ore, gangue, flux, fuel, clay) must be accounted for in the
composition of the output materials (slag, ceramic, metal). This method can be extremely
useful for assessing the coherence of an archaeometallurgical assemblage, or ascertaining
whether materials pertaining to certain aspects of the production process are missing, i.e.
ore minerals or metal artefacts. As long as there are not too many gaps in the assemblage,
it may be possible to infer what the missing materials were likely to have been and how

they may have played a part in the metallurgical process.

As well as mass balancing, bulk chemical data should be examined critically for patterns
and relationships of interest between the materials involved, and checked for anomalous
results indicating unusual materials, or potential analytical problems. Once subjected to
this stage of interpretation, compositional data can be processed statistically to determine
whether any archaeologically significant chemical correlations may exist. It may be
preliminarily assumed that compositional clustering within samples of an artefact class
(e.g. slag or furnace wall) perhaps relates to different technologies or technological
styles being practiced - theses to be tested in subsequent analytical steps. For the current
study’s application of these analytical procedures to the Khao Wong Prachan Valley bulk
analytical dataset please refer to Chapters 5, 6, and 8.

Method:

X-ray fluorescence spectrometry is based on the principle that materials emit energy
characteristic of their chemical composition when excited by high-energy radiation. In
this case the excitation is provided by a beam of X-ray (Rontgen) radiation of about 1-'°’m
wavelength. The energy (E) of an electromagnetic wave is defined as its frequency (v, the
inverse of the wavelength: 1/A) multiplied by Planck’s constant (h), thus, E = hv . The
energy provided by the X-ray excitation beam is sufficient to overcome the electrons’
bonds to the atomic nuclei of the component elements of the sample, and therefore an
electron is displaced from the electron cloud, and an electrical imbalance created. (Atkins
& Paula 2002, Bertin 1975, Jenkins 1974, 1999). These positively charged atoms (ions)
are electrically unstable and will almost immediately attract another free electron to
regain a neutral electrical charge. As energy in the form of an X-ray beam was required
to dislodge an electron from a stable particle, it follows that replacing an electron will
release energy - a secondary X-ray. This energy emission is not random but corresponds
to the movement of electrons between orbitals and sub-orbitals, and these movements
having characteristic energy emissions for each atom. Therefore, measuring the energy
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released after a sample’s excitation by X-ray can identify which electron displacements
and replacements have occurred, and thus which elements are present. The rate at which
the energy is received by the detector quantifies the amount of that element. The basic
XRF system then involves: an X-ray source, a sample, and a detector unit, prior to
computing and data output. There were two methods of detection in analytical X-ray
fluorescence spectrometry: Energy Dispersive (EDS) and Wavelength Dispersive (WDS),
both of which are discussed below.

Energy Dispersive units rely on highly sensitive crystalline detectors measuring the
energy and intensity of secondary X-rays emitted from the excited sample. In an ED
system the detector measures the X-rays released by all constituent elements of the sample
simultaneously. This does reduce the resolution of each element’s reading, but means the
analysis is rapid. An issue in EDS analysis is that the energy levels corresponding to
movements of electrons between orbitals can be similar between certain elements, giving
rise to the problem of peak overlap in the resultant spectra of a sample. It must be stressed
that XRF analyses rely heavily on interpretation, from the sample preparation through
to spectra interpretation, and with a large part played by computer software in resolving
the many complex algorithms that provide us with our chemical data (Veldhuijzen 2003).
Therefore, deciding whether an energy peak on a sample spectra corresponds to one
element’s sub-orbital or another’s is all part of the analytical process.

Given that E = hv and v = ¢/A, where c is the constant speed of light in a vacuum, it is also
possible to determine the energy of electromagnetic radiation, like that emitted by excited
samples, by measuring the wavelength of the X-raysreleased after they have been diffracted
through sensitive optics. This is the principle of Wavelength Dispersive Spectrometry,
which has the advantage of measuring emission intensity at each wavelength, resulting in
typically higher resolution than an EDS system, but has the disadvantage that the detector
must physically move across the range of X-ray diffraction angles for each element of

interest and thus it takes a lot longer than EDS analyses.

For bulk chemical analysis in the Wolfson laboratories of the UCL Institute of Archaeology,
a polarising Energy Dispersive - [PJED-XRF - unit was used since it has significantly
better resolution than SEM-EDS (see below). One of the chief limitations on EDS
resolution is the obscuring of less intense energy peaks by the ‘background noise’ seen
on the spectra. In a polarising system the incident X-ray beam is first directed at one
of a series of ‘targets’, which have the effect of setting the radiation in one plane and

concentrating primary X-rays to excite particular ranges of the electromagnetic spectrum.
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The plane-polarised beam then strikes the sample and causes the generation of secondary
X-rays by the excitation of constituent elements, which were then measured by the EDS
detection system. Thus, [P]ED-XRF can resolve down to parts per million (ppm) for
most elements, and maintains the speed advantage over the WDS alternative (Veldhuijzen
2003: 104).

Reference materials, certified (CRMs) or otherwise (RMs), were included in all analyses
to monitor the accuracy and precision of the [PJED-XRF system. CRMs are pressed
pellets of a standardised chemical composition, independently agreed by a number of
laboratories, and are used as an analytical control. The selection of a CRM for inclusion
within a particular XRF run was based on the expected composition of the sample being
reasonably close to that of the control, and thus the inter-element effects experienced by
their respective matrices when exposed to X-ray radiation would be comparable. The
purpose of CRMs is to provide confidence that the XRF instrument was both ‘accurate’,
determining compositions comparable to those published for the reference materials,
and ‘precise’, not suffering from analytical drift between operations. The accuracy and

precision of the present study’s analyses can be assessed in Appendix B (Table B.1).

Preparation:

For the current project, the first stage of bulk XRF preparation was to cut a sample from
the archacometallurgical material in question, mechanically removing all weathered or
previously exposed surfaces. The sample was then washed, first under a running tap to
remove heavy dirt, and then in an ultra-sonic bath for a thorough cleaning before drying
with a fan heater. All surfaces and materials were kept meticulously clean with industrial
methylated spirits (IMS), ethylenediaminetetraacetic acid (EDTA), and sand abrasion as
there was a high risk of contamination from this stage of preparation (Van Grieken &
Markowicz 2002: 933-944). The sample was then crushed in a steel punch to a grain size
of 5-10mm. For [P]JED-XRF analysis of pressed pellets it is necessary to have a maximum
grain size of 50um to minimise the effects of X-ray diffraction and refraction by the
crystalline matrix of the material in question (Veldhuijzen 2003). The sample powders
were pulverised to 50um in a planetary mill with two contra-rotating canisters containing
ball bearings, all made from tungsten carbide. The mill was run with alternating loads
of sample and sand in each of the canisters, the sand scours out contamination whilst
alternation prevents similar samples from being confused. The analytical powders were
decanted into glass phials and placed in an oven to eliminate any moisture that would
prevent the pellets from forming correctly. The dried sample was weighed in a fine balance
and combined with an industrial binding wax at a ratio of 1:0.1125, to give a total of 6-8¢g
of thoroughly mixed powder. This mixture was placed into an aluminium cup before
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forming into a pellet using a press applying 15 tonnes of pressure for 3 minutes. Pellets
were labelled, and stored in a low-moisture environment to prevent rehydration until they

were used.

Equipment:

- Fritsch Pulverisette 7 planetary mill.
- Oertling LA 164 electronic balance.
- Plasplugs commerecial tile cutter.

- SPECAC 25 tonne press.

- Spectro X-Lab Pro 2000 Polarising Energy Dispersive X-Ray Spectrometer with version

2.3 analytical software package.

- Ultra-sonic bath.

The samples run in archaeometallurgical analyses often have a high iron component, one
that is not compatible with the geology-based algorithms provided with the [P]JED-XRF
hardware, as the iron readings can overwhelm the response of lighter elements. A specific
algorithm, ‘Slag Fun’, written by Veldhuijzen (2003), was used for slag material, and
the standard algorithm, ‘Turboquant’, for ceramics and minerals. Quantitative analyses
in the Wolfson laboratories were run overnight in batches of 15-17 samples (dependent
on the number of CRMs, see above), and were repeated three times to ensure data quality
and monitor precision, trace element data are not provided for the CRFs. All analyses
were generally accurate and are acceptable given the resolution required for sound
technological interpretation. Differences from the certified values range from several
hundreds or tenths of a weight percent for the minor oxides, to a few weight percent for
the major oxides - one seeming exception was the detection of iron oxide in ‘Swedish
Slag W25:R’, but the consistent variance corresponds to the stoichiometric difference
between Fe O, (reported) and FeO (the valency expected in slag). Precision was lower
in those oxides in lower concentrations. There does appear to have been some analytical
drift between analyses refereed by BHV0-2 in December 2006 and those in January 2007,
but these are not problematic as all the technical ceramic samples were rerun in the 2007
batches. See Appendix B for all [PJ[ED-XRF analytical data, as well as selected data in
Chapters 5, 6, and 8. Trace elements below 10ppm are reported as ‘<10’ and not used for

interpretation.
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4.1.3 Phase analysis: Reflected Light Microscopy

Having assessed the bulk chemistry of an assemblage, and derived a preliminary
interpretation of the metallurgical process, the next stage of archaeometallurgical analysis
involves another, more literal, phasescape. Optical microscopy is used in archacometallurgy
to describe and identify phases of interest in explaining the formation and composition
of the sample (Bachmann 1982, Scott 1991). As mentioned above, bulk compositional
data assumes homogeneity, and as this is rarely the case, microstructural study is used
to explain chemical groupings in terms of phases present: e.g. slags commonly contain
a large amount of iron oxide, but bulk analyses were unable to tell us whether this iron
was chemically bonded to silica in the slag (e.g. Fe,SiO,), or was present in its original
(residual) mineral form, or has precipitated from the slag as primary (anthropogenic) iron
oxides, or even as secondary (post-depositional) oxidation, although this should have
been cut away during preparation. Phase analysis can also provide information on the
physico-chemical (e.g. furnace temperature and redox atmosphere) conditions that were
present when the material was formed, and thus aid the technological reconstruction of
the process. However, attempting to identify and explain all the phases seen in, typically,
heterogeneous samples will not necessarily help an archaeological interpretation of the
material and technology, macroanalytical work should be largely focused on addressing
questions generated by the bulk chemical data, whilst remaining vigilant for phases of

interest.

Method:

Samples were examined at magnifications between 50 and 1000 times in plane-polarised
(PPL) and cross-polarised light (XPL), as well as slightly-crossed-polars (sXPL).
Phase identifications were achieved with standard mineralogy textbooks but with an
understanding of the anthropogenic phases produced rapidly at high temperatures during
metallurgical processes (Ineson 1989, Nesse 2003). Ceramic fabrics were recorded
using a simplified version of Whitbread’s (1989, 1996) paste recording system, with
some consideration given to forming technique (e.g. Courty & Roux 1995, Courty &
Roux 1998, Rye 1981), the onus being on establishing the role of technical ceramics in
copper smelting procedures. Photomicrographs were taken systematically throughout the
analysis and hand-drawn sketches served the function of ‘mapping’ the sample prior to

examination under the scanning electron microscope.

Preparation:

Samples were cut to a size that would fit comfortably in the 32mm diametre resin moulds.

Where a sample was cut was very much an interpretive process, as it determines what
106



phases will be visible in a heterogeneous material. Where possible, samples were taken
from areas adjacent to those sampled for bulk chemical analysis, so phase analysis of that

sample would correspond as closely as possible to the bulk chemistry of its neighbour?.

Cold-curing resin was prepared by carefully mixing epoxy and hardener in a ratio of 4:1,
with approximately 7.5g of resin allowed per sample, although this depends on the volume
and porosity of the material being mounted. Once poured into the moulds, the resin cured
at room temperature under an fume extraction hood for 24 hours. The samples were then
cut to a standard thickness of 10mm, to reduce the adjustment of focal length between
samples, using a specially designed jig. The analytical surface was then cleansed of any
excess resin by hand grinding on low grade grits (320-600) on an electric wheel. This
was done carefully as aggressive abrasion can easily remove too much material and set
the sample face at an angle, leading to focusing problems during analysis. The mounted
sample was then ground on progressively finer grades of abrasive paper from 1200—4000,
rotating the analytical surface through 90° at each stage to remove the striations left by
the previous grade. The samples were rinsed under a tap after each grind to prevent the
cross-contamination of grits. After the 4000 grade paper, the sample was cleaned in an
ultrasonic bath before progressing to polishing on textile discs embedded with industrial
diamond paste and lubricant. The finishing was done on an automated polisher with 1pm
and 1/4pm grade pastes. The samples were cleaned ultrasonically again, dried with a fan

heater, and then kept in a low-moisture environment to avoid oxidation.

Equipment:

- Eposet cold-curing resin and hardener.

- Leica DM LM metallurgical microscope with a Nikon Coolpix 9100 digital camera.
- Metaserv Universal Polisher with grits from 320 to 4000.

- Plasplugs commerecial tile cutter.

- Struers LaboPol-5 automated polished with 1 and 1/4 micron diamond pastes.

- Ultra-sonic bath.

3 The two batches of samples, pelleted and mounted, were cut and prepared si-
multaneously.
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4.1.4 Phase analysis: Scanning Electron Microscope with Energy Dispersive X-Ray
Fluorescence

Optical mineralogy is an accurate technique, but one designed for minerals forming
under natural conditions over geological time scales. Although the same physical laws
apply to anthropogenic materials, the rates, temperatures and redox atmospheres at
which they were produced can result in configurations of matter not normally found in
nature. Understanding how these anthropogenic materials and structures relate to past
technological choices necessitates micro-structural and chemical analyses of small phases,
a task well suited to a SEM-EDS (Scanning Electron Microscope with Energy Dispersive
Spectrometry) or similar systems (e.g. Brandon & Kaplan 1999, Chescoe & Goodhew
1990, Goldstein et al. 2003, Olsen 1988, Reed 1996, Watt 1997). The compositionally-
reinforced identification of phases, and the interpretation of their formation conditions,
allows the confirmation and/or modification of the reconstructed chaine opératoire

generated by macro, bulk, and microscopic analyses.

Method:

Optical microscopy using visible light reaches a magnification limit when the wavelength
of the electromagnetic radiation (approx. 400-700nm) begins to approach the size of
objects under examination, e.g. very small slag crystals. At this point the light radiation
is increasingly diffracted through the sample’s crystalline matrix, thus limiting the ability
of an optical microscope to provide a clear image of very small areas. The principle of a
Scanning Electron Microscope (SEM) is to use a much smaller wavelength of radiation
to resolve at a higher resolution. The SEM works by directing a high-energy beam of
electrons at a sample in a vacuum. These electrons induce three principal emissions in
the sample: secondary electrons (SE), Back-Scattered Electrons (BSE), and secondary
X-rays. The SE emission is related to the reflection of incident electrons by the topography
of the sample, and is electronically converted to a visible image for assessing a material’s
surface (Chescoe & Goodhew 1990, Goldstein et al. 2003). The BSE emission is also
reflected from the surface, but its dispersion is related to the atomic mass density of the
sample, providing a visual impression of the material’s composition. The secondary X-ray
is caused by the incident electron beam displacing electrons from the orbitals of atoms
within the sample, this excitation principle is exactly as described for XRF bulk chemical
analyses (see above). The energy of X-rays emitted is detected by an Energy Dispersive
X-Ray unit (EDS) and used to provide quantitative readings for sample composition, and
can be directed for spot, line, and area scans to aid identification of phases within the
material (Chescoe & Goodhew 1990, Goldstein et al. 2003).
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Phase analysis in archaeometallurgy is usually performed on polished (flat) samples,
with little requirement for the topographic (SE) imaging of a SEM, but BSE imaging
is widely used to identify areas of interest for examination with the EDS unit (Olsen
1988). The JEOL JXA8600 unit used was actually a microprobe, with excellent vacuum
and current, stability, and thus analytical reliability. The probe was fitted with an Oxford
Instruments INCA X-sight Energy Dispersive Spectrometer system, controlled by INCA
software via a PC. The proprietary software also processed, displayed, and stored the
images and spectra acquired by the analyser. A cobalt standard was used to calibrate the
EDS analyser, and was scanned every session to guard against analytical drift - almost
nil on the JEOL JXA8600 unit. The Khao Wong Prachan Valley samples were analysed
using an accelerating voltage of 15kV, and a current of 1.5x10*A. NaO, is not reported
due to volatilisation-based inaccuracy. The instrument has as an accurate detection limit
of around 0.3wt%, lower values are reported as indicative of presence/absence only. This
level of accuracy was sufficient for the technological reconstructions and the interpretive
objectives of the present study. Oxygen was added by stoichiometry where appropriate,
taking into account the likely predominant iron valency in slag (Fe*") and ceramics/
minerals (Fe*"). Data presented in the thesis have been normalised, those in Appendix B

have not.

Preparation:

SEM-EDS analysis was performed on the same samples as were studied by reflected
light microscopy. The only difference was the addition of a layer of carbon, applied by
a sputter coater. This carbon layer touches the metal skeleton of the SEM and allows the
analytical surface to conduct electrons whilst being analysed, and grounds the sample so

it does not become charged.

Equipment:
- Edwards Auto306 carbon sputter coater.

- JEOL JXA8600 microprobe with Oxford Instruments INCA X-sight Energy Dispersive
Spectrometer (EDS) and INCA analytical software package.

4.1.5 Statistical analysis of compositional data

Although not a laboratory analysis in itself, comprehending, treating and manipulating
the data resulting from macro and microanalyses is another abstracted perspective on

archaeometallurgical material, and the human technologies that produced them - and as
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such is a form of phasescape. An ongoing process of archaeometallurgical analysis is
trying to combine different forms of analytical data in an attempt to discern patterns that
may have archaeological meaning (Fletcher & Lock 2005, Shennan 1997). As these data
are a primary means of generating technological reconstructions, and thus of identifying
technological choices and styles (see section 4.2.2 below), we should be very interested
in any grouping that appears and is possibly related to unintentional, uncontrolled, or
deliberate human metallurgical behaviour. Within a large archaeometallurgical dataset we
may assume that a consistent compositional and micro-structural signature for an artefact
class corresponds to a particular technological process or style of process, but we must

always remain wary of imposing the patterning we are predisposed to seek.

Many archaeometallurgical data are chemical in scalar form and can be processed using
simple bivariate plots to assess relationships between materials. After compositional
analyses (bulk or micro), each sample may have many chemical variables, making it
difficult to determine archaeologically-significant grouping without statistical processing.
Correlations identified by basic means can provide very useful information regarding
technological reconstruction, and can screen out those data which do not correlate to
anything and merely produce background noise. At this juncture, more sophisticated
statistical processing like Principal Components Analysis (PCA) can be used to reduce
the number of variables by generating ‘factors’ to explain multi-variate trends between
samples (Jolliffe 2002). This is very much an interpretive process as the researcher must
decide which variables to factorise, PCA may show groups that have no bearing on ancient

technological choices. For statistical protocol please see 4.3.5 below.

Preparation:

The output of chemical data from the analytical equipment is not ‘raw’, and has been
heavily processed by the systems’ software from the original energy spectra to produce
quantitative results. However, it is not in a form suitable for uploading to the SPSS™
statistical software package, and must first be scrutinised, cleaned, and organised. Any

data looking ‘odd’ were checked, and, if necessary, repeated.

Scrutinisation: The standard CRM measurements are particularly useful for assessing any
problematic analyses as their readings should be very uniform, and for ‘making sense’

within an empirical understanding of the sample being analysed.

Cleaning: Each sample is analysed three times in the XRF system and these readings must
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be averaged for each element. Elements that are not detected in samples, ‘nd’, need to be
converted to ‘0’ or they will not be recognised by the statistical software. Major elements
are usually reported as stoichometric oxides and trace elements in elemental form, but

this needs to be checked - data for ‘Fe,O,” were converted to ‘FeO’ for slag analyses.

Organisation: The compositional data needs to be arranged into groups of similar material.
There is no point using PCA to separate the artefacts into slag, ceramic, and mineral when

we already know this.

Equipment:
Microsoft Office 2004 (Mac) and 2007 (PC).

SPSS v14.0 (Mac).

Procedure:

Bulk chemical data were uploaded to SPSS from Excel and saved as a ‘.sav’ file. These
figures were then processed as a ‘data reduction’ by ‘factor’, with a set of 10 to 15
oxides and elements selected as variables on the basis of technological relevance and
trial and error. Processing and output options selected included: ‘univariate descriptives’,
‘coefficients’, ‘scree plots’, loading plots’, and ‘save as variables - regression’, with the
method as ‘principal components’ and extracted according to the number of variables
selected. This procedure was repeated with many permuations of variables until more
than 70% of compositional variation could be accounted for by the first three factors, and
the resulting groups made technological sense. For a full description of PCA procedure
please refer to Charlton 2007: 118-121.

4.1.6 Experimental archacometallurgy

Another archaeometallurgical methodology critical to the present study is that of field
experimentation. This topic is dealt with in detail in Chapter 7 and there is no need for

repetition here.

4.2 Liquidus calculations in archaeometallurgy

Historigraphically, a common element of archacometallurgical reports has been the
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reconstruction of the operating temperatures and atmospheres of ancient pyrotechnological
processes (e.g. Bachmann 1982: 13, Morton & Wingrove 1969, 1972, Tylecote 1962:
193, 1987: 295). These calculations are based on industrially-derived thermodynamic
models (e.g. Davenport et al. 2002: 62, 207) applied to archacometallurgical materials,
predominantly slag and alloy systems, and can potentially add valuable detail to our
understanding of past metallurgical practice. For archaeologists not trained in metallurgy,
the ability to generate temperature and gaseous environment estimates from slag samples
was doubtless impressive and reinfused scholarly interest in the interpretive potential
of ancient pyrotechnologies from many periods and contexts. Nevertheless, the author
has some reservations about these techniques, especially when applied in non-ferrous
archaecometallurgy. This concern is methodological in basis, but the potential problems
are exposed predominantly in the uniformity of temperature and redox estimates, and the
apparent inability to derive anthropologically significant interpretations from these figures.
Whilst there is no doubting technologies can develop and operate via innumerable paths
and contexts, there are some guiding physico-chemical criteria which must be fulfilled for
certain events to occur. In copper smelting, copper always melts at the same temperature
and has the same minimum partial pressure requirement wherever and whenever extraction
processes take place (Ellingham 1944). Worldwide, related geological processes produce
analogous metallogenic formations with comparable mineral suites, and, excepting very
pure copper ores, similar gangue components to be slagged off. Thus we are familiar
with operating parameters for ancient copper smelting activities of 1150-1250°C and
partial pressures of oxygen (ppO,) between 1x10~ and 1x10~. With most determinations
falling within this range, it could be argued that liquidus and redox calculations do not
provide a sufficiently distinctive characterisation of ancient technologies for the purpose
of comparing past chaines opératoires.

In an experimental copper smelting furnace, one might directly measure process parameters
with thermocouple arrays and efflux gas analysers (e.g. Burger et al. 2007, Merkel 1990),
but in archaeology we must work with the assemblage at hand, and although there are
means of assessing the thermal regime to which technical ceramics have been exposed
(e.g. Hein et al. 2007), archacometallurgists typically rely heavily on slag sample liquidus
determinations®. The method most commonly used to calculate liquidus is the plotting of
slag samples’ three principal bulk chemical components (although like compounds can be
grouped) on to a normative ternary phase diagram (e.g. Figure 4.1 but see Eisenhiittenleute

1995 and, Niirnberg 1981 for exhaustive permutations). This figure is then transposed

4 Alternative direct techniques for measuring the same parameters include reheat-
ing archaeological slags until their liquidus is reached, and determining the relative va-
lencies of iron within the sample by wet chemistry or Mdssbauer analysis (e.g. Adetuji
etal. 1995)
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to an Ellingham (1944) diagram where the intersection of the liquidus line with phase

boundaries relevant to the slag can be used to estimate ancient redox conditions (Figure

4.2). This reasoning sequence indicates that the accuracy of a redox determination is

contingent on the accuracy of the liquidus.
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Figure 4.1 - Ternary diagram for a FeO-CaO-SiO, slag system in equilibrium with
iron metal. Image from Eisenhiittenleute 1995.

Every archacometallurgist who produces liquidus figures does so in the knowledge that

they are indirect imperfect estimations based on a large number of assumptions and

simplifications. However, some of these calculatory concessions are so great as to render

the entire exercise problematic - especially in non-ferrous archacometallurgy:

The Oxford English Dictionary definition of ‘liquidus’ is, “...a temperature..,
above which a mixture is entirely liquid and below which it consists of liquid
and solid in equilibrium...” (www.oed.com, accessed 17" June 2008). Thus, slag
liquidus represents only a minimum temperature for the smelting process,which
has been experimentally demonstrated to potentially run several hundred degrees
centigrade hotter (e.g. Merkel 1990, Bassiakos et al. 2008).

Anarchaeological operating temperature derived froma slag liquidus determination
relates only to that zone of the reaction where slag was formed, normally towards
the base of the crucible/structure.

Liquidus calculations assume the slag is fully fused and homogeneous when

ancient processes produced slags that are regularly heterogeneous and often
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partially fused (Artioli et al. 2007, Bachmann 1982, Bourgarit 2007, Burger et al.
2007).

Ternary phase diagrams are modelled from experimental data in controlled
laboratory conditions, typically used for understanding and improving industrial
materials and production methods, and not for archaeological application. Our use
of this technique necessitates selecting a diagram with the closest compositional
fit to the slag data, which are then reduced to three major constituents (or groups
of constituents) and normalised, thus ignoring the possible thermodynamic effects
of minor and/or trace components on non-equilibrium and non-optimised ancient
smelting systems (Bachmann 1982: 11, Kongoli & Yazawa 2001: 583).

Bulk chemical analyses report iron as a common constituent of ancient slags,
but cannot independently distinguish between Fe, as in iron or ferrite, Fe**, as in

fayalite or wiistite, Fe**, as in haematite and limonite, or Fe*’3*

, as in magnetite.
Slags, especially from non-ferrous production, frequently contain multiple iron
valencies, but this variability cannot usually be accounted for by existing ternary
phase diagrams without excluding other major components.

Not only do ternary phase diagrams assume thermodynamically stable fully molten
systems, they are usually calculated for oxygen partial pressures in equilibrium
with air or metallic iron (Kongoli & Yazawa 2001: 583). Whilst the latter is
acceptable for ancient iron smelting process, it is arguably inappropriate for non-
ferrous archaeometallurgy where reactions probably took place at intermediate,
though variable, partial pressures (Bassiakos et al. 2008).

As noted above, the calculation of ancient redox conditions by Ellingham diagram
is contingent upon the liquidus determination, but recent slag research shows that
liquidus is significantly influenced by the partial pressure of oxygen to which the
system is exposed (e.g. Kongoli & Yazawa 2001). Thus our process parameter
reconstructions have a potentially wide error margin due to the cumulative
application of circular arguments - our liquidus figure is influenced by redox but

is then used to calculate redox.

In combination, these factors contrive to make traditional liquidus calculations for non-

ferrous production processes either analytically inaccurate or of limited descriptive

and interpretative power. Of course, it is easy to criticise and harder to construct, but

in theory, if it is possible to improve the accuracy and validity of liquidus calculations,

the subsequent parameter reconstructions for ancient non-ferrous processes could prove

valuable discriminatory criteria in defining metallurgical styles.
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Figure 4.2 : Ellingham Diagram from Gilchrist 1989.

The following literature was introduced to the author by Mihalis Catapotis®, and although
these techniques are presented as an improvement to the existing methodology, they too
are built on multiple assumptions derived from modern industrial research, the foremost
issue for archacometallurgists is that reactions proceed to equilibrium. Over the last
decade a core of researchers [henceforth ‘Flogen group’] have been developing and
testing improved thermodynamic models for extractive metallurgy, but specifically for
slag systems formed in intermediate oxygen partial pressures, and taking further into
account the effect of minor additives to the melt (e.g. Kongoli & Felton 1998, Kongoli et
al. 1999, Kongoli & Yazawa 2001, 2003, Kongoli et al. 2003).

5 Whilst Catapotis was lecturing at the University of Sheffield in 2003/2004.
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The predominance of ternary phase diagrams in equilibrium with metallic iron is not only
problematic in archacometallurgy. Industrial metallurgists have also reported unpredicted
and hitherto inexplicable issues in large-scale copper production, typically the unforeseen
precipitation of magnetite, raising slag viscosity, and subsequently increasing copper loss
(Davenport et al. 2002: 173). The Flogen group demonstrate that the traditional definition
of slag components as acidic, basic, or neutral is not universally valid due to variable and
often inverted melt behaviour at intermediate oxygen partial pressures (cf. Davenport et
al. 2002: 59). In particular, common minor oxides like calcia and magnesia, normally
considered to be fluxes, can in fact increase liquidus and viscosity at intermediate
partial pressures (e.g. Figure 4.3, Kongoli & Yazawa 2001: 585). Likewise, small
amounts of alumina, normally thought to be a refractory network-former, can actually
reduce liquidus and improve slag liquidity (Figure 4.4, Kongoli & Yazawa 2001: 587).
The copper oxide content (frequently high in ancient slags) can also play a significant
role in slag formation (Kongoli & Yazawa 2001: 590). Clearly, the situation is far from
straightforward, as the behaviour of each slag component is intricately context specific,
and dependent on its relative abundance within the melt, as well as the energetic, thermal,
and gaseous environment. However, it is beyond the scope of this thesis to provide a
detailed explanation of the technical complexities of slag systems with multiply shifting

and mutually influencing variables.

In practice, the use of Kongoli et al’s (e.g. 2001) Flogen diagrams requires a significantly
greater interpretative input than traditional liquidus calculation, which is no bad thing
considering that archaecometallurgy is a human-oriented discipline at heart. All phase
diagrams should be chosen carefully for their relevance to the archaeological data, but
Flogen diagrams mustalso be selected for appropriate redox conditions and the contribution
of minor oxides. Considering that traditional archaeometallurgical redox estimates using an
Ellingham Diagram are systematically imprecise, being built upon potentially inaccurate
liquidus calculations, and indicating a wide range of possible gaseous environments, it
is perhaps safer to bypass the vague and circularly contingent determination of redox via
liquidus, and instead make an educated estimate of likely prevailing gaseous atmospheres.
For copper, this appraisal would, inevitable variability accepted, lie between a ppO, of

1x10° and 1x10* (Figure 4.2), and an appropriate diagram may thus be chosen.

In order to take into account minor oxides within a phase diagram of limited dimensions,

it is necessary to rationalise the iron content of slags, which would otherwise have to be
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Figure 4.3 - Binary diagram showing the liquidus effect of vary-
ing ppO, and calcia content on slag system with a Fe/SiO, ratio
of 1.1. Image from Kongoli & Yazawa 2001: Figure 8.
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Figure 4.4 - Binary diagram showing the liquidus effect of vary-

ing alumina and calcia content on slag system with a Fe/SiO,

ratio of 1.1 and a constant ppO, of 1x10*® or in equilibrium with

iron metal. Image from Kongoli & Yazawa 2001: Figure 14.
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Figure 4.5 - Binary diagram showing the liquidus effect of vary-
ing calcia content and Fe/SiO, ratio on slag system with a ppO,
of 1x10%. Image from Kongoli & Yazawa 2001: Figure 10.
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represented with variables for ‘Fe’, ‘FeO’, ‘Fe,O,’, and ‘Fe,0,’. Whether compositional
data is calculated for elements or oxides (stoichiometrically) is a matter of interpretation,
as most analytical techniques cannot determine valency state®. Likewise, estimating iron
ion ratios by the relative abundance of wiistite and magnetite precipitations is problematic,
as Fe?" ions will be underrepresented due to their bonding with silica within the slag
matrix. Therefore, it is perhaps safest to convert all iron oxide data to metallic iron, and

calculate the ratio ‘Fe/SiO,’ as a meaningful indicator of a slag’s core composition.

The Fe/SiO, ratio is normally the x-axis of Flogen diagrams, with calcia content typically
forming the y-axis. The effect of quaternary components is modelled by plotting
isotherms for constant levels of minor oxide (e.g. Figure 4.5). The result is a series of
simple two-dimensional diagrams, far more suitable for non-ferrous archacometallurgical
data than ternary phase plots calculated in equilibrium with air or metallic iron, though
they still assume the reaction has proceeded to a stable state. The use of Flogen diagrams
implies a degree of choice over appropriate redox conditions, but informed subjectivity
and critical data examination are perhaps preferable to the nebulous liquidus and redox
output of the traditional technique. Indeed, the Ellingham diagram is still of use, as the
Flogen-calculated liquidus can be plotted against the known redox conditions (i.e. ppO,
of 1x10®), and used to crosscheck that all the phases identified microscopically within
the slag are thermodynamically possible given the liquidus determination. A further
advantage of the revised methodology is that the diagrams are binary rather than ternary,
allowing archaeologists not trained in metallurgy better access to archacometallurgical
knowledge. The present study will employ ternary plots as they remain an excellent
means of illustrating compositional groupings, but they will be used to calculate liquidus

only for comparative purposes with the Flogen models.

Summary

Archaeometallurgical study is thus an iterative sequential process for interpreting physical
characteristics like the chemical composition and microstructure of samples in terms of raw
materials and process parametres and translating them into an understanding of past chaines
opératoires and the technological choices that constituted them and the technological
styles that define them. Every cycle of the archacometallurgical hermeneutic is layered
with archaeological and scientific theory, interpretation and subjectivity, which should be
as explicit as possible. In particular, the use of complex analytical instruments does not
imply ‘correct’ results but builds in many more factors of potential error. However, without

these specially developed techniques and approaches, archaeology would be largely devoid

6 See footnote 4.
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of detailed insights into ancient metallurgical behaviour. These interpretive opportunities
and limitations were borne in mind as the analytical methodologies described above were
applied to metallurgical samples from early Iron Age Non Pa Wai (Chapter 5) and later
Iron Age Nil Kham Haeng (Chapter 6), an identical approach ensuring subsequent data
comparability (Chapter 8).
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Chapter 5

Metallurgical Analyses and Technological

Reconstruction - Non Pa Wai Metallurgical Phase

Two

An accurate and detailed reconstruction of chaines opératoires lie at the core of any
discussion of metal in a social context. Previous chapters have laid the theoretical
(Chapter 3) and methodological (Chapter 4) foundations for this, tempered by the realities
of the archaeological data (Chapter 2). This chapter presents the analyses, reconstruction,
and interpretation of copper smelting activities at early Iron Age Non Pa Wai Period 3
Metallurgical Phase 2. The samples of NPW3/MeP2 mineral, technical ceramic, and slag
were prepared for macroscopic, bulk compositional, microscopic, and phase compositional
analysis according to the methodology detailed in Chapter 4. A sample catalogue and

complete analytical data are presented in Appendices A and B.

5.1 Minerals

Mineral finds were classified according to whether they clearly did not originate from the
immediate geology of the site, and subsequently must have been moved by people. The

present study examined only minerals from secure NPW3/MeP2 contexts.

5.1.1 - Macro analysis

Of the thirteen samples assessed, nine (NPWM1, NPWM4, NPWMS5, NPWM6, NPWMS,
NPWM9, NPWMI11, NPWMI12, NPWM13) have visible signs of copper compound
presence. These signs consisted usually of staining, but in two instances veining, with
malachite and azurite - as identified macroscopically. None of the samples had visibly
discernable copper sulphide compounds, although one (NPWM13) did contain pyrite. The
key characteristics of the samples are summarised in Table 5.1, and detailed in Appendix
A.

In terms of the gangue, seven (NPWMI, NPWM2, NPWM3, NPWM4, NPWMS5,
NPWM7, NPWMBS) samples appear to be largely silica-based, whereas three (NPWMS6,
NPWM10, NPWM12) samples seem to be predominantly iron oxide-based. Two samples
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(NPWM11, NPWM9) have gangue comprised of both silica and iron oxide, and one
sample (NPWM13) is almost exclusively iron sulphide. The issue of whether minerals
have been ‘roasted’ prior to smelting is an interesting technological consideration (e.g.
Craddock 1995), but within the NPW3/MeP2 mineral assemblage there is no indication
of any of the samples having been heat treated to increase their mechanical or chemical

suitability for smelting.

Overall, the visual impression is of an oxide-biased mineral assemblage of siliceous
and ferruginous rocks containing various degrees of copper compound staining and/or

veining. Only NPWM13 stands out significantly with its obviously sulphidic matrix.

Sample Siliceous Ferruginous  Pyritic Cz;:r%zﬁ;es S(u:Ic;) F;ﬁg:;s
NPWM1 X X
NPWM2 X
NPWM3 X
NPWM4 X X
NPWM5 X X
NPWM6 X X
NPWM7 X
NPWM8 X X
NPWM9 X X X

NPWM10 X
NPWM11 X X
NPWM12 X X
NPWM13 X X X X

Table 5.1: Macro-characteristics of NPW3/MeP2 mineral samples.

5.1.2 Bulk Chemistry

NPW3/MeP2 mineral samples were prepared for [P]ED-XRF bulk analysis and the
resulting data processed as per the procedures detailed in Chapter 4. Complete chemical

data may be seen in Appendix B (Table B.1).

At the major element level, the chemical data (Table 5.2) for the Iron Age Non Pa Wai
samples are consistent with the macro-analytical identifications above, that is a suite of
siliceous rocks containing varying amounts of lime, alumina, and oxidic copper minerals.
The clear exceptions to this, again noted in hand specimen are: NPWM6, NPWMI10,
and NPWM12 whose very high iron oxide concentrations confirm their identification as
predominantly iron oxide minerals, and NPWM13, whose composition is pyritic. The

Non Pa Wai samples contain c. 5wt% copper oxide on average, but of those only the
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10g NPWMI11 is definitely ore quality with c. 27wt% copper. The slightly low analytical

totals may be due to the presence of carbonate compounds.

NPWM1
NPWM2
NPWM3
NPWM4
NPWM5
NPWM6
NPWM7
NPWM8
NPWM9
NPWM10
NPWM11
NPWM12
NPWM13
mean
std dev
CcVv

MgO ALO, SiO, SO, CaO Fe,0, CuO Total
wt% wt% wt% wt% wt% wt% wt% wit%
0.1 85 697 00 103 87 1.6 953
0.1 61 717 00 58 74 79 952
0.1 25 86 00 03 82 3.0 904
03 42 714 00 74 132 21 939
14 157 672 00 1.8 43 23 926
27 35 78 00 28 776 43 965
0.1 83 606 00 83 13.6 81 90.8
0.1 08 83 01 07 38 72 903
1.7 148 37.0 0.0 210 21.0 25 873
02 07 12 03 01 968 0.1 995
9.7 11.6 204 0.1 02 289 275 782
04 1.1 42 01 01 919 13 919
0.1 00 220 233 46 456 13 832
1.3 60 464 18 49 324 53

27 54 317 64 60 343 72

205% 90%

68% 350% 122% 106% 134%

Table 5.2: [P]ED-XRF bulk chemical analyses of NPW3/MeP2

mineral samples, selected major and minor oxides.

Ni
ppm

Zn
ppm

Sr
ppm

Hf

ppm ppm

Ta

NPWM1
NPWM2
NPWM3
NPWM4
NPWM5
NPWM6
NPWM7
NPWM8
NPWM9
NPWM10
NPWM11
NPWM12
NPWM13

10
122
19
53
180
31
62
102
12
19
448
33
1557

61
851
122
283
1027
1156
270
230
154
218
4157
1032
82

1118
709
23
391
757
47
821
29
376
12
11
<10
42

73
175
102
87
79
<10
213
155
110
70
<10
192
132

32
196
152
98
38
2
220
174
126
78
<10
218
298

mean
std dev
CcVv

204
424

208% 149% 118% 62% 66%

742
1103

333
393

107
66

133
88

Table 5.3: [P]JED-XRF bulk chemical

analyses of NPW3/MeP2 mineral samples,
selected trace elements.
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At the trace level, zinc, strontium, nickel, tantalum, and hafnium are the predominant
elements, though they are irregularly distributed with a mean CV of 120% (Table 5.3).
Scatter plots suggest there is a strong positive relationship (R*=0.761) between hatnhium
and tantalum (Figure 5.1), although it has not been possible to ascertain with which major
element these traces are associated. The concentration of strontium is largely correlated
with the level of alumina and silica within the sample, although calcia is perhaps somewhat
related (Figure 5.2).

Phase
@ Mep2
S, Fit line for Total

0.030-

0,025

0.020—

0.015=

Ta

0.010—

R S5g Linear = 0.761

0,005 =

T T T T
0.000 0.005 0,010 0015 0020 0.025
Hf

Figure 5.1: Scatter plot of NPW3/MeP2 mineral samples [PJED-XRF bulk chemical data - hafnium
versus tantalum, axes are in wt%. Image: author.

Al203 Si02 CaO Sr
Correlation Al203 1.000 .184 .503 .555
Sio2 .184 1.000 .145 .508
CaO .503 .145 1.000 .488
Sr .555 .508 .488 1.000

Figure 5.2: Correlation matrix of NPW3/MeP2 mineral sample [P]ED-
XRF bulk chemical data - alumina, silica, calcia, and strontium. Image:
author.

5.1.3 Discussion

The problems with excavated mineral assemblages are recognised (e.g. Craddock 1995),
and in the churned NPW3/MeP2 deposit we cannot be certain whether the relatively
dispersed and low density mineral finds were due to ore-sorting choices or accidental
losses by the metalworkers. Despite the best endeavours of the excavators there remains
the possibility of sample recovery variation in the field, with fieldworkers perhaps primed
for blue/green copper carbonates, but less familiar with sulphides and gangue minerals.
The mineral assemblage is, on the whole, arguably associated with Non Pa Wai’s copper

smelting activities, and is commensurate with the Valley geology.

123



5.2 Technical ceramic

Technical ceramics were defined as non-domestic ceramics associated with industrial
activities, and included: moulds, crucibles, and possible ‘furnace’ fragments; the moulds
are undergoing study by Judy Voelker. The present study examined only crucible and
‘furnace’ fragments from secure NPW3/MeP2 contexts, and was principally intended to

evaluate their potential role within the copper smelting chaine opératoire.

5.2.1 Macro Analysis

Of the thirteen samples assessed, ten (NPWTCI1 through NPWTC10) were crucible
fragments, and three (NPWTCI11, NPWTC12, NPWTC13) were ‘furnace’ fragments,
as classified by the TAP excavators. The key visual characteristics of the samples are

summarised in Table 5.4, and detailed in Appendix A.

I . Bloated/ .
Sample Hi-fired Lo-fired Vitrified Slagged Copper sign  Perforated

X

NPWTC1
NPWTC2
NPWTC3
NPWTC4
NPWTC5
NPWTC6
NPWTCY7
NPWTCS
NPWTC9
NPWTC10
NPWTCI11 X
NPWTC12 X

NPWTC13 X X ?
Table 5.4 - Macro-characteristics of NPW3/MeP2 technical ceramic samples.

>
>

X

T R
T T R
T R
T T B e e IS S

‘Pit-rim’ fragments:

The supposed ‘furnace’ or ‘pit-rim’ samples were made from a friable low-fired oxidised
red coarse organic-tempered fabric. The fragments are consistently around 40mm thick,
and range from 50mm to 100mm in diametre. The samples have a rectilinear appearance
with apparently flattened rims and bases but little curvature (Figure 5.3). One of the
samples has a possible perforation in what appears to be the base, but the evidence is
ephemeral at best (Figure 5.4). There is no clear evidence of manufacturing technique, but
coiling, moulding, or slabbing are probable, throwing would be highly unlikely. Although
the furnace fragments are low-fired, two of the three samples (NPWTC11 and NPWTC12)

124



Figure 5.3 - Pit rim fragment NPWTC11. Image: author.

Figure 5.4 - Pit rim fragment NPWTC13
showing possible perforation evidence.

Image: author.

do have a slight thermal/redox gradient in their profile, with a slightly higher-fired grey
layer adhering to what appears to be the interior surface (Figure 5.3). There is no sign
of any bloating, slagging or vitrification, although NPWTCI13 does have some sign of
corroded copper.

potsherds

terracotta
collar's frag.

23cm

crucible frag.s

overfired shards

light-red
- M coloured walls of the pit

NPW'86 Feature 34 section sketch&reconstruc. not to scale

Figure 5.5 - Possible smelting pit excavated in NPW3 deposit. Image:
Roberto Ciarla.
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With no complete examples for comparison it is hard to reconstruct the stand and form
of the ‘furnaces’, and the best impression we have is a sketch by Roberto Ciarla in his
1986 field notebook for the Non Pa Wai excavation (Figure 5.5), which illustrates a low
ceramic rim around a shallow pit. This ‘pit-rim’ could have conceivably served to contain
charcoal within the pit (cf. Los Millares smelting pit Craddock 1999: Figure 1), though
a similar effect could have been achieved by using a slightly deeper pit. The low-fired
condition of the fragments would be consistent with the high-temperature reaction being
contained within the crucibles.

Lat

Figure 5.6 - Crucible fragment
NPWTC3. Image: author.

Figure 5.7 - ‘Mr Crucible’. Image:
Roberto Ciarla.

Figure 5.8 - Crucible fragment

Figure 5.9 - Crucible fragment
NPWTCT7 curvature. Image: author.

NPWTC4 cross-section. Image: author.
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Figure 5.10 - Crucible fragment NPWTC9 slag- Figure 5.11 - Unused and used brass casting
ging. Image: author. crucibles from Ban Pa Ao. Image: author.
Crucibles:

The crucibles were constructed from a tough well-fired reduced black coarse organic-
tempered fabric (Figure 5.6). The fragments exist as rim, body, and base sherds ranging
from 10mm to 60mm in thickness, and 50mm to 150mm in diametre. The samples
generally exhibit clear curvature, and can be reasonably correlated to the sole complete
example (known as ‘Mr Crucible’, Figure 5.7), which was recovered from a NPW3/
MeP2 context. The generic reconstructed form of the crucibles is a bowl approximately
200mm in diametre, with an almost hemispherical base up to 60mm thick, and walls that

progressively thin to around 10mm with a rounded rim (Figure 5.8).

All of the crucible fragments have a strong thermal/redox profile (Figure 5.9), with varying
degrees of bloating, vitrification, and slagging on their concave surfaces (Figure 5.10).
This combined evidence strongly suggests high temperature processes took place entirely
within the crucibles, internal rather than external heating. This interpretation would be
commensurate with the insulating qualities of the organic-tempered fabric: were the
crucibles externally heated, the energy would have to be conducted through the vessel

wall, leaving greater heat damage on the exterior (Bayley & Rehren 2007).

The substantial quantity of slag adhering to all of the samples is consistent with the crucibles
having been used as smelting reaction vessels (Figure 5.10), as is further evidenced by
microanalysis. The melting of even a relatively dirty metal would normally result in a
lesser degree of scoria - compare an ethnographic example of a brass casting crucible
from Ban Pa Ao, near Ubon Ratchatani in northeast Thailand (Figure 5.11). The fact that
nine of the ten samples (only NPWTC2 excepted) have visible copper staining suggests
the adhering slag was from a relatively low efficiency smelting process, although it is

possible the crucibles were used for both smelting and melting purposes.
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5.2.2 Bulk Chemistry

The technical ceramic samples from Non Pa Wai were prepared for [P]JED-XRF bulk
analysis and the resulting data processed as per the methodology detailed in Chapter 4.

Complete chemical data may be seen in Appendix B (Table B.2).

ALO, SiO, CaO Fe,0, CuO Total

wt% wt% wt% wt% wt% wt%
NPWTC1 crucible | 16.1 683 45 7.1 02 925
NPWTC2 crucible | 19.5 60.7 56 9.6 0.1 883
NPWTC3 crucible | 20.1 60.1 52 9.6 0.1 89.1
NPWTC4 crucible | 18.1 623 52 86 05 879
NPWTCS5 crucible | 209 598 46 93 02 919
NPWTCS6 crucible | 17.5 643 52 80 04 94.1
NPWTCT7 crucible | 17.5 649 54 80 0.1 92.1
NPWTCS8 crucible | 19.6 594 54 97 12 937
NPWTC9 crucible | 19.1 585 49 92 33 937
NPWTCI10 crucible| 17.5 63.6 53 83 02 934
NPWTCI11 pit-rim | 18.4 608 6.5 88 02 89.6
NPWTCI12 pit-rim | 184 622 55 87 0.3 83.0
NPWTC13 pit-rim| 18.6 61.7 55 9.1 03 894

mean 18.6 620 5.3 8.8 0.5
std dev 1.3 27 05 08 09
Cv 7% 4% 9% 9% 161%

Table 5.5 - [P]JED-XRF bulk chemical analyses of NPW3/
MeP2 technical ceramic samples, selected major and minor
oxides after data normalisation, analytical total presented.

The NPW3/MeP2 crucibles and furnace fabrics share a similar major oxide chemistry,
and have a mean composition of 62.0wt% silica, 18.6wt% alumina, 8.8wt% iron oxide,
and 5.3wt% calcia (Table 5.5). Iron oxide and calcia have the highest CVs at 9%, but the
mean coefficient for the above oxides is fairly low at around 7%, probably indicating a
standard clay source for the technical ceramics, chemically commensurate with the local
geology'. The copper oxide content of the samples ranges between 0.1wt% to 3.3wt%,
but averages 0.6wt% in the crucibles and 0.3wt% in the pit-rims, most likely reflecting
slag contamination in the former. None of the other major oxides show any significant
differentiation between the two artefact classes, again suggesting the use-lives of the
ceramics did not substantially disrupt the paste uniformity (Figure 5.12). The refractoriness
of the ceramics would be relatively low, but was doubtless sufficient for the probably
limited duration of the technical tasks in hand (e.g. Childs 1990, Freestone 1989, Rehren
& Bayley 2007, Tite et al. 1985, Tite et al. 1990). Again, low analytical totals suggest

1 The current inhabitants of the Khao Wong Prachan Valley do not produce pot-
tery, and local clay sources have been neither located nor sampled.
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carbonates may be present.
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Figure 5.12 - Ternary plot of NPW3/MeP2 technical ceramic
samples [P]JED-XRF bulk chemical data - selected major ox-

ides.

Zn Sr Zr Ba
ppm ppm ppm ppm
NPWTCI crucible | 59 458 111 219
NPWTC2 crucible | 111 706 70 252
NPWTC3 crucible | 74 591 84 202
NPWTC4 crucible | 131 711 65 533
NPWTCS5 crucible | 94 544 68 179
NPWTCS6 crucible | 61 580 67 194
NPWTCTY crucible | 97 572 97 164
NPWTCS crucible | 88 699 73 211
NPWTC9 crucible | 94 564 60 184
NPWTCI10 crucible| 83 591 71 249
NPWTCI11 pit-rim | 83 689 65 333
NPWTCI12 pit-rim | 107 645 65 389
NPWTC13 pit-rim | 95 688 72 341
mean 91 618 74 265
std dev 20 78 15 107
CVv 22% 13%  20% 40%

Table 5.6 - [P]JED-XRF bulk chemical analyses of
NPW3/MeP2 technical ceramic samples, selected
trace elements after data normalisation.

Strontium appears to dominate the trace element chemistry of both crucibles and furnaces,
with a mean of 618ppm and a CV of only 13%. Other leading traces include barium
(mean 265ppm), zinc (mean 91ppm), and zirconium (mean 74ppm), all of which have
CVs of 40% or less (Table 5.6). The strontium within the samples appear to be positively

correlated with calcia and alumina and negatively to silica, whereas zirconium has a strong
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positive correlation to silica and a negative correlation to alumina and calcia (Figure
5.13). A ternary plot of the samples’ content of strontium, zinc, and zirconium shows a
tight cluster for the NPW3/MeP2 ceramics (Figure 5.14). There does not appear to be any
significant trace element variation between crucible and furnace samples, suggesting the
relatively uniform trace element chemistry is a function of a single clay source being used
for NPW3/MeP2 technical ceramics.

Al203 Sio2 Ca0 Sr Zr Ba
Correlation  Al203 1.000 -.883 .018 .321 -.494 -.145
Si02 -.883 1.000 -.254 -.500 .723 -.002
CaO .018 -.254 1.000 .732 -.359 .361
Sr .321 -.500 .732 1.000 -.592 .608
Zr -.494 .723 -.359 -.592 1.000 -.364
Ba -.145 -.002 .361 .608 -.364 1.000

Figure 5.13 - Correlation matrix of NPW3/MeP2 technical ceramic sample [P]JED-XRF bulk
chemical data - alumina, silica, calcia, strontium, zirconium, and barium.
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Figure 5.14 - Ternary plot of NPW3/MeP2 technical
ceramic samples [P]ED-XRF bulk chemical data -
selected trace elements.

Therm"’." Elongate Modified Olivine Crypto Iron oxide lron oxide _ .
Sample  degradation - . . . , . - Prills
. vesicles inclusions skeletons ‘glass’ (primary) (residual)
gradient
NPWTCL1 X X X X X X X X
NPWTC3 X X X X ? X X X
NPWTCS8 X X X X X X X X
NPWTC11 - X -
NPWTC12 - X -
NPWTC13 - X -

Table 5.7 - Micro-characteristics of NPW3/MeP2 technical ceramic samples.
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5.2.3 Micro analysis

The macro and bulk analysis technical ceramic population was sub-sampled for further
study by OM and SEM-EDS. The Non Pa Wai crucibles were selected for microanalysis
according to which of them appeared most likely to provide a section including slag and
vitrified ceramic as well as the more intact fabric: NPWTC1, NPWTC3, and NPWTCS.
Due to the low population, all of the ‘pit-rim’ fragments were analysed. The key micro-

characteristics of the samples are summarised in Table 5.7.

A problem for the present study, both in optical and scanning electron microscopy, was the
occasionally poor quality of polish on the analytical surface. Despite careful preparation
of the mounted samples, the friable nature of the furnace fragments, and the bloated
vesicles of the crucible fabric suffered constantly from plucking and gouging. Excessive
topography could also render EDS compositional study problematic due to the diffraction
of incident X-rays, but chemical microanalysis was focused on the crucible slag layers,
which were acceptably polished. Whilst the following paste descriptions and interpretations
would certainly be improved by petrographic thin section analysis, important information

was extracted from the NPW3/MeP2 technical ceramic assemblage.

Pit-rim fragments:

The pit-rim fragments have a relatively
uniform microstructure across the section
due to the lack of a thermal profile. The
paste is composed of an optically-active
red micromass, with frequent sub-angular
to sub-rounded fragments of quartz and
iron oxide ranging from c. 0.0lmm to c.
0.5mm, and few sub-rounded fragments
of iron oxide ranging from c. 0.01lmm to
c. 0.2mm (Figure 5.15). The inclusions
are relatively well sorted, with no clear
evidence of preferred orientation, and their
size distribution seems to be polymodal.

Especially interesting is the frequent

presence of elongate curvilinear vesicles

| Timm ' Election Image 1

c. 0.1mm to c¢. 0.2mm wide and up to c. Figure 5.15 - Optical (ppl) and SEM-BSE images,

both at x50, of NPWTC11 micro-features, ‘a’ micro-

mass, ‘b’ quartz, ‘c’ iron oxide, and ‘d’ vesicles

orientation (Figure 5.15). - ‘Spectrum 1’ exemplar of Imm?EDS area scan on
fabric. Images: author.

Imm in length, and also without preferred
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These characteristics would suggest the furnaces were produced from a sedimentary
(non-pure) clay due to the presence of multiple mineral inclusions. The weathered (not
freshly fractured) appearance of these particles, and the apparent absence of a modal
distribution suggests they are either natural contaminants or evidence for non-systematic
inorganic tempering. However, the paste was likely modified by substantial quantities
of plant matter, which, after having burnt out during firing, could explain the extended
airspaces in the furnace fabric. The lack of preferred orientation in the microstructure
further reinforces the suggestion that the ancient metalworkers most likely used hand-

building techniques to produce their ‘furnace’ structures.

Spectrum 1

imm ' Electron Image 1 imm Electron Image 1

Figure 5.16 - Optical (ppl) and SEM-BSE images, Figure 5.17 - Optical (ppl) and SEM-BSE images,

both at x50, of NPWTC3 exterior section micro- both at x50, of NPWTCS interior section micro-

features, ‘a’ micromass, ‘b’ quartz, ‘c’ iron oxide,  features, ‘a’ micromass, ‘b’ quartz, ‘c’ iron oxide, ‘d’

and ‘d’ vesicles - ‘Spectrum 1’ exemplar of Imm?  vesicles, ‘e’ copper compound penetration - ‘Spec-

EDS area scan on fabric. Images: author. trum 1’ exemplar of 1mm?EDS area scan on fabric.
Images: author.

Crucible fragments - paste:

The crucible fragments have a distinct microstructural gradient across the section due to
the thermal profile. Towards the exterior, less heat-damaged, surface the paste is composed
of an optically slightly active red micromass, with regular sub-rounded fragments of
semi-fused quartz ranging from c. 0.05mm to c. 0.2mm, and sub-rounded fragments of

iron oxide ranging from c. 0.05mm to c. 0.15mm, all of which seem to have a fairly
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tight size distribution (Figure 5.16). The inclusions are relatively well sorted and have
no clear evidence of preferred orientation, perhaps due to their blurred partially-melted
boundaries. Elongate curvilinear vesicles c. 0.1mm to 0.2mm wide and up to c¢. Imm in

length, are frequent and without preferred orientation (Figure 5.16).

The interior crucible surface is highly vitrified and bloated to the point of substantially
obscuring the microstructure (Figure 5.17). The micromass, where it can be seen, is
optically inactive, with regular fused grains of quartz ¢. 0.1mm to c. 0.3mm in diametre,
and occasional iron oxide fragments ¢. 0.2mm in diametre, it was not possible to identify
further mineral species within the heat-damaged matrix. Large sub-spherical vesicles, c.
0.1mm to c. 0.5mm in diametre, are widely distributed up to c. 10mm from the ceramic/
slag interface (Figure 5.18), a degree of high-temperature modification also attested by the
penetration of copper compounds into the section (Figure 5.17). As would be expected,
the sorting of inclusions appears to be similar to that seen in the exterior fabric, and

evidence for preferred orientation is even more indistinct.

Figure 5.18 - Crucible fragment
NPWTC8 mounted in 32mm polished
block, widespread bloating visible
throughout ceramic. Image: author.

These characteristics would suggest the crucibles were also produced from a sedimentary
clay tempered with organic material, and possibly modified (levigation?) to reduce the
quantity of very large (c. 0.5mm) quartz grains seen in the ‘pit-rim’ ceramic paste. The
microstructural evidence for a thermal gradient corroborates the macro evidence, and
indicates the crucibles were subjected to strong internal heating. The exterior crucible
fabric is under going vitrification, its high temperature exposure appears to have been
enough for sintering to begin diffusing grain boundaries and reducing optical activity.
However, the interior fabric is heavily degraded, with extensive bloating (perhaps
developed from the original elongate vesicles), and some penetration of copper-rich slag

products.
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Figure 5.19 - NPWTCS crucible slag micro-features at 100x (left) and 500x (right), by plane polarised
light (top) and SEM-BSE (bottom). Labels ‘a’ olivine skeletons, ‘b’ primary magnetite euhedrals, ‘¢’
cryptocrystalline glass, ‘Spectrum 1’ exemplar of 0.1mm? EDS area scan on slag matrix. Images: author.

Figure 5.20 - NPWTCI crucible slag micro-features at
500x under plane polarised light, ‘a’ residual magnetite, ‘b’
primary magneitite dendrites, ‘c’ copper base prills. Image:
author.

Crucible fragments - slag:

The microstructure of slag adhering to the three crucible samples assessed is composed
of three major components: interstitial glass, spinel and iron oxide crystals (Figure 5.19),

as well as copper prills and residual iron oxide minerals (Figure 5.20).
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MgO AlQ, SiO, CaO FeO CuO Total Fe/SiO,
wt% wt% wt% wt% wt% wt% wt% wt ratio
NPWTC1| 0.5 2.1 183 2.6 748 0.6 885 3.2
NPWTC3| 09 1.5 335 104 50.7 03 858 1.2
NPWTCS8| 0.7 1.1 305 4.1 61.8 0.7 86.1 1.6
mean 0.7 1.6 274 57 624 05
stddev 0.2 0.5 8.0 42 12.1 02
CcVv 31% 30% 29% 73% 19% 43%
Table 5.8 - SEM-EDS phase analyses of NPW3/MeP2 crucible

slag olivine crystals, selected major and minor oxides after data
normalisation, analytical total presented.

Olivine skeletons - Elongate olivine crystal skeletons are a frequent feature of the NPW3/
MeP2 crucible slags, and range in width from c. 0.02mm to c. 0.04mm, and in length
from c. 0.Imm to c. 0.5mm (Figure 5.19a). Olivines should not be able to form under
intermediate partial pressures (Kongoli & Yazawa 2001: 585), that they have is indicative
of variable redox conditions during the crucible reaction. The presence of olivine skeletons
rather than fully developed euhedral crystals suggests the crucibles and the slag they
contained may have cooled relatively rapidly, though not quenched (Donaldson 1976).

FLOGEN |

Ca28i04

Spinel (Magnetite)
1275

lel 1:5 1:7 |j9 21 2:3 25
Fe/S10: (wt ratio)

Figure 5.21 - SEM-EDS analyses of olivine phases plotted on

a Flogen binary chart for slag system at a 10® ppO, and with

3wt% ALO,. Image adapted from Kongoli & Yazawa 2001:

Figure 10.

By SEM-EDS spot analyses, the major chemical components of the skeletons are FeO
(mean 62.4wt%), SiO, (mean 27.4wt%), CaO (mean 5.7wt%), Al,O, (mean 1.6wt%) and
MgO (mean 0.7wt%) (Table 5.8). Their respective CVs (19%, 29%, 73%, 30% and 31%)
suggest olivine composition between crucible samples is relatively variable (especially
Ca0O in NPWTC3), possibly indicating erratic formation conditions and a non-standardised
mineral/fuel charge. Plotting the Fe/SiO, ratio against CaO on a binary Flogen diagram,
calculated for 3wt% Al O, (Kongoli & Yazawa 2001: Figure 10), indicates that the olivine

phases began to crystallise between c. 1215°C and c¢. 1280°C, with a mean precipitation
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temperature of c. 1240°C (Figure 5.21).

Magnetite spinel - Rhombic, skeletal, and dendritic crystals are also common within
NPW3/MeP2 crucible slags, with dimensions for the former two habits prevalent in
NPWTCS ranging from c. 0.01lmm to c. 0.05mm (Figure 5.19b), and the dendrites heavily
represented in NPWTCI ranging from c. 0.001mm to c. 0.05mm (Figure 5.20b)*. All
three phases are identified as the iron oxide ‘magnetite’ due to their optical behaviour
and angularity (Ineson 1989), but the existence of different habits between samples is
further evidence of variability in crucible slag formation. Also present are occasional
angular fragments of iron oxide up to c. Imm in size (Figure 5.20a). This phase is also
identified as magnetite, but the fragments’ irregular boundaries, which appear to be
dissolving into the melt rather than forming from it, indicate these are residual (unreacted
natural) minerals. The presence of residual magnetite is further suggestive of chemically
imbalanced reaction charges (discussed at length later in the chapter) but would certainly

mean the crucible slag was saturated with iron oxide.

MgO ALO, SiO, CaO TiO, FeO CuO Total Fe/SiO,

wt% wt% wt% wt% wt% wt% wit% wt% wt ratio
NPWTC1 primary | 0.3 0.6 09 04 00 967 0.6 91.6 873
NPWTC3 primary | 0.1 0.8 0.1 0.1 00 968 19 909 627.6

mean 02 07 05 03 na 9.7 12
std dev 02 02 05 02 na 01 09
Ccv 75% 25% 107% 74% na 0% 75%

Table 5.9 - SEM-EDS phase analyses of NPW3/MeP2 crucible slag magnetite spinel,
selected major and minor oxides after data normalisation, analytical total presented.

SEM-EDS spot analyses indicate the principal chemical components of the magnetite
spinel are FeO® (mean 96.7wt%), CuO (mean 1.2wt%), ALO, (mean 0.7wt%), SiO,
(mean 0.5wt%), CaO (mean 0.3wt%) and MgO (mean 0.2wt%), the latter two being
below confident accuracy levels, and TiO, (often associated with magnetite) not detected
by the analytical equipment (Table 5.9). Binary Flogen diagrams are not available for
such high Fe/SiO, ratios, but a ternary plot calculated for intermediate oxygen partial
pressures indicates these phases would begin to precipitate at around 1300°C (Kongoli &
Yazawa 2001: Figure 6). This would suggest the primary (not residual mineral) magnetite
spinel crystallised before the olivine, which could account for the relatively uniform and

pure composition.

2 NPWTC3 images were too poor for phases to be confidently identified.
3 An approximation as magnetite has the formula Fe,O,.
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Slag glass - Binding the crucible slag crystals of spinel and magnetite is an interstitial
glass (Figure 5.19¢). Although labelled a glass, it is noted that at 500 times magnification
the phase is actually cryptocrystalline rather than glassy. These crystals range in width
between c¢. 0.00lmm to c. 0.005mm, and in length between c. 0.01lmm to c. 0.02mm,
and have a feathery dendritic habit whose dimensions appear to be delimited by the

surrounding olivine and magnetite spinel microstructure.

SEM-EDS spot analyses indicate the major chemical components of this phase are SiO,
(mean 43.6wt%), FeO (mean 33.1wt%), CaO (mean 16.4wt%), ALO, (mean 3.7wt%),
MgO (mean 1.3wt%), and CuO (mean 0.4wt%) (Table 5.10). The respective CVs (8%,
18%, 14%, 40% and 73%) suggests the interstitial glass was fairly variable in its major
oxides, especially FeO, and quite erratic in minor oxide concentrations. Plotting the data
on the same Flogen diagram is problematic as one sample falls near the silica saturation
zone, nevertheless the crucible slag glass would have begun to solidify between c.
1125°C and c. 1150°C, with a mean precipitation temperature of ¢. 1140°C (Figure 5.22).

The precipitation temperatures are below those for the olivine and the magnetite spinel,

MgO ALO, SiO, CaO FeO CuO Total Fe/SiO,

wt% wt% wt% wt% wit% wt% wt% wt ratio
NPWTC1| 1.7 53 47.6 162 27.0 0.8 81.1 0.4
NPWTC3| 2.0 2.6 413 189 33.6 0.1 828 06
NPWTCS8| 0.2 3.1 420 142 387 02 834 0.7

mean 1.3 37 436 164 33.1 04
stddev. 1.0 15 35 24 59 04
CVv 73% 40% 8% 14% 18% 92%

Table 5.10 - SEM-EDS phase analyses of NPW3/MeP2 crucible
slag glass, selected major and minor oxides after data normalisa-
tion, analytical total presented.
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Figure 5.22 - SEM-EDS analyses of glass phases plotted on
a Flogen binary chart for slag system at a 10® ppO, and with
Twt% Al O,. Image adapted from Kongoli & Yazawa 2001:
Figure 11.
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suggesting the cryptocrystalline ‘glass’ was the last major phase to form as the slag
solidified. The composition of this phase, as well as the dimensions, would have been
determined by the prior formation of olivine and magnetite spinel, and the ‘glass’ is thus

enriched in calcia and incorporated the remaining melt reactants.

Slag prills - Highly reflective metallic prills are abundant in the NPWTCI slag layer
(Figure 5.20) but are almost absent from that of NPWTC3 and NPWTCS, a situation
confirmed by slag area analyses (see below). In NPWTCI, the prills range in diametre
between c. 0.001mm and c. 0.03mm, although there is some bimodality to the distribution,
with a constellation of tiny specks and a few much larger droplets. The SEM-EDS
analyses performed indicate the prills are almost entirely copper (96.7wt%), with a little
iron (3.3wt%), but no sulphur or tin. There is almost no bronze (and thus tin) in the entire
Non Pa Wai assemblage, so the use of the crucibles for melting and casting bronze has
never been proposed. However, the absence of sulphur from the prills could suggest the

crucibles were used to smelt predominantly oxidic copper minerals.

Slag matrix - Aside from the residual magnetite, the individual crucible slag matrices are
relatively homogeneous, with low porosity and well formed crystals, suggesting the slag
had been almost fully liquid when hot. The olivine morphology indicates the slag formed
over arelatively short period, suggesting the crucibles may have been cooled quite rapidly.
The presence of areas where the slag had been fully molten means the general matrices
are suitable for targeted bulk analysis, which, due to tight dimensions, were scanned in
0.1mm? sections (Figure 5.19, Table 5.11). This limited area conceivably reduces the
representivity of the resulting data, but presentation of three area scans per sample matrix
should serve to ameliorate any such issues. These ‘bulk’ data are not comparable to the

[P]JED-XRF analysis of pelletised slag (see below) as they omit unreacted inclusions.

However, comparing the mean readings of SEM-EDS area scans from different crucible
slags can be used to assess inter sample chemistry, whereas contrasting each scan
represents intra sample variability. This approach is of use for interpreting whether the
charge and operating conditions varied between or within crucible reactions, the former a

proxy for standardisation, the latter for reaction equilibrium (cf. Humphris et al. 2009).

Comparing across the crucible samples, the major chemical components of the slag
microstructure are FeO (mean 45.6wt%), Si0, (mean 35.8wt%), and CaO (mean 10.5wt%),
and their respective CVs (35%, 25%, 54%) suggests there was little standardisation of
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charge and/or technique in the crucible reactions. The elevated levels of TiO, in NPWTCI
and MnO in NPWTC3 supports the interpretation of non-standardised charges being largely
responsible for inter sample variation. The mean Cu reading of 2.9wt% for the slag matrix
is not excessive, but a CV of 80% suggests high variability in process efficiency, as seen
in the abundance of prills in NPWTCI, but there seems to be no correspondence between
high iron oxide values causing increased copper losses due to viscosity (Davenport et al.
2002: 273, Gilchrist 1989). Sulphur compounds were not detected in any of the crucible

slag matrices.

MgO Al,O, SiO, SO, CaO TiO, MnO FeO CuO Total Fe/SiO,
wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt ratio

NPWTCI spectrum 1 1.2 47 430 0.0 102 1.1 0.0 345 47 862 0.6
NPWTCI spectrum 2 1.0 41 408 00 93 10 0.0 367 6.8 868 0.7
NPWTCI spectrum 3 14 50 437 00 104 15 0.0 329 48 855 0.6

NPWTC1 mean 12 46 425 na 100 12 na 347 55 861 0.6
NPWTC1 std dev 02 04 15 na 06 03 na 19 12
NPWTC1 CV 19% 9% 4% na 6% 22% na 5% 22%

NPWTC3 spectrum 1 14 22 396 00 170 0.0 1.5 370 1.0 829 0.7
NPWTC3 spectrum 2 1.1 26 374 00 153 00 1.6 399 1.7 840 038
NPWTC3 spectrum 3 1.3 1.7 403 0.0 17.1 00 14 37.1 0.7 827 0.7

NPWTC3 mean 1.3 22 391 na 165 na. 15 380 11 847 0.8
NPWTC3 std dev 01 04 15 na 10 na 01 16 05
NPWTC3 CV 11% 20% 4% na. 6% na 6% 4% 47%

NPWTCS spectrum 1 00 1.8 219 00 40 00 05 703 13 882 25
NPWTCS spectrum 2 00 21 261 00 56 00 05 634 15 877 19
NPWTCS spectrum 3 00 21 293 00 60 00 04 586 32 858 1.6

NPWTC8 mean na. 20 258 na. 52 na 05 641 20 873 1.9
NPWTCS std dev na. 02 37 na 11 na na 59 1.0

NPWTC8 CV na. 10% 14% na. 21% na na 9% 52%
NPWTC mean 12 29 358 na 105 12 na. 456 29 875 1.0

NPWTC std dev 00 15 89 na 57 na na 161 23
Inter NPWTC CV 2% 50% 25% n.a. 54% n.a. n.a. 35% 80%
Mean intraNPWTC CV 15% 13% 7% n.a. 11% 22% n.a. 6% 40%

Table 5.11 - SEM-EDS phase analyses of NPW3/MeP2 crucible slag matrices, selected major and minor
oxides after data normalisation, analytical total presented.

Looking within individual samples, the CVs for FeO (5%, 4%, 9%), SiO, (4%, 4%,
14%), and CaO (6%, 6%, 21%) would corroborate the notion of crucible slags being
generally well reacted, with the exception of NPWTC8 which has greater chemical

variability. As would be expected, the minor oxides show higher, though still reasonable,
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levels of variation, and copper oxide CVs (22%, 47%, 52%) suggest prill distribution
is far from uniform. Nevertheless, there is arguably a great deal less variation within
each crucible reaction than there is between them. Though all the processes could be
described as relatively inefficient, the slag matrix data could be interpreted as showing
that crucible reactions proceeded to completion, but NPW3/MeP2 metalworkers did not
share a standardised charge recipe or operating procedures. Given the three samples may
represent up to 400 years of industrial activity, it is highly plausible this is evidence for

diachronic technological variation.

Using the traditional archacometallurgical technique for calculating operating temperatures
from slag liquidus, the primary chemical components (iron” oxide, silica, and calcia)
would indicate the slag adhering to the crucibles was exposed to minimum temperatures
of between c. 1140°C and c. 1300°C (Figure 5.23). Transposing the mean liquidus of c.
1200°C onto an Ellingham Diagram, and extending two lines to the intersections of the
liquidus with the ‘4Cu+O, = 2Cu,0’ and ‘6FeO+0, = 2Fe,0,’” boundaries (representing
the likely redox envelope for a process reducing copper to metallic form, and containing
divalent as well as trivalent iron), indicates a ppO, between c. 1x10° and c. 1x10”
(Figure 5.24), a typically broad range of operating parameters for a copper smelting

reconstruction.
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Figure 5.23 - Crucible slag matrices plotted on a
ternary diagram for a FeO-CaO-SiO, slag system
in equilibrium with iron metal. Image adapted from
Eisenhiittenleute 1995.

The most appropriate Flogen diagram for the NPW3/MeP2 crucible slag layer describes a
system with 3wt% alumina in a ppO, of 1x10¥, with Fe/SiO, ratio and calcia as variables
(Kongoli & Yazawa 2001: Figure 10). Plotting the data from Table 5.12 onto Figure 5.25
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gives a liquidus reading of between c. 1175°C and c. 1300°C, giving a mean minimum slag
temperature of c¢. 1245°C. The traditional figure of 1200°C may be only c. 50°C adrift from
the Flogenreading, but the latter was calculated from experimentally tested thermodynamic
models arguably more suitable for extractive copper metallurgy. Nevertheless, given the
slag contains near pure magnetite precipitations in probable intermediate oxygen partial
pressures, it is likely the crucibles were exposed to temperatures in excess of 1300°C,

even if these levels were not constant.
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Figure 5.24 - Ellingham Diagram showing redox envelope for
NPW3/MeP2 crucible slags. Image adapted from Gilchrist

1989.
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Figure 5.25 - SEM-EDS analyses of slag matrices plotted on
a Flogen binary chart for slag system at a 10* ppO, and with
3wt% Al O,. Image adapted from Kongoli & Yazawa 2001:
Figure 10.
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5.2.4 Discussion

The analysis of NPW3/MeP2 crucible and ‘pit-rim’ fragments, whilst not exhaustive,
has revealed substantial evidence to support the interpretation of their involvement in
the copper smelting chaine opératoire. All the technical ceramics appear to have been
made from a mineralogically and chemically homogeneous secondary clay, perhaps from
the Huay Pong stream or a tributary. Whilst both sets of artefacts have been organically
tempered, it is possible the crucible paste was also modified to remove some of the more
sizeable inclusions found in the ‘pit-rim’ fabric. If correct, this technological choice would
theoretically reduce the risk of large quartz grains undergoing volumetric phase inversions
at high temperatures, potentially undermining the tensile strength of the crucibles and
propagating cracks which could be attacked by the molten slag.

Given Roberto Ciarla’s sketch (Figure 5.5) and the copper content (Table 5.5) there is little
doubt the “pit-rim’ fragments were used in metallurgical processes, although admittedly
this evidence could conceivably relate to copper refining or melting as well as smelting.
The relative lack of heat damage to the fragments indicates that the structure was at
some distance or was somewhat insulated from the high temperature core of the process.
This would be the case if the reaction were contained within a crucible, and aerated
from above. The author has observed charcoal surrounding a crucible smelting operation
burning at a low heat in the absence of natural or artificial air sources to maintain elevated

temperatures (Figure 5.26).

Figure 5.26 - Emilien Burger using forced blast
to preheat a charcoal pit prior to a crucible-
based copper smelting experiment in Fiave,
Italy, September 2007. Photo: author.
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The NPW3/MeP2 crucibles are consistent with a contained smelting reaction due to
the clear evidence of internal heating in the samples studied. Extensive interior fabric
degradation and heavy slagging are testimony to past high temperature activities, and the
degree of copper staining indicates this was certainly the metal being processed within
the vessels. Analysis of the adhering slag layer has identified a range of microstructures
and phase compositions suggesting operating conditions well in excess of 1000°C, and
in intermediate oxygen partial pressures appropriate for the reduction of copper metal
from oxidic ores. The significant degree of compositional variation between crucible
slags is suggestive of non-standardised procedures and/or mineral/fuel charges, but each
individual smelting episode appears to have been carried out to near completion, and
thus intra sample chemical variation is low. It does appear the vessels were cooled quite
quickly, which could be explained by them being lifted to pour out the slag, though there
is no microstructural evidence for the crucibles having been quenched. The combined
evidence demonstrates the crucibles could conceivably have been used for the smelting of
copper from a mineral charge rich in magnetite and silica, and with varying levels of calcia
(though this could also be affected by fuel ash). The technical ceramic evidence is thus
consistent with the excavated mineral assemblage, and the copper smelting interpretation

is reinforced in the next section.

5.3 Slag

Slag is an extremely complex material and its composition and microstructure could be
examined ad infinitum. The following discussion focuses on identifying the likely process
reactants and operating conditions evidenced by the slag, and explaining what these
mean in terms of the copper smelting chaine opératoire. The effects of post-depositional
alteration on the NPW3/MeP2 slag were hard to assess due to the samples’ considerable
anthropogenic heterogeneity, but to remain prudent all external surfaces were liberally
cut off and only the remaining core analysed. It goes without saying more analytical data
would be preferable, and there remains a great deal of intra-assemblage variability to
be explored - perhaps via material from LoRAP’s planned re-excavation of Non Pa Wai
(Roberto Ciarla pers. comm.). However, the macro, micro, and compositional analyses of
NPW3/MeP2 slag employed resulted in a reasonably cohesive understanding of the past
technological choices that produced them.

5.3.1 Macro Analysis

Of the nineteen samples assessed, three (NPWMS6, NPWMS7, NPWMS19) were
complete slag cakes, nine (NPWMS1, NPWMS2, NPWMS3, NPWMS4, NPWMS9,
NPWMSI11,NPWMS16, NPWMS20, NPWMS21) were probable fragments of slag cakes,
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and two (NPWMS17, NPWMSI18) were of an indeterminate morphology. The original
form of samples NPWMSS5, NPWMSSE, NPWMS12, NPWMS13, and NPWMS14 is also
unknown due to their having been uniformly crushed by Anna Bennett in the 1980s for
her doctoral study. The key characteristics of the samples are summarised in Table 5.12,
and detailed in Appendix A*. The subjective descriptions of Table 5.12 are relative to the
assemblage and not to copper smelting slags generally, in no instance is there anything
like a ‘glassy’ NPW3/MeP2 slag.

Mass Size Fe Cu
Sample (g) (mm) Morphology Homogeneity Porosity Magnetism stain stain Viscosity

NPWMS1 | 1640 <100 Broken slag cake ~ Medium  Medium  Weak  Strong Weak Medium
NPWMS2| 240 <80 Broken slag cake Low-Medium Medium  Strong  None None Medium

Low- Low-
NPWMS3| 140 <80 Broken slag cake Medium-High Medium  Strong  None None Medium
Low- Medium-

NPWMS4| 160 <60 Broken slag cake Low-Medium Medium  Strong  Weak Strong High
NPWMS5| 150 <30  ABcrushed Low-Medium Medium  Strong  None Strong Medium
NPWMS6 | 1325 <140 Slag cake ~ Medium-High Medium  Strong  None Weak Medium

Medium- Medium-

NPWMS7| NA <150 Slag cake Low High Strong  Weak Strong  High
Medium-

NPWMS8| 300 <50  ABcrushed Low-Medium Medium  Strong  Weak Strong High
Medium- Medium-

NPWMS9| 90 <70 Broken slagcake Medium High Weak  None Weak High
NPWMS11| 160 <70 Brokenslag cake Medium  Medium  Strong  Weak Weak Medium

Low-
NPWMS12[ 170 <60  AB crushed Medium  Medium  Strong  Weak Strong Medium
Low-
INPWMS13| 110 <40  AB crushed Medium  Medium  Strong ~ Weak Strong Medium
Low-
INPWMS14| 670 <40  ABcrushed Medium-High Medium  Strong  Weak Strong Medium
Low- Low-
INPWMS16| 45 <50 Broken slag cake Medium-High Medium  Strong  None Strong Medium
Low- Low-
INPWMS17| 110 <70 Indeterminate Medium-High Medium  Strong  None None Medium
Low-
INPWMS18| 25 <50 Indeterminate Medium-High Medium  Weak  None Weak Medium
Low- Low-
INPWMS19| 780 <140 Slag cake Medium  Medium  Weak  Weak Weak Medium
Medium-
INPWMS20| 110 <80 Broken slag cake Low-Medium Medium  Strong  Weak Strong High
Medium-

INPWMS21]| 930 <100 Broken slag cake Low-Medium Medium  Strong = Weak Weak High
Table 5.12 - Macro-characteristics of NPW3/MeP2 slag samples.

4 NPWMSI10 was excluded due to it having been previously mislabelled as slag
when it was iron oxide mineral, NPWMSI15 was excluded due to severe analytical prob-
lems caused by a poorly pressed pellet, and there being insufficient material to make a
second.
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Figure 5.27 - NPWMSG6 (top) and Figure 5.28 - NPWMS] (top) and
NPWMS19 (bottom), examples of NPW3/ NPWMS4 (bottom), examples of broken up
MeP?2 slag cakes. Images: author. NPW3/MeP2 slag cakes. Images: author.

The complete slag cakes have a diametre of c. 15cm, a depth of between c. 5cm to c.
10cm, and a mass of up to 1.5kg. The cakes have a plano-convex form and volume
comparable to the NPW3/MeP2 crucibles (Figure 5.7), and thus commensurate with the
reaction having taken place within these vessels. However, it seems likely that the slag
was poured into a depression in the ground whilst still semi-molten, as evidenced by
the ‘stift” folds and ridges of the cakes’ upper surfaces (Figure 5.27), and the presence
of ceramic sherds and stones on the lower surfaces. There is also no sign of an ‘ingot
meniscus’ which would have suggested the slag was floating on freshly smelted copper.
Fragments of charcoal fuel are occasionally visible (4 of 19) embedded within the slags,
but have not yet been identified to species. Most of the other slag samples have a similarly
viscous appearance and appear to be broken up fragments of these cakes, ranging from
c. Scm to c. 10cm in diametre, and several tens to several hundreds of grammes (Figure
5.28). The samples are deliberately described as ‘broken up’ rather than ‘crushed’ in the
usual archacometallurgical terminology (Bachmann 1982), as the level of fragmentation
does not correspond with the expected meticulous crushing by metalworkers diligently
recovering copper prills or preparing to resmelt slag. It is at present unknown why some
of the slag cakes are complete and why some are fragmentary, but it does appear that early
Iron Age Non Pa Wai metalworkers regarded the slag output of their production process

as waste not worthy of further processing.
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Figure 5.29 - NPWMST7 sectioned and polished to show heterogene-
ous texture. Image: author.

In terms of optimisation, those metalworkers were over-zealous in jettisoning their slag
cakes, as in section they are highly heterogeneous, porous and semi-fused (Figure 5.29).
Partially reacted slags are indicative of smelting operations which were of an insufficient
temperature and/or duration, and could have been either caused or exacerbated by a
chemically unbalanced charge. NPWMS7’s profile clearly reveals the presence of siliceous
minerals in the process of dissolving into the melt, but, perhaps more interestingly, there
are also large silvery fragments of seemingly unreacted mineral iron oxide. The typical
interpretation stemming from the identification of iron oxide addition might be that of
fluxing of a silica-saturated slag, but in this instance it doesn’t appear to have worked - the
reaction has not proceeded to equilibrium and there are extant pieces of both silica and
iron oxide. Nevertheless, the macroscopic presence of residual iron oxide in the smelting
slags is a very interesting potential link to similar phases noted in the crucible slags (see

above).

Given that NPW3/MeP2 is an early Iron Age phase, and there are local deposits of high
quality iron oxide at Khao Tab Kwai, it is conceivable iron smelting was also taking
place at the Non Pa Wai. Indeed, a degree of rusty staining (10 of 19) and magnetism
(15 of 19) is common within the sampled slag assemblage, representing the presence of
iron compounds, and in particular Fe**** ions. However, iron compounds are a normal
component of copper smelting slags, and the recurrent green staining (16 of 19) of
the samples indicates copper was certainly the desired metal product. The presence of
macroscopically visible metal prills suggests slag crushing would have recovered more

copper had it been performed (Figure 5.29).

The three complete slag cakes (Figure 5.27) appear to represent the primary slag
morphology of the NPW3/MeP2 process, and were described as “exemplar” by TAP co-

director Vincent Pigott (pers. comm.). However, it is hard to apply the term ‘exemplar’
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to an assemblage whose macroscopic characteristics indicate wide variation between
samples and significant heterogeneity within samples. In almost every measure, the
slags give the resounding impression of a metallurgical process not yet perfected, though
there is the ever-present threat of process conflation when dealing with distorted high
temperature materials. There is no pejorative sense to describing the NPWM/MeP2
process as rudimentary or unsophisticated, the metalworkers of early Iron Age Non Pa
Wai employed a technology suited to their needs and environment, and probably had
no need to avoid wastefulness. However, from macroscopic inspection alone, there is
some discrepancy between the author’s findings and Bennett’s (1989: 348) description of

“copper production operating efficiently” in the Iron Age Khao Wong Prachan Valley.

5.3.2 Bulk Chemistry

The slag samples from Non Pa Wai were prepared for [P]JED-XRF bulk chemical analysis
and the resulting data processed as per the methodology detailed in Chapter 3. Complete
chemical data may be seen in Appendix B (Table B.8). These data cannot be used to
assess intra-sample variability as only one bulk analysis was performed per sample,
see ‘micro-analysis’ below. However, the slag bulk chemistry is of use for evaluating
variation between slag samples and tentatively inferring what this might mean in terms of

collective technological choices in NPW3/MeP2 copper production.

The slags have a mean major oxide composition of 52.1wt% iron oxide, 27.1wt%
silica, 8.7wt% calcia, 3.2wt% alumina (Table 5.13). Iron oxide has the lowest CV at
the relatively high level of 20%, and an average CV of 35% for the major slag-forming
components suggests a significant degree of chemical variability between slag samples.
The normalised mean minor oxides, soda (0.5wt%), magnesia (0.5wt%), manganese
oxide (0.3wt%), phosphorous pentoxide (0.2wt%), potash (0.1wt%), and titania (0.1wt%),
have a similarly elevated mean CV of 69% further indicating substantial compositional
irregularity in the slag cake assemblage. The slags also contain on average 4.2wt% of
copper and 2.5wt% sulphates’, unevenly distributed amongst the samples with CVs
of 93% and 116% respectively. There exist no ‘absolutes’ for waste-product variation
(though cf. Humphris et al. 2009 for a thorough multi-site and multi-sample analysis of
slag variability) which can be caused be geological as well as behavioural factors, but the
above bulk chemical data are indicative of high variation in copper smelting materials
and/or procedures, and suggest non-standardised technological choices at early Iron Age

Non Pa Wai, though we cannot discern whether this is a diachronic trend.

5 Reported copper and sulphur are likely to be present as both oxide and element.
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Na,0 MgO ALO, SiO, P,O, SO, K,O0 CaO TiO, MnO FeO CuO Total
wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt%
NPWMS1 | 0.7 03 14 240 00 26 00 105 0.1 0.1 540 6.1 928
NPWMS2| 0.5 03 32 347 00 09 01 113 0.1 02 466 2.0 091.1
NPWMS3| 0.5 0.5 38 249 04 15 02 48 01 03 620 09 944
NPWMS4| 0.5 0.7 27 206 00 60 01 84 0.1 02 580 26 998
NPWMS5| 0.3 05 48 367 0.1 0.7 02 90 01 04 453 1.6 94.0
NPWMS6 | 04 02 1.9 139 00 3.0 01 48 00 01 71.0 44 0971
NPWMS7| 0.2 0.0 3.8 31.1 0.1 124 0.1 10.1 0.1 05 322 35 963
NPWMS8| 0.6 0.1 1.7 207 00 09 00 50 00 01 660 46 878
NPWMS9| 04 1.1 45 303 02 16 02 98 0.1 02 506 07 939
NPWMS11| 0.5 12 64 259 06 0.8 03 133 0.1 0.6 481 2.0 97.0
NPWMS12| 09 04 48 259 01 09 01 60 0.1 04 533 70 920
NPWMS13| 0.8 02 13 194 0.1 04 01 64 00 0.6 594 11.1 96.7
NPWMS14| 04 0.1 34 351 00 1.3 0.1 139 0.1 03 442 09 936
NPWMS16| 0.6 04 2.8 228 0.1 3.0 01 64 0.1 03 591 43 965
NPWMS17| 04 02 22 267 07 20 01 49 01 02 613 12 955
NPWMS18| 0.7 03 22 256 02 58 0.1 48 00 02 442 157 1132
NPWMS19| 04 14 3.0 407 03 0.7 0.1 180 00 0.6 328 19 90.0
NPWMS20| 0.8 0.1 1.7 242 0.1 1.3 02 31 00 01 599 82 921
NPWMS21| 0.5 09 53 321 00 14 03 156 0.1 03 418 15 945
mean 05 05 32 271 02 25 01 87 0.1 03 521 42
stddev 02 04 14 67 02 29 01 42 00 02 106 4.0
Ccv 33% 88% 45% 25% 121% 116% 65% 48% 51% 58% 20% 93%

Table 5.13 - [P]JED-XRF bulk chemical analyses of NPW3/MeP2 slag samples, selected major
and minor oxides after data normalisation, analytical total presented.

The mean trace element data for the NPW3/MeP2 slags is dominated by zinc (3849ppm),
though the CV (341%) reflects the large concentration in NPWMS7 (Table 5.14). Other
significant traces include strontium (165ppm) and barium (53ppm), though the presence
of the former is more consistent (CV 68%) than the latter (CV 128%). Arsenic is almost
absent and tin below confident detection limits, in accordance with these elements’ low
abundance in the local geology (William Vernon pers. comm.), and consistent with the

production of an unalloyed copper from the minerals immediately available.

Copper losses of up to 15.7% (NPWMSI18) suggest an inefficient smelting technique,
comparable to other developing Eurasian processes, though these are often much earlier
in date (Bourgarit 2007: Table 1). The extant copper could be present in unreacted ore
minerals, chemically bonded with sulphur in matte compounds (Bachmann 1982: 16-17,
Craddock 1995: 149-153, Yazawa 1980), or trapped mechanically in the slag (Davenport
et al. 2002: 177, Gilchrist 1989). However, the lack of correlation (R? = 0.025) between
sulphur and copper (Figure 5.30) suggests the copper content of Non Pa Wai slags probably

cannot be explained by the presence of matte phases, as confirmed by micro-analysis.
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Zn As Sr Sn Ba
ppm ppm ppm ppm ppm
NPWMS1| 318 13 22 <10 34
NPWMS2 | 951 15 195 <10 127
NPWMS3 | 1022 12 182 <10
NPWMS4 | 449 13 45 <10
NPWMS5 | 666 7 293 <10
NPWMS6 | 588 20 23 <10
NPWMS7 | 57946 13 336 <10
NPWMS8 | 936 14 31 <10 41
NPWMS9 | 385 8 183 <10 124
NPWMS11| 649 9 200 <10 29
NPWMS12| 1195 11 183 <10 255
NPWMS13| 1452 16 137 <10 8
NPWMS14| 1480 13 217 <10 90
NPWMS16| 822 13 124 <10 36
NPWMS17( 1905 12 96 <10 7
NPWMS18| 832 13 269 <10 67
NPWMS19| 495 5 98 <10 144
NPWMS20| 685 67 70 <10 36
NPWMS21| 351 9 430 <10 27
mean 3849 13 165 na 353
stddev 13107 15 112 na 68
cv 341% 113% 68% n.a 128%
Table 5.14 - [P]JED-XRF bulk chemical anal-

yses of NPW3/MeP2 slag samples, selected
elements after data normalisation
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Figure 5.30 - Scatter plot showing low correlation between
copper and sulphur compounds in NPW3/MeP2 [P]JED-XRF
bulk chemical slag data.

Likewise, plotting iron oxide against copper (Figure 5.31) provides
(R?=0.016) not indicative of viscous magnetite formation within the

a weak association

slag preventing the

separation of metal and slag by density (Davenport et al. 2002: 177). Therefore, the highly
variable and apparently weakly correlated levels of iron, sulphur and copper are most

likely to represent the presence of unreacted minerals trapped within the slag, although it

149



is uncertain from the bulk chemistry whether these elements entered the smelting system
as ore, gangue, flux, or for non-technical requirements (to be discussed in the following

section).
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Figure 5.31 - Scatter plot showing low correlation between
copper and iron compounds in NPW3/MeP2 [P]JED-XRF
bulk chemical slag data.

The calcia content of NPW3/MeP2 technical ceramics (c. Swt%, Table 5.5) suggests
thermal degradation during smelting is unable to fully explain the calcia levels seen in the
slags (c. 9wt%, Table 5.13). Though fuel ashes have a variable composition (Jackson et al.
2005), they tend to be rich in alkali oxides, particularly calcia. and are known to contribute
significantly towards slag formation (e.g. Humphris et al. 2009, Merkel 1990: 110, Rehren
et al. 2007). The remaining major source of calcia is the gangue content of the smelting
charge, and it can be seen that calcia concentrations in the slag are positively correlated to
those of silica (Figure 5.32), as well as being commensurate with the excavated mineral
assemblage (Table 5.2). Figure 5.32 also shows silica and calcia are negatively correlated
to iron oxide, suggesting both ferruginous and siliceous/calcareous copper ores may have
been inconsistently used by early Iron Age metalworkers at Non Pa Wai. An alternative
is that one of these mineral species was not gangue but flux. Macro examination (Figure
5.29) would suggest iron oxide was the flux, but the bulk chemistry is not so clear, iron
oxide has the lowest major oxide CV (20%), whereas those for silica and calcia are higher
(25% and 48% respectively) indicating iron oxide was the more constant component of

the smelting charge. This important issue is pursued further below.

Sio2 CaO FeO
Correlation  Si02 1.000 711 -.832
Ca0O 711 1.000 -.746
FeO -.832 -.746 1.000

Figure 5.32 - Correlation matrix of NPW3/MeP2 slag
sample [P]JED-XRF bulk chemical data - silica, calcia, and
iron oxide.
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Due to their massive textural heterogeneity and unreacted phases, the NPW3/MeP2 slag
bulk chemical data are not suitable for the temperature and redox conditions of the early
Iron Age smelting operation, however, these estimates are provided below in the micro-

analytical section.

5.3.3 Micro analysis

The macro and bulk analysis slag population was sub-sampled for further study by OM
and SEM-EDS. These samples were originally selected by grouping the PCA distribution
of [P]JED-XRF bulk compositional data of slags from both NPW3/MeP2 and NKH3/MeP3
contexts into clusters representing ‘extreme’, ‘normal’, and ‘overlapping’ examples of
each sites’ slag chemistry (Pryce & Pigott 2008: Figure 13). From Non Pa Wai these were
NPWMSI1, NPWMS2, NPWMS3, NPWMS6, NPWMS7, and NPWMSI13. However,
after the Rispoli et al chronology shift (Chapter 4), it was decided to check for potential
variation between MeP2a and MeP2b slags, and thus samples NPWMSS5, NPWMSS,
NPWMSI12, NPWMS14, NPWMSI18, and NPWMSI19 were also analysed. It later
transpired that at this stage it is not possible to securely differentiate the MeP2 samples

stratigraphically, and thus all are regarded as MeP2 for the time being.

The microstructures of the NPW3/MeP2 slags assessed are composed of six major
components: olivine skeletons (al), euhedral olivine crystals (a2), residual iron oxide
(bl), primary iron oxide (b2), interstitial glass (c), and metallic prills (d) (Figure 5.33,
Table 5.15).

Olivine crystals - The NPW3/MeP2 slags contain both skeletal (NPWMSI1, NPWMS2,
NPWMS6, NPWMSSE, NPWMS12, NPWMS13, NPWMS18) and euhedral (NPWMS3,
NPWMSS5, NPWMS7, NPWMS14, NPWMS19) crystalline habits. The elongate skeletons
range in width from c. 0.005mm to ¢. 0.3mm, and in length from c¢. 0.05mm to ¢. 0.5mm,
and the euhedral crystals range in diametre between c. 0.05mm and c. 0.1mm (Figure 5.34).
There is no apparent correspondence between slag macro-morphology and microstructure
- both ‘broken up’ and ‘cake’ slags exhibit both skeletons and euhedral crystals. Thus, the
presence of two crystal habits is most likely related to differing formation conditions and
cooling rates between the samples (Donaldson 1976), and is further suggestive of variable

smelting practices at early [ron Age Non Pa Wai.
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Sample Olivine Olivine t)I;i()dne Iron oxide Iron.oxide Sphglerite Siliceous Slag Prills
skeletons euhedralsskeletons euhedrals (residual) (residual) gangue glass
NPWMS1 X X X X X
NPWMS2 X X X X X X
NPWMS3 X X X X X
NPWMS5 X X X X X
NPWMS6 X X X X X
NPWMS7 X X X X X X
NPWMS8 X X X X X
NPWMS12 X X X X X
NPWMS13 X X X X X
NPWMS14 X X X X X
NPWMS18 X X X X X X
NPWMS19 X X X X X

Table 5.15 - Micro-characteristics of NPW3/MeP2 slag samples.
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Figure 5.33 - NPWMSI2 (top) and NPWMS14 (bottom)
slag micro-features, both at 500x, by SEM-BSE. Labels
‘al” olivine skeletons, ‘a®’ olivine euhedrals, ‘b"’ residual
iron oxides, ‘b?’ primary iron oxides, ‘¢’ slag glass, ‘d’
prills, ‘Spectrum 1’s are exemplar of Imm? EDS area
scans. Images: author.
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Spectrum 1

Electron Image 1

Spectrum 1

| 100um 3 Electron Image 1 100um : Electron Image 1

Figure 5.34 - NPWMS2 (top left), NPWMS3 (top right), NPWMS12 (bottom left), and NPWMS13 (bot-
tom right) olivine skeletons and euhedrals, all at 500x, by SEM-BSE, ‘Spectrum 1’s and ‘Spectrum 5’ are
exemplar of EDS point analyses. Images: author.

MgO AlLO, SiO, CaO MnO FeO Total Fe/SiO,
wt% wt% wt% wt% wt% wt% wt% wt ratio
NPWMS1| 13 00 27.6 68 0.0 643 960 1.8
NPWMS2| 0.6 0.7 312 55 0.0 619 920 1.5
NPWMS3| 1.0 0.0 249 1.1 03 728 909 23
NPWMS5| 1.0 0.0 205 48 0.7 73.1 80.0 28
NPWMS6 | 0.7 04 287 13.0 0.1 569 942 15
NPWMS7 | 48 00 268 1.8 13 594 881 1.7
NPWMS8 | 0.8 0.0 27.8 12.6 0.0 588 950 1.6
NPWMS12| 0.8 0.0 209 6.5 1.5 703 79.7 2.6
NPWMS13| 1.4 0.0 26.0 48 26 649 907 19
NPWMS14| 3.6 0.0 30.6 1.1 04 643 1035 1.6
NPWMS18| 0.0 4.8 36.7 159 02 419 686 09
NPWMS19| 0.4 0.0 219 13.8 1.6 623 766 2.2
mean 14 05 269 73 0.7 626
std dev 14 14 47 52 08 84
Ccv 102% 277% 17% 72% 114% 13%
Table 5.16 - SEM-EDS phase analyses of NPW3/MeP2 slag

olivines, selected major and minor oxides after data normalisation,
analytical total presented.
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As per the NPW3/MeP2 crucibles (above), the probable formation of the slags under
intermediate oxygen partial pressures, with a consequent dearth of Fe** ions, should mean
olivines and fayalites were unable to form (Kongoli & Yazawa 2001: 585). However, the
morphology and chemistry of the crystals identifies them as olivines, and this probably
indicates non-equilibrium redox conditions during the smelt. By SEM-EDS spot analyses,
the major chemical components of the olivines are FeO (mean 62.6wt%), SiO, (mean
26.9wt%), CaO (mean 7.3wt%), MgO (mean 1.4wt%), MnO (mean 0.7wt%), and AlO3
(mean 0.5wt%) (Table 5.16). Their respective CVs (13%, 17%, 72%, 102%, 114%, and
277%) suggest olivine crystal composition between slag samples is highly variable outside
of the predominant oxides, probably indicating erratic formation conditions and a non-
standardised mineral/fuel charge. It is possible there may be lower levels of calcia in the
euhedral crystals, but generally there are insufficient data to identify significant chemical

difference between the olivine habits.

CaO (wt%)
8

05 07 08 11 13 15 17 18 21 23 2§
Fe/Si0z (wt ratio)

Figure 5.35 - SEM-EDS analyses of olivine phases plotted on
a Flogen binary chart for a slag system at a 10 ppO, and with
Iwt% MgO. Image adapted from Kongoli & Yazawa 2001:
Figure 15.

In this instance, the predominant quaternary oxide is magnesia, and thus the Fe/SiO, ratio
is plotted against CaO on a binary Flogen diagram, calculated for 1wt% MgO (Kongoli
& Yazawa 2001: Figure 15), indicates the olivine began to crystallise between c. 1175°C
and c. 1285°C (the latter figure assumed for NPWMS12 which plots off the chart), with a
mean precipitation temperature of c. 1240°C (Figure 5.35).

Magnetite spinel - Euhedral iron oxide crystals are a universal feature of the NPW3/MeP2
slags assessed, and iron oxide skeletons occasionally discernable (NPWMS18, but there
may be other samples with smaller as yet undetected crystals) The dimensions for the
euhedral habit range from c. 0.05mm to c. 0.1mm, and the skeletons seen in NPWMS18
range from c. 0.001mm to c. 0.01mm (Figure 5.35). Both phases are identified as the iron
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oxide magnetite due to their optical behaviour and angularity (Ineson 1989).

Electron Image 1

Speclrum 10

i Taopm 1 Electron Image 1

Figure 5.36 - NPWMSS (top) and NPWMS18 (bottom)
magnetite euhedrals and skeletons, both at 500x, by
SEM-BSE, ‘Spectrum 11’ and ‘Spectrum 10’ are exem-
plar of EDS point analyses. Images: author.

ALO, SiO, CaO TiO, FeO Total Fe/SiO,
wt% wt% wt% wit% wt% wt% wt ratio
NPWMS1| 2.8 1.0 04 1.8 941 935 723
NPWMS2| 1.8 0.8 02 04 96.8 93.0 100.1
NPWMS5| 1.6 03 02 04 97.6 857 290.9
NPWMS6| 2.7 0.0 0.0 0.0 973 932 na.
NPWMS7| 0.2 0.0 0.0 0.0 99.8 91.3 na.
NPWMS8| 0.3 0.0 0.2 0.0 99.6 8.8 n.a.
NPWMS12( 0.8 02 03 0.0 98.6 85.8 4702
NPWMS13f 0.2 00 0.2 0.0 994 904 na.
NPWMS14| 64 60 1.8 0.6 829 96.6 10.7
NPWMS18( 1.7 86 1.8 03 87.6 848 79
mean 1.8 1.7 05 03 954
stddev. 19 3.1 07 05 57
CcVv 102% 182% 137% 159% 6%
Table 5.17 - SEM-EDS phase analyses of NPW3/MeP2 slag

magnetite spinel, selected major and minor oxides after data
normalisation, analytical total presented.
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SEM-EDS spot analyses indicate the principal chemical components of the primary
magnetite phases are FeO° (mean 95.4wt%), AL, O, (mean 1.8wt%), SiO, (mean 1.7wt%),
CaO (mean 0.5wt%), and TiO, (mean 0.3wt%) (Table 5.17). Binary Flogen diagrams are
not available for very high Fe/SiO, ratios, but a ternary plot calculated for intermediate
oxygen partial pressures indicates the magnetite phases would begin to precipitate at
around 1300°C (Kongoli & Yazawa 2001: Figure 6). This would suggest the primary (not
residual mineral) magnetite crystallised before the olivine, which could account for the
relatively uniform and pure composition. The low CV for iron oxide (6%) suggests the

formation of this phase was a consistent feature of NPW3/MeP2 smelting.

imm

| Elzctron Image 1

Figure 5.37 - Residual magnetite inclusions, NPWMS6
(top) under plane polarised light and NPWMS12 (bottom)
by SEM-BSE, both at 50x. Images: author.

Residual minerals - In striking correlation with the NPW3/MeP2 crucibles, the
microscopically examined slags universally contained inclusions of angular to sub-
rounded porous residual magnetite. These fragments vary between entirely unreacted and
partially dissolved, and have dimensions ranging from fractions of a millimetre to tens of

millimetres (Figure 5.37). SEM-EDS spot analyses indicate the main chemical component

6 See footnote 3.
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of the residual magnetite phases is FeO’ (mean 99.2wt%), AL O, (mean 0.4wt%), SiO,

(mean 0.3wt%), and CuO (mean 0.2wt%) - SO, was undetected (Table 5.18).

ALO, SiO, SO, FeO CuO Total Fe/SiO,
wt% wt% wt% wt% wt%

wt% wt ratio

7

NPWMS1| 0.0 0.0 0.0 100.0 0.0 952 n.a.

NPWMS6| 0.3 0.5 0.0 98.6 0.5 89.8 140.7

NPWMS7| 04 03 0.0 992 0.1 919 2509

NPWMS13| 0.7 0.5 00 988 00 91.5 170.2
mean 04 03 na 992 02
stddev. 03 02 na. 0.6 na.
cv 78% 73% na. 1% na.

Table 5.18 - SEM-EDS phase analyses of NPW3/MeP2 slag
residual magnetite inclusions, selected major and minor
oxides after data normalisation, analytical total presented.

Figure 5.38 - Sulphidic zones in residual magnetite inclu-

sions, NPWMS6 under plane polarised light at 50x. Image:

author.

Figure 5.39 - Trigonal intergrowths of haematite
in residual martitised magnetite, NPWMS7 un-
der plane polarised light at 100x. Image: author.

See footnote 3.

157



NPWMS6’s ‘extreme’ composition according to [PJED-XRF bulk chemical analysis can
be attributed to its especially high content of residual magnetite. NPWMS6 also provides
the clearest evidence (Figure 5.38) for sulphidic copper phases embedded within the
residual magnetite, suggesting some association between iron and copper at the mineral
source. Perhaps more interesting is the identification of martitised magnetite in NPWMS7,
a relatively rare form of magnetite with trigonal intergrowths of haematite (Figure 5.39).
Magnetite from nearby Khao Tab Kwai has not yet been studied microscopically, but
bulk analysis of one sample indicated very low levels of titania (c. 0.1wt%), compatible
with the residual magnetite seen in the NPW3/MeP2 slags. Were martitised magnetite
confirmed at Khao Tab Kwai, in known association with sulphidic and oxidic copper
minerals, we may be in a substantially stronger position to analytically substantiate the

metallogenic outcrop’s likely position as an early Iron Age mineral source in the Valley.

NPWMS7 was the most heterogeneous of all the slag samples (again resulting in ‘extreme’

composition status from [P]JED-XRF bulk chemical data), and contained fragments of
chalcopyrite (Figure 5.40), a mineral known to be available at Khao Tab Kwai. NPWMS7
also contained a large lustrous inclusion (Figure 5.41), and SEM-EDS spot analyses
indicate its composition to be Zn (69.2wt%), S (28.8wt%), and Fe (2.0wt%), which would

identify it as residual sphalerite.

: _w,r e T Bl e |

Figure 5.40 - Chalcopyrite fragment in NPWMS7 mounted in a 32mm polished block (left), under plane
polarised light (top centre and top right at 100x and 500x respectively, and by SEM-BSE (bottom centre
and bottom right at 100x and 500x respectively - ‘Spectrum 1’ exemplar of SEM-EDS spot analysis. Im-

ages: author.
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Figure 5.41 - Sphalerite fragment in NPWMS7, under plane polarised light (top) and by SEM-BSE (bot-
tom, at 50x (left) and 500x (right) - ‘Spectrum 1’ exemplar of SEM-EDS spot analysis. Images: author.

NPWMS2 contained a fragment of siliceous gangue, approximately 1mm in diametre
(Figure 5.42). Notably, the inclusion also shows sign of copper carbonates, perhaps
suggesting either separate ferruginous and siliceous copper ore sources, or one source
containing both. Regardless, the presence of such large and abundant residual mineral
fragments within the NPW3/Me2 slags is strongly indicative of insufficient process
parameters like temperature, atmosphere, or duration, and may also be evidence of

chemically unbalanced smelting charges.

Figure 5.42 - Copper-bearing residual siliceous inclusion in
NPWMS?2, under plane polarised light at 50x. Image: author.
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Slag glass - Binding the heterogeneous NPW3/MeP2 slags is an interstitial glass, with
no cryptocrystallinity detected (Figure 5.43). SEM-EDS spot analyses indicate the major
chemical components of this phase are SiO, (mean 38.1wt%), FeO (mean 35.0wt%), CaO
(mean 20.0wt%), and Al,O, (mean 5.4wt%), and MgO (mean 0.5wt%), with SO, below
accurate detection levels (Table 5.19). The respective CVs (8%, 15%, 14%, 59%, 210%)
suggests the interstitial glass phase was quite variable between slag samples. Plotting the
data on a Flogen diagram calculated for 7wt% alumina (Kongoli & Yazawa 2001: Figure
11) indicates the slag glass would have begun to solidify between c. 1125°C and ¢. 1225°C,
with a mean precipitation temperature of c. 1180°C (Figure 5.44). The precipitation
temperatures are below those for the olivine and magnetite spinel, suggesting the glass
was the last major phase to form as the slag cooled. The composition of this phase would
have been determined by the prior formation of olivine and magnetite spinel, and the

glass is enriched in calcia and other minor oxides.

Spectrum 1

| 100pm ! Elaction Image 1

Figure 5.43 - NPWMSI (top) and NPWMS14 (bottom)
interstitial glass phases, both at 500x, by SEM-BSE,
‘Spectrum 1’ and ‘Spectrum 7’ are exemplar of EDS point
analyses. Images: author.
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MgO AlO, SiO, SO, CaO FeO Total Fe/SiO,
wt% wt% wt% wit% wt% wt% wt% wt ratio
NPWMS1 | 0.0 3.7 379 00 20.0 382 93.8 0.8
NPWMS2| 0.0 3.8 41.0 0.0 20.5 347 914 0.7
NPWMS3| 0.0 11.6 39.1 1.2 144 30.1 729 0.6
NPWMS5| 0.0 7.5 329 0.0 21.2 364 66.6 0.9
NPWMS6 | 0.0 6.7 38.7 0.0 223 32.3 90.1 0.6
NPWMS7 | 3.3 3.1 426 00 222 259 81.7 0.5
NPWMS8 | 0.0 3.8 349 0.0 20.5 40.7 69.8 0.9
NPWMS12| 0.1 3.5 33.6 0.0 209 41.8 69.6 1.0
NPWMS13| 0.5 22 402 0.0 22.0 35.1 844 0.7
NPWMS14( 0.0 10.8 424 0.0 16.8 29.1 1022 0.5
NPWMS18| 0.0 4.8 36.7 0.0 16.0 42.0 68.5 0.9
NPWMS19| 24 2.6 37.7 0.0 227 34.1 672 0.7
mean 05 54 381 0.1 200 350 99.1 0.7
stddev 1.1 32 32 na 27 5.1
CcVv 210% 59% 8% n.a. 14% 15%

Table 5.19 - SEM-EDS phase analyses of NPW3/MeP2 slag glass
phases, selected major and minor oxides.
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Figure 5.44 - SEM-EDS analyses of glass phases plotted on a
Flogen binary chart for a slag system at a 10® ppO, and with
Twt% Al O,. Image adapted from Kongoli & Yazawa 2001:
Figure 11.

Slag prills - Highly reflective metallic prills are common in the NPW3/MeP2 slags, and
range in diametre between c. 0.001mm and c. 0. Imm, though there is some bimodality to
their distribution, with a larger number of tiny specks and a few much larger prills (Figure
5.45). Optically the prills are divisible into copper and matte, with some containing both
phases. SEM-EDS analyses (Table 5.20) indicate most of the prills contain substantial
levels of sulphur (excepting NPWMS13) and fluctuating quantities of iron (CV 85%).
The presence of matte prills is to be expected when any sulphidic minerals are included
within a smelting charge (Stos-Gale 1989), and the association of oxidic and sulphidic
minerals at Khao Tab Kwai renders this quite plausible. The generally wide range of prill

compositions between, and occasionally within, the NPW3/MeP2 slags is suggestive of
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a non-standardised charge and/or non-equilibrium conditions for the processing of those

minerals. The brassy prill in NPWMS?7 is probably due to the large sphalerite inclusion

reported above.

Figure 5.45 - Prills of copper (top

- NPWMS6), copper/matte (mid-

dle - NPWMS13), and matte (bottom -
NPWMS6), all under plane polarised light
at 500x. Images: author.

NPWMS1
NPWMS3
NPWMS6
NPWMS7
NPWMS13i
NPWMS13ii
mean
std dev
CcVv

S Fe

Cu Zn

wt% wt% wt% wt%

Total
wt%

26.8 42.1
28.3 26.2
205 5.8
289 104
0.0 32.0
1.1 84

30.7 0.5
454 0.0
73.7 0.0
32.1 28.6
68.0 0.0
90.5 0.0

96.1
92.1
100.2
95.2
75.5
63.0

17.6  20.8
13.5 14.8
77% 11%

56.7 4.8
243 11.6
43% 240%

Table 5.20 - SEM-EDS phase analyses of

NPW3/MeP2 slag prills, selected major ele-

ments.
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Slag matrix - The common presence of residual minerals means the NPW3/MeP2 slags
can be considered significantly unreacted and internally heterogeneous, with frequent
porosity representing the ongoing release of gases by reacting minerals at the time of
solidification. The slags would have been far from fully liquid during the smelt, although
they could have been poured from the crucible, a thick minestrone soup perhaps being an
appropriate culinary analogy. Nevertheless, the charge was in the process of forming a
slag, and there were substantial areas of matrix suitable for targeted area scans of 1mm?
(Figure 5.33, Table 5.21). These data are not directly comparable to the [P]JED-XRF results
which incorporate the residual inclusions. However, contrasting the average readings of
SEM-EDS area scans from different slags can be used to assess variation in reactants
and/or techniques between samples, whereas comparing each scan provides a measure of

process heterogeneity within a sample (see Humphris et al. 2009).

Across the samples, the major chemical components of the slag matrices are FeO (mean
54.5wt%), SiO, (mean 27.9wt%), CaO (mean 10.8wt%), and Al,O, (mean 2.9wt%). Their
respective CVs (33%, 34%, 48%, and 46%) indicate significant differences in NPW3/
MeP2 charge compositions and/or processing techniques. The inconsistent presence
of SO, (NPWMSI1, NPWMS3, NPWMS6, NPWMS7), MnO (NPWMS7, NPWMS12,
NPWMSI13), and ZnO (NPWMS7) suggests that a non-standardised mineral charge is
probably the major cause of inter sample chemical variation. The mean copper oxide
reading of 1.8wt% for the slag matrix is not high, though a CV of 93% suggests substantial

inconsistency, the copper content of unreacted minerals was the most likely cause.

Within slag samples, the CVs for FeO (mean intra CV 2%), SiO, (mean intra CV 3%)
would suggest some major oxide stability within matrices, but compositional variability
increases rapidly in the minor oxides, and the CVs for copper oxide (mean intra CV 39%)
suggest prill distribution is not uniform. There is certainly less variation within slags
than there is between them, but it is clear that individual NPW3/MeP2 reactions were not
reaching equilibrium, and there is no evidence for the standardisation of smelting charges
and techniques. However, given the lack of chronological control we could be seeing
intra MeP2 variability over time rather than contemporary variability in the technological

choices made by metalworkers.

Using the traditional archaeometallurgical technique for calculating operating temperatures
from slag liquidus, the primary chemical components (iron™ oxide, silica, and calcia)
would indicate the slag was exposed to minimum temperatures of between c. 1093°C and
c. 1260°C (Figure 5.46). Transposing the mean liquidus of c. 1170°C onto an Ellingham
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MgO AlLO, SiO,

SO, CaO MnO FeO CuO ZnO Total Fe/SiO,

wt% wt% wt% wt% wt% wt% wt% wit% wt% wt% wt ratio
NPWMSI spectrum 1 0.6 24 300 2.0 122 0.0 53.0 0.0 00 952 14
NPWMSI spectrum?2 0.0 22 289 1.8 112 00 552 0.7 00 920 1.5
NPWMSI spectrum 3 0.7 23 28,6 1.7 11.0 0.0 552 0.6 0.0 953 1.5
NPWMS1 mean 04 23 292 18 114 00 545 04 0.0
NPWMSlstddev 04 01 07 01 06 00 13 04 00
NPWMS1 CV 88% 4% 2% 8% 6% na 2% 87% na
NPWMS2 spectrum 1 0.0 3.1 368 0.0 139 00 454 038 00 91.0 1.0
NPWMS?2 spectrum2 0.6 32 356 00 144 00 462 0.0 00 916 1.0
NPWMS2 spectrum3 0.5 3.2 357 0.0 143 00 453 1.1 00 914 1.0
NPWMS2 mean 03 32 360 00 142 00 456 0.6 0.0
NPWMS2stddev 03 01 07 00 03 00 05 06 0.0
NPWMS2 CV 88% 2% 2% na 2% na 1% 88% na
NPWMS3 spectrum 1 0.4 2.8 215 1.0 155 03 569 1.1 0.0 905 2.1
NPWMS3 spectrum2 0.4 32 229 1.1 128 00 576 13 0.0 100.1 2.0
NPWMS3 spectrum3 0.5 32 218 0.8 151 00 57.1 0.7 00 937 2.0
NPWMS3 mean 04 31 221 09 145 01 572 11 0.0
NPWMS3stddev 00 03 07 01 15 02 04 03 0.0
NPWMS3 CV 1% 9% 3% 13% 10% 173% 1% 29% na
NPWMS5 spectrum 1 0.5 23 184 0.0 87 04 677 1.6 00 732 29
NPWMSS5 spectrum2 0.4 2.6 212 03 84 00 641 24 00 739 24
NPWMSS spectrum3 04 2.6 199 00 80 04 658 24 00 743 26
NPWMS5 mean 04 25 198 01 84 02 659 21 0.0
NPWMS5stddev 00 02 14 02 03 02 18 05 0.0
NPWMS5 CV 6% 7% 7% 173% 4% 87% 3% 22% na
NPWMS6 spectrum 1 0.0 3.4 279 1.6 13.1 0.0 524 1.6 00 929 15
NPWMS6 spectrum 2 0.0 3.2 267 13 109 00 546 33 0.0 905 1.6
NPWMS6 spectrum 3 0.4 3.1 276 1.6 13.6 00 517 20 0.0 95.1 1.5
NPWMS6 mean 01 32 274 15 125 00 529 23 0.0
NPWMS6stddev 03 01 06 02 14 00 15 09 0.0
NPWMS6 CV 173% 4% 2% 13% 1% na 3% 38% na
NPWMS7 spectrum 1 1.1 54 341 1.1 134 06 369 0.0 74 853 0.8
NPWMS7 spectrum2 1.0 49 328 1.8 128 0.7 378 0.0 79 837 09
NPWMS7 spectrum3 1.1 5.0 340 13 13.0 0.7 363 0.0 83 870 0.8
NPWMS7 mean 11 51 337 14 131 07 370 00 7.9
NPWMS7stddev 00 03 07 04 03 00 08 00 0.5
NPWMS7 CV 1% 5% 2% 28% 2% 7% 2% na 6%
NPWMSS8 spectrum 1 03 1.7 219 00 68 04 678 1.0 00 689 24
NPWMS8 spectrum2 0.3 2.0 238 0.0 73 0.0 659 0.7 00 729 22
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NPWMSS8 spectrum3 04 1.8 221 00 75 00 674 09 0.0 74.1 24

NPWMS8 mean 03 18 226 00 72 01 670 09 00
NPWMSS std dev 00 01 10 00 04 02 10 02 00
NPWMS8 CV 8% 8% 5% na 5% 173% 1% 19% na

NPWMSI12 spectrum 1 0.4 1.8 23.0 00 10.I 09 625 12 00 709 2.1

NPWMSI12 spectrum2 03 2.0 231 00 93 07 609 36 0.0 73.0 20

NPWMSI12 spectrum3 03 19 242 00 90 08 606 32 00 744 19
NPWMS12 mean 03 19 234 00 95 08 613 27 00
NPWMS12 std dev 00 01 06 00 06 01 10 13 00
NPWMS12 CV 11% 5% 3% na 6% 10% 2% 48% na

NPWMSI13 spectrum1 0.0 1.9 243 00 88 12 562 76 00 886 1.8

NPWMSI13 spectrum2 0.0 1.5 255 00 63 08 592 67 0.0 908 1.8

NPWMSI13 spectrum3 0.5 1.8 249 00 95 1.1 582 41 0.0 882 1.8
NPWMS13 mean 02 17 249 00 82 10 579 61 0.0
NPWMS13 std dev 03 02 06 00 17 02 16 18 0.0
NPWMS13 CV 173% 12% 2% na 20% 22% 3% 30% na

NPWMSI14 spectrum1 1.1 48 343 00 38 00 522 33 0.0 944 12

NPWMSI14 spectrum2 1.1 47 337 00 44 03 533 26 00 995 1.2

NPWMSI14 spectrum3 1.2 46 340 00 43 00 535 23 0.0 988 12
NPWMS14 mean 11 47 340 00 42 01 530 27 00
NPWMS14 std dev 61 01 03 00 03 02 07 05 00
NPWMS14 CV 8% 2% 1% na 7% 173% 1% 18% na

NPWMSI18 spectrum1 03 2.7 307 02 70 00 579 1.1 0.0 672 15

NPWMSI18 spectrum2 04 28 298 01 74 00 580 14 00 720 15

NPWMSI18 spectrum3 04 28 295 03 7.7 00 573 21 00 744 15
NPWMS18 mean 04 28 300 02 74 00 577 16 00
NPWMS18 std dev 01 00 06 01 03 00 04 05 00
NPWMS18 CV 16% 2% 2% 54% 4% na 1% 31% na

NPWMSI19 spectrum1 1.2 25 316 00 192 08 443 05 0.0 659 1.1

NPWMSI19 spectrum2 1.2 2.6 31.7 0.0 190 1.0 442 04 00 689 1.1

NPWMSI9 spectrum3 1.3 25 324 0.0 194 08 427 06 00 717 1.0
NPWMS19 mean 12 25 319 00 192 09 437 05 00
NPWMS19 std dev 01 01 04 00 02 01 09 01 00
NPWMS19 CV % 3% 1% na 1% 15% 2% 18% n.a

NPWMS mean 05 29 279 05 108 03 545 18 07
NPWMS std dev 04 13 96 06 51 04 181 16 23
Inter NPWMS CV  74% 46% 34% 116% 48% 120% 33% 93% n.a
Mean intra NPWMS CV 49% 5% 3% 24% 7% 55% 2% 39% na

Table 5.21 - SEM-EDS phase analyses of NPW3/MeP2 slag matrices, selected major and minor oxides
after data normalisation, analytical total presented.
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Diagram, and extending two lines to the intersections of the liquidus with the ‘4Cu+0O, =
2Cu,0’ and ‘6FeO+0, = 2Fe,0,” boundaries (representing the likely redox envelope for
a process reducing copper to metallic form, and containing divalent as well as trivalent

iron), indicates a ppO, between c. 1x10 and c. 1x10"° (Figure 5.47).

1] ) Wegt s fell—= Frdy
~¥§10 1361
Figure 5.46 - Slag matrices plotted on a ternary diagram
for a FeO-Ca0O-Si02 slag system in equilibrium with iron

metal. Image adapted from Eisenhiittenleute 1995.
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Figure 5.47 - Ellingham Diagram showing redox envelope for

NPW3/MeP2 crucible slags. Image adapted from Gilchrist
1989.
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The most appropriate Flogen diagram for the NPW3/MeP2 slags describes a system with
3wt% alumina in a ppO, of 1x10%¥, with Fe/SiO, ratio and calcia as variables (Kongoli
& Yazawa 2001: Figure 10). Plotting data from Table 5.21 onto Figure 5.48 gives a
liquidus reading of between c. 1180°C and c. 1290°C (extrapolating NPWMSS5’s high
Fe/Si0, ratio), giving a mean minimum slag temperature of ¢. 1240°C. Considering the
NPW3/MeP2 slags have magnetite precipitations in probable intermediate oxygen partial
pressures, it is likely the slags were exposed to temperatures in excess of 1300°C, even
if these conditions were not prolonged enough to result in a complete liquefaction of the

charge.

FLOGEN |
CagSiz0; Ca,Si0,
b
P 1325
FCS
Spinel (Magnetite)
1200\@225 1250 1275
L
® ° ° L
13 18 17 1o 24 23 25
Fe/510: (wt ratio)

Figure 5.48 - SEM-EDS analyses of slag matrices plotted on a
Flogen binary chart for a slag system at a 10® ppO, and with
3wt% ALO,. Image adapted from Kongoli & Yazawa 2001:
Figure 10.

5.3.4 - Discussion

The NPW3/MeP2 slag evidence is entirely consistent with the expected waste product of
a copper smelting operation. There are strong indications that the ancient metalworkers
were not proficient smelters, though as previously mentioned, we are not here to pass
judgement on past technological choices as adapted to peoples’ needs. The principal
signs of the early Iron Age chaine opératoire as a developing technology is the extreme
heterogeneity of the slag between and within samples, as evidenced by macro, bulk, and
micro analysis (e.g. Eerkens & Lipo 2005, Eerkens & Lipo 2007 note that high CVs
represent periods of experimentation and/or innovation, as opposed to behavioural
convergence [standardisation] producing low CVs). These characteristics could result
from insufficient smelting temperatures, insufficient smelting duration, or insufficiently
balanced smelting charges, but on the basis that there is microanalytical evidence for
the formation of primary crystalline and glassy phases from c. 1100°C to c. 1300°C,
the author is inclined to discount the first contention - that of inadequate temperature.

Therefore, the unreacted nature of the slag is almost certainly a combination of an
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unduly brief smelt and/or a poorly prepared smelting charge. The interpretation can be
pressed further by highlighting the short processing time (a few hours) required for the
relatively low quantities of material involved in the process. It is unlikely that the early
Iron Age smelters at Non Pa Wai never chose to continue their smelt a little longer to
ensure a more complete reaction. It is more probable they stopped due to inadequate
heat distribution through a block of partially fused minerals, and thus continued high
temperature processing with the technology available could not significantly improve the
result. This would leave the composition of the mineral/fuel charge as the primary culprit
for process inefficiency. The crucible technology could certainly produce the necessary
heat (at least whilst the temperature could be evenly distributed), and the charge contained
copper ores and slag forming minerals, but the proportions of the latter conspired against
the substantial liquefaction of gangue. The slag that was produced formed at near
eutectic compositions from the minerals in contact (as per glass in Rehren 2000), but
the viscosity of the slag and embedded residual minerals may still have prevented even
temperature distribution and caused the smelt to stall. However, unlike Rehren’s proposed
glass production technique, the NPW3/MeP2 slags do not appear to have been crushed
and sorted for the re-smelting of residual minerals®. The author does not consider the
provision of an adequate gaseous atmosphere to have been an issue restricting the NPW3/
MeP2 smelt. The evidence for a relatively ‘open’ crucible reaction (not a tightly enclosed
structure which might promote highly reducing conditions), combined with the efficacy
of the CO gas producing Boudouard reaction, would conspire towards intermediate redox
conditions suitable for the reduction of copper (Gilchrist 1989, Bassiakos et al. 2008).

Figure 5.49 - Macro-scopically
visible residual magnetite in
NPWMS6, mounted in 32mm
polished block. Image: author.

The composition of the smelting charge is of great interest, as it would seem to give a
reasonably direct insight into the technological choices of the ancient smelters. The author

does not consider that fragments of chalcopyrite, sphalerite, and especially magnetite up

8 There is of course a difference between glass production where glass is the
product, and metal production where slag is the waste product, but good slag formation
remains a reliable proxy for good metal production.
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to tens of millimetres in length to be accidental additions to the smelting charge (Figure
5.49). In which case they were intentionally included within the charge, even though
their presence was most likely a hindrance to the copper extraction process. There is
no clear relationship between copper and sulphur in the slag, suggesting that although
sulphidic minerals were present, any interpretation of matte smelting or deliberate co-
smelting would be somewhat far-fetched (cf. Rostoker & Dvorak 1991, Rostoker et al.
1989). Likewise, interpreting the magnetite fragments as evidence of deliberate fluxing
of the charge is implausible given their utter failure in this respect (cf. Bennett 1989).
Perhaps the solution to the NPW3/MeP2 charge requires us to disregard some of our
modern knowledge. Magnetite, chalcopyrite, and sphalerite are all dense, dark coloured,
somewhat iridescent, and can be found adjacent to oxidic copper minerals; indeed they
are at Khao Tab Kwai. It is then not unreasonable to suggest that in addition to the brightly
coloured copper carbonates selected for the smelting charge, early Iron Age Non Pa Wai
metal workers also indiscriminantly included copper sulphide and iron oxide minerals
due to their close association to known copper-bearing materials available locally, this

resulting in the enormous variability seen in the slag evidence.

5.4 The Non Pa Wai copper smelting chaine opératoire

The combined weight of the macro-analytical, bulk chemical, and microanalytical study
of minerals, technical ceramics, and slags from early Iron Age Non Pa Wai provides
reasonable evidence to support the interpretation of the predominant on-site metallurgical
activity as the crucible smelting of copper.

All ofthe minerals recovered from NPW3/MeP2 contexts would have been locally available
from mineralisations in and around the Valley. Most of the samples are consistent with
the ores and host rock species one might expect in a copper smelting process, including
both oxidic minerals like malachite, as well as sulphidic minerals like chalcopyrite. The
lack of consistency to the assemblage suggests the mineral charge was to some extent
mixed, though it is unknown whether the excavated minerals were lost accidentally, or
intentionally screened out during beneficiation and charge preparation. Though there is
no evidence of their having been roasted, it could be considered unlikely considering the

seeming absence of other systematic mineral processing.

The technical ceramic evidence suggests the probable use of local clays for the production
of simple yet effective forms for metal production activities. The nature and degree of
heat damage and slagging to the vessels is fully consistent with the interpretation of a

crucible-based smelting process, although the exact purpose of the ‘pit-rims’ is more
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ephemeral. The assemblage requires further investigation to be properly understood at
a technological level, but the possible difference in clay modification between crucibles
and ‘pit-rims’ will be extremely interesting to follow up. Comparing and contrasting the

domestic and technical ceramics would doubtless be a fruitful exercise.

The heterogeneous appearance and bulk chemistry of the NPW3/MeP2 slags can be
interpreted as evidence for the practice of sub-ideal smelting techniques, and behaviourally
as the metalworkers being inexpert at identifying, sorting, and combining the required
minerals for copper production. Given the highly variable levels of sulphur in the slags
it could be suggested that sulphidic copper minerals were not a constant constituent of
the smelting charge, and thus that oxidic minerals predominated - as might be expected
by metalworkers exploiting the oxidised secondary mineralisation near the surface of a
metallogenic deposit. Inconsistent technological choices in these parameters could well
account for the incomplete slag formation and high copper losses witnessed at Non Pa
Wai.

The NPW3/MeP2 reconstruction is heavily influenced by the notes and comments of the
original TAP excavators at Non Pa Wai. In particular, Roberto Ciarla’s sketch (Figure 5.5)
of a shallow depression in association with a low ceramic rim is key to arriving at the
current reconstruction for the major on-site industrial activity (Figure 5.50). Although the
smelt would be open to the atmosphere above, the crucible walls and exterior furnace rim
would certainly prevent any natural drafts from aspirating the reaction. Therefore, in the
absence of any tuyeres, the smelt would have presumably been powered by blowpipes,
perhaps of bamboo. The limited air delivery capacity of blowpipes would have imposed
quite a limit on the scale of an individual smelting operation (Rehder 1994), and may also

have been partly responsible for the uneven and incomplete reaction of the charge.

Although our stratigraphic and chronological understanding of Valley archaeology
remains imperfect, the industrial evidence from NPW3/MeP2 contexts is testimony to the
production of substantial quantities of metal between c. 5/600 BCE and c. 300 BCE. This
technology would have been theoretically totally sustainable with minerals, fuels, and
clays available in the Khao Wong Prachan Valley, and there is no implicit requirement for

external materials, especially given the lack of tin/bronze.

Although far apart in terms of period and context, the NPW3/MeP2 smelting chaine

opératoire is comparable to what are termed ‘chalcolithic’ smelting technologies in
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western Eurasia (Bourgarit 2007: 5). The use of a crucible to contain the smelt can be
compared to the early metallurgical complexes of Al Claus and St. Veran in the Franco-
Italian Alps (e.g. Artioli et al. 2007, Burger et al. 2007) and Los Millares and Valencina
de la Concepcion in Southern Iberia (e.g. Craddock 1999: see Figure 1 for a smelting pit
and ceramic rim comparator, Nocete et al. 2008, Ruiz 1993).

AW

Minerals: Fuel:
magnetite, charcoal
chalcopyrite, &

malachite (>)
Forced draught

‘Pit-rim’ ‘
I- Il . N M

Figure 5.50 - Schematic technological reconstruction for copper smelting
technique at early Iron Age Non Pa Wai. Image: author.

171



Chapter 6

Metallurgical Analyses and Technological

Reconstruction - Nil Kham Haeng Metallurgical
Phase Three

Following on from the NPW3/MeP2 reconstruction, this chapter lays out an interpretation
of the copper smelting chaine opératoire at later Iron Age Nil Kham Haeng Period 3
Metallurgical Phase 3. The samples of NKH3/MeP3 mineral, technical ceramic, and slag
were prepared for macroscopic, bulk compositional, microscopic, and phase compositional
analysis according to the methodology detailed in Chapter 4. A sample catalogue and

complete analytical data may be consulted in Appendices A and B.

6.1 Minerals

Mineral finds were defined as natural materials not derived from the immediate geology
of the site, and thus representing anthropogenic deposits. The present study examined

only minerals from secure NKH3/MeP3 contexts.

6.1.1 Macro-analysis

Of the six samples assessed, four (NKHM1, NKHM2, NKHMS5, NKHM6) have visible
evidence of copper compounds (Table 6.1). Of these, three (NKHM 1, NKHM2, NKHMS)
have copper carbonate staining indicative of malachite or azurite presence, and two
(NKHMS5, NKHMS6) contain copper sulphides, probably chalcopyrite. In terms of gangue
content, all of the samples appear to be both siliceous and ferruginous, but NKHMS5 and
NKHMG6 are also pyritic. The minerals do not exhibit any evidence of having been roasted
to modify their physical structure or copper content, though this could conceivably been
part of the MeP3 production process (e.g. Craddock 1995). The key macro-characteristics

of the samples are summarised in Table 6.1.

Overall, the visual impression of the NKH3/MeP3 mineral samples is an assemblage of
rocks with siliceous, ferruginous, and pyritic components, and with varying degrees of

copper compound staining.
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Sample  Siliceous Ferruginous Pyritic Cacr%?r)\g;es Sﬁlop F;ﬁfjgs
NKHM1 X X X

NKHM2 X X X

NKHM3 X X

NKHM4 X X

NKHM5 X X X X

NKHM6 X X X X

Table 6.1 - Macro-characteristics of NKH3/MeP3 mineral samples.

6.1.2 Bulk Chemistry

At the major oxide level, the chemical data (Table 6.2) are compatible with the macro-
analytical identifications for the Nil Kham Haeng samples, and are predominantly
siliceous/ferruginous rocks. However, there is also a fairly consistent presence of sulphur
compounds, which suggests that the copper concentrations seen represent both primary
(sulphidic) and secondary (oxidic) copper minerals. The Nil Kham Haeng samples contain
c. 9wt% copper on average, but of those only two might reasonably be called an ore; these
are the chalcopyritic NKHMS5 and NKHM6 with 16-17wt% each. The lower analytical

totals of some samples may relate to the presence of carbonates.

MgO ALO, SiO, SO, CaO Fe,0, CuO Total
wt% wt% wt% wt% wt% wt% wt% wit%
NKHM1| 40 10.8 359 5.0 213 18.0 35 893
NKHM2 | 0.6 86 642 0.0 80 106 6.1 927
NKHM3 | 0.7 21 780 48 31 68 34 1004
NKHM4 | 04 58 719 15 62 84 52 100.8
NKHM5 | 04 46 433 84 63 203 155 101.3
NKHM6 | 04 1.0 434 138 4.0 184 175 922
mean .1 55 561 56 82 138 85
stddev. 14 38 175 50 6.7 58 63
cv 134% 69% 31% 89% 82% 42% 74%

Table 6.2 - [P]JED-XRF bulk chemical analyses of NKH3/MeP3
mineral samples, selected major and minor oxides after data nor-
malisation, analytical total presented.

At the trace element level, zinc (mean 1073ppm) and strontium (mean 625ppm) are again
the predominant elements, but barium (mean 184ppm) joins tantalum (mean 97ppm),
hafnium (mean 88ppm), and nickel (mean 85ppm) as significant traces, albeit with a
high degree of variation, as indicated by a mean CV of 112% (Table 6.3). The relatively
large amount of zinc in NKHM3, in association with elevated sulphur levels, may
indicate the presence of sphalerite within the sample. The mean value for arsenic is also
distorted by a high concentration in NKHM®6, presumably corresponding to the presence
of arsenopyrite. As per Non Pa Wai, hafnium and tantalum have a highly positive (R* =
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1) though apparently isolated correlation (Figure 6.1), but strontium and barium in the
Nil Kham Haeng samples appear to be related only to alumina and calcia, with silica

seemingly disassociated (Figure 6.2).

Ni Zn As Sr Zr Ba Hf Ta

ppm ppm ppm ppm ppm ppm ppm ppm

NKHM1 | 102 263 <10 1303 83 654 134 149
NKHM2 | 69 266 66 1031 102 33 158 173
NKHM3 | 82 3752 17 287 <10 23 100 110
NKHM4 | 73 112 <10 627 56 63 136 149
NKHM5 | 168 414 12 358 <10 126 <10 <10
NKHMG6 | 14 1629 1330 142 <10 206 <10 <10
mean 85 1073 238 625 40 184 88 97
stddev 50 1425 536 457 46 240 71 78
Ccv 59% 133% 226% 73% 115% 130% 80% 80%

Table 6.3 - [P]JED-XRF bulk chemical analyses of NKH3/
MeP3 mineral samples, selected trace elements after data

normalisation.
Phase
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Figure 6.1 - Scatter plot of NKH3/MeP3 mineral samples [P]JED-XRF bulk chemical data - hafnium
versus tantalum.

Correlation Matrix

Al203 Sio2 Ca0 Sr Ba
Correlation Al203 1.000 -.250 .847 .982 .5562
Sio2 -.250 1.000 -.568 -.206 -.748
Ca0 .847 -.568 1.000 .857 .907
Sr .982 -.206 .857 1.000 .578
Ba .552 -.748 .907 .578 1.000

Figure 6.2 - Correlation matrix of NKH3/MeP3 mineral sample [P]ED-XRF bulk chemical
data - alumina, silica, calcia, strontium, and barium.
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6.1.3 Discussion

As stated before (Chapter 5), the difficulties of interpreting excavated mineral assemblages
are well known (e.g; Craddock 1995). However, the industrial deposit at Nil Kham Haeng
is largely the result of intensive ore and slag crushing activity, and thus the uniformity of
the assemblage perhaps indicates that mineral samples are representative of those chosen
by ancient metalworkers. Whether the samples recovered represent minerals awaiting
processing, minerals awaiting smelting, or minerals for some reason rejected remains
uncertain. The NKH3/MeP3 sample population is small, with only six mineral fragments,

but commensurate with a copper smelting locale.

6.2 Technical ceramic

Technical ceramics were defined as non-domestic ceramics associated with industrial
activities, and included: ‘slag-skin’, ‘furnace’, mould, and crucible fragments. As
previously explained (Chapter 2), NKH3/MeP3 crucibles are very scarce, and moulds are
less relevant to the present study’s focus on extractive metallurgy. Therefore, only ‘slag-

skin’ and ‘furnace’ fragments from secure NKH3/MeP3 contexts were analysed.

6.2.1 Macro-analysis

Of the six samples assessed, three (NKHTCI, NKHTC2 NKHTC3) were ‘furnace’
fragments, and three (NKHTC4, NKHTCS5, NKHTC6) were ‘slag-skin’ fragments
(thought to be the remnants of clay lining from smelting pits). The key visual macro-

characteristics of the samples are summarised in Table 6.4.

Sample Hi-fired Lo-fired Bloated/Vitrified Slagged Coppersign  Perforated
NKHTC1 X
NKHTC2 X
NKHTC3 X X
NKHTC4 X X X X
NKHTC5 X X X X
NKHTC6 X X X X

Table 6.4 - Macro-characteristics of NKH3/MeP3 technical ceramic samples, NKHTC1-3 are
‘furnace’ fragments, NKHTC4-6 are ‘slag-skins’.

The three ‘slag-skin’ samples assessed consist of an unevenly consolidated but well-fired
coarse organic-tempered paste, embedded with fragments of ceramic and small stones
on the exterior, and coated with slag on the interior (Figure 6.3). The samples range
from ¢. 10mm to c¢. 15mm in thickness, and ¢. 30mm to c. 50mm in diametre, with weak

curvature, and no clear evidence for rims or bases. All of the fragments have a strong
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thermal and redox gradient, whereby the slagged surface is bloated and reduced black,
and the other is less heat-damaged and oxidised red, one of the samples (NKHTCS5) has
a whitish layer underneath the slag (Figure 6.4). The slag coating itself is patchy, porous
and heterogeneous, with clear copper staining present in all cases.

The slagging and heat damage would suggest the ceramic was in direct contact with
a high-temperature process, and the irregular surfaces and frequent inclusions of small
stones are consistent with the ‘slag-skins’ being interpreted as clay linings moulded into
a pit, rather than fragments of a free-standing vessel. The general amorphousness of the
samples renders a reconstruction problematic, but if the ‘slag-skins’ are associated with

the furnaces, then we might expect a lined pit c. 200mm in diametre.

Figure 6.4 - ‘Slag-skin’ fragments NKHTCS. Image: author.

176



Figure 6.6 - ‘Furnace’ fragment NKHTC3, with perforation high-
lighted. Image: author.

Figure 6.7 - Perforated ceramic cylinder excavated from Burial 1
Operation 4 at Nil Kham Haeng. Image: courtesy of TAP.
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The ‘furnace’ fragments were made from a friable low-fired oxidised red coarse organic-
tempered fabric, (Figure 6.5). The fragments are c. 40mm to c. 50mm thick, and range
from c. 50mm to c¢. 130mm in diametre. The samples have regular flattened bases, sub-
rounded rims, and a reasonable indication of curvature. Two of the samples (NKHTC2
and NKHTC3) have evidence of wall perforation, especially clear in the latter (Figure
6.6). Although the ‘furnace’ fragments are low-fired, two of the three samples (NKHTC2
and NKHTC3) do have evidence for localised heat damage, with a slightly higher-fired
grey layer adhering to the interior wall and perforated surfaces (Figure 6.6). There is
no sign of any bloating, vitrification, slagging, or copper staining on any of the studied

samples, though the latter is visible on the extant whole example (Figure 6.7).

The fabric and formal characteristics of the ‘furnace’ fragments makes for a strong
correlation with the complete perforated ceramic cylinder recovered from a secure NKH3/
MeP3 burial context (Figure 6.7), which would reconstruct them as c. 200mm tall and
c. 200mm in diametre. These structures have previously been interpreted as smelting
furnaces (Pigott et al. 1997), and the technological choice of perforation suggests the
reaction may have been wind-powered - as per perforated furnaces from the Bronze Age
Near East and Aegean, medieval Sri Lanka, and the recent historical Southern Andes
(Bunk et al. 2004, Catapotis et al. 2008, Tabor et al. 2005, Van Buren & Mills 2005).

6.2.2 Bulk Chemistry

The technical ceramic samples from Nil Kham Haeng were prepared for [PJED-XRF
bulk chemical analysis and the resulting data processed as per the methodology detailed
in Chapter 4. Complete chemical data may be seen in Appendix B (Table B3). Due to
the close mechanical and interstitial chemical association between ceramic and slag in
the ‘slag-skin’ fragments' (NKHTC4, NKHTCS5, NKHTC6) bulk chemical analysis was
deemed an unsuitable technique - it would be impossible to reliably separate the two
components in sample preparation, and thus the results would be mutually obscured by
their independent chemistries. Please see 6.2.3 below for results of the micro-analytical

study of Nil Kham Haeng ‘slag-skins’.

The major oxide chemistry of the three Nil Kham Haeng ‘furnace’ fragments is uniform,

with a mean composition of 59.1wt% silica, 21.2wt% alumina, 10.9wt% iron oxide, and

1 The NPW3/MeP2 crucible fragments were predominantly ceramic, with a little
bit of slag, whereas the proportion was approximately 50:50 for the NKH3/MeP3 ‘slag-
skins’.
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5.0wt% calcia (Table 6.5, Figure 6.8). Calcia has the highest CV at 16%, but the mean CV
for the above oxides is fairly low at around 8%, although the very low sample population
will have a disproportionate effect on mean figures. The technical ceramic major oxide
chemistry is similar to that of Non Pa Wai (Figure 5.12), and commensurate with a clay
source in the local geological area. The copper oxide content of the samples averages
0.2wt%, indicating either the ‘furnace’ fragments had a degree of contact with copper
production activities, or a copper-rich burial environment. Carbonate compounds may

again be responsible for low analytical totals.

ALO, SiO, CaO Fe,0, CuO Total
wt% wt% wt% wt% wt% wit%
NKHTC1 furnace | 21.4 59.1 45 11.1 02 877
NKHTC2 furnace | 20.1 61.3 46 100 0.3 899
NKHTC3 furnace | 22.0 57.1 59 11.7 02 912

mean 21.2 591 50 109 0.2
std dev 1.0 21 08 09 0.0
Ccv 5% 4% 16% 8% 13%

Table 6.5 - [P]JED-XRF bulk chemical analyses of NKH3/
MeP3 technical ceramic (‘furnace’) samples, selected major
and minor oxides after data normalisation, analytical total
presented.

s

o
-

s

, Maa (),

y \t\l'ﬁ Mg,
N BoAD,
i Calh,

ALO, + Tio, 0 10 20 30 40 sih 5ib n B W M0,
Fedh

10/

Figure 6.8 - Ternary plot of NKH3/MeP3 technical ceramic
samples [P]JED-XRF bulk chemical data - selected major
oxides.

Barium is the predominant trace element, with a mean of 344ppm and a relatively high
CV 0f 49%. Other leading traces include strontium (mean 207ppm), zinc (mean 204ppm),
and zirconium (mean 116ppm), all of which have CVs less than 21% (Figure 6.9, Table

6.6). At Nil Kham Haeng the levels of barium and strontium are positively correlated
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to silica, and negatively to alumina, whereas zirconium has the opposite relationship to
both major oxides (Figure 6.10). Only barium has a reasonable correlation to calcia. Care
must be taken due to the limited number of Nil Kham Haeng samples, but the internal
uniformity of the trace element chemistry would suggest a single clay source being used
for NKH3/MeP3; the patterning is almost the opposite to that seen in the Non Pa Wai
samples (Figure 5.13).

Zn Sr Zr Ba

ppm  ppm ppm  ppm

NKHTC1 furnace | 214 176 117 281
NKHTC2 furnace | 211 257 114 533
NKHTC3 furnace | 187 189 116 218
mean 204 207 116 344

std dev 15 43 2 167

CcVv 7%  21% 1%  49%

Table 6.6 - [P]JED-XRF bulk chemical analyses of
NKH3/MeP3 technical ceramic (‘furnace’) samples,
selected elements after data normalisation.
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Figure 6.9 - Ternary plot of NKH3/MeP3 technical
ceramic samples [PJED-XRF bulk chemical data -
selected elements.

Correlation Matrix

Al203 Sio2 CaO Sr Zr Ba
Correlation Al203 1.000 -.986 .708 -.883 .886 -.990
Si02 -.986 1.000 -.816 .793 -.797 .952
CaO .708 -.816 1.000 -.294 .300 -.599
Sr -.883 .793 -.294 1.000 -1.000 .942
Zr .886 -.797 .300 -1.000 1.000 -.944
Ba -.990 .952 -.599 .942 -.944 1.000

Figure 6.10 - Correlation matrix of NKH3/MeP3 technical ceramic (‘furnace’) sample [P]JED-XRF bulk

chemical data - alumina, silica, calcia, strontium, zirconium, and barium.
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6.2.3 Micro-analysis

The technical ceramic population was sub-sampled for further study by OM and SEM-

EDS. Due to the low population, the microanalytical sub-sample included the entire

technical ceramic assemblage including the ‘““slag-skins’ not assessed by bulk chemical

analysis. The key micro-characteristics of the samples are summarised in Table 6.7.

Therma}I Elongate Modified Olivine Crypto Magnetite Magnetite .
Sample degradation . . . . , ; g Prills
. vesicles inclusions skeletons ‘glass’ (primary) (residual)
gradient
NKHTC1 - X -
NKHTC2 - X -
NKHTC3 - X -
NKHTC4 X X - X ? X X X
NKHTC5 X X - X ? X X X
NKHTC6 X X - X ? X X X

Table 6.7 - Micro-characteristics of NKH3/MeP3 technical ceramic samples, NKHTC1-3 are ‘furnace’
fragments, NKHTC4-6 are ‘slag-skins’.

imm Electron Image 1

Figure 6.11 - PPL and SEM-BSE images, both at
x50, of NKHTC2 micro-features, ‘a’ micromass, ‘b’
quartz, ‘c’ iron oxide, and ‘d’ vesicles - ‘Spectrum
1” exemplar of EDS area scan on fabric. Images:
author.
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‘Furnace’ fragments:

Due to the lack of a thermal profile, the furnace fragments have a relatively uniform
microstructure across the section. The paste is composed of an optically-active red
micromass, with frequent sub-angular to sub-rounded fragments of quartz ranging from
c. 0.0lmm to c¢. 0.4mm, and iron oxide ranging from c. 0.0lmm to c. 0.4mm (Figure
6.11). The inclusions are reasonably well sorted, with no distinct evidence of preferred
orientation, and their size distribution appears to be polymodal. As per the Non Pa Wai
samples are the frequent presence of elongate curvilinear vesicles c. 0.1mm to ¢. 0.2mm

wide and up to c. 2mm in length, and also without preferred orientation (Figure 6.11).

The presence of multiple mineral species would indicate the furnaces were made from a
sedimentary clay. The weathered appearance of these particles, and the apparent absence
of a modal distribution suggests they are either natural contaminants or evidence for non-
systematic inorganic tempering. The extended airspaces in the furnace fabric are probably
explained by modification of the paste with large quantities of plant matter, which would
have subsequently burnt out. The lack of preferred orientation in the microstructure
suggests the furnaces were coiled or slabbed, and almost certainly not thrown (Courty &
Roux 1995, Rye 1981, Whitbread 1989).

‘Slag-skin’ fragments - paste:

The continuous heat damage across the ‘slag-skins” profile results in a less pronounced
microstructural gradient than that seen in the NPW3/MeP2 crucibles, perhaps indicating
a longer or hotter exposure for a similar thickness of material. Towards the exterior, less
heat-damaged, surface the paste is composed of a red-brown micromass with some optical
activity, regular sub-rounded fragments of slightly fused quartz ranging from c. 0.05mm
to c. 0.5mm, and sub-rounded fragments of semi-fused iron oxide ranging from c. 0.05mm
to c. 0.Imm (Figure 6.12). The quartz inclusions appear to have a wide size distribution,
comparable to the ‘furnace’ fragments, but the iron oxide particle boundaries are now
more diffused, probably due to their fluxing the micromass at high temperatures. There is
no evidence of preferred orientation, possibly due to the heat-distorted grain boundaries.
As per the ‘furnace’ fragments, elongate curvilinear vesicles c. 0.1mm to 0.2mm wide and

c. Imm in length, are frequent and without preferred orientation (Figure 6.12).

The ‘slag-skin’ fabric adjacent to the slag layer is extremely bloated, with very little
microstructural detail (Figure 6.13). The visible micromass is optically inactive, with

regular fused grains of quartz c. 0.05mm to c¢. 0.2mm in diametre, no other mineral
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species were discernable within the heat-damaged matrix. Large sub-spherical to sub-
elongate vesicles, c. 0.2mm to c. Imm in size, are widely distributed up to c. 10mm from
the ceramic slag interface (Figure 6.14). The sorting of inclusions appears to be similar

to that seen in the exterior fabric, though evidence for preferred orientation is even less

distinct.

mm Electron Image 1 | imm ! Electien Image 1
Figure 6.12 - PPL and SEM-BSE images, both at Figure 6.13 - PPL and SEM-BSE images, both at
x50, of NKHTCS5 micro-features, ‘a’ micromass, ‘b> x50, of NKHTC6 micro-features, ‘a’ micromass, ‘b’
quartz, ‘¢’ iron oxide, and ‘d’ vesicles - ‘Spectrum  quartz, and ‘d’ vesicles - ‘Spectrum 1’ exemplar of
1” exemplar of EDS area scan on fabric. Images: EDS area scan on fabric. Images: author.
author.

Figure 6.14 - Crucible fragment
NKHTCS mounted in 32mm
polished block, widespread bloat-
ing visible at the ceramic/slag
interface. Image: author.
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These characteristics would suggest the ‘slag-skins’ were produced from a sedimentary
clay tempered with organic material. The non-vitrified ‘slag-skin’ fabric is entirely
comparable to that of the ‘furnace’ fragments, and does not seem to have been modified
as per the NPW3/MeP2 crucible paste. The microstructural evidence for a thermal
gradient corroborates the macro evidence, and indicates the ‘slag-skins’ were subjected
to intense internal heating. Although the exterior ‘slag-skin’ fabric is less heat damaged
than the interior, its high temperature exposure reduced optical activity and blurred grain
boundaries. The interior fabric is heavily degraded, with the elongate vesicles seeming to
have expanded into extensive bloating.

ALO, SiO, KO CaO TiO, Fe,0O, Total

wt% wt% wt% wt% wt% wt% wt%

NKHTC4| 10.1 72.7 1.1 51 0.8 102 42.0

NKHTC5| 183 563 1.1 64 12 168 459

NKHTC6| 17.2 52.7 24 58 1.1 208 31.6
mean 152 60.6 1.5 58 1.0 159
stddev 44 10.7 08 06 02 54
CcVv 29% 18% 51% 0% 21% 34%

Table 6.8 - SEM-EDS area scans of NKH3/MeP3
‘slag-skin’ samples, selected major and minor oxides
after data normalisation, analytical total presented.
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Figure 6.15 - Ternary plot of NKH3/MeP3 technical ceramic
samples: ‘slag-skin’ (black dot) - SEM-EDS data, ‘furnace’ -
[PJED-XREF data - selected major oxides.

As mentioned earlier in the chapter, bulk chemical analysis of the technical ceramic paste
was not possible due to the intimate association between fabric and slag. However, this
problem can be partially overcome with SEM-EDS area scans of the paste on less heat
damaged portions of the profile (Table 6.8). It should be noted that the high degree of
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porosity in even the unbloated ‘slag-skin’ results in very low analytical totals, which
must be interpreted with caution. These caveats in hand, the SEM-EDS ‘slag-skin’ data is
comparable to the [P]JED-XRF ‘furnace’ data (Table 6.5), indicating fabrics with similar
refractory qualities (Figure 6.15).

‘Slag-skin’ fragments - slag:

The microstructure of slag adhering to the three ‘slag-skin’ samples assessed is composed

of three major components: interstitial glass, olivine and iron oxide crystals, as well as

copper prills and residual iron oxide minerals (Figure 6.16).

[ 1imm i Election Image 1 . ; 100y Election Image 1

Figure 6.16 - NKHTCS ‘slag-skin’ micro-features at 100x (left) by plane polarised light (top) and SEM-
BSE (bottom), and NKHTC6 at 500x (right) by plane polarised light (top) and SEM-BSE (bottom).
Labels ‘a’ olivine skeletons, ‘b ’ primary magnetite euhedrals, ‘b,” residual magnetite inclusions, ‘c’ glass
phase, ‘d’ prill, ‘Spectrum 1’ examplar of an SEM-EDS area analysis. Images: author.

Olivine crystals - Elongate olivine skeletons are a frequent feature of the NKH3/MeP3
‘slagskins’, and range in width from c¢. 0.0lmm to c¢. 0.02mm, and in length from c.
0.05mm to c. 0.3mm (Figure 6.16). As discussed in Chapter 5, olivine should not be
able to form under intermediate partial pressures (Kongoli & Yazawa 2001: 585), and
thus its presence once again in the slag microstructure indicates redox conditions were

variable. The skeletal crystalline habit suggests the ‘slag-skins’ were subject to relatively
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fast cooling, which is interesting as one might expect a ceramic-lined pit to have retained

heat for some time.

MgO AlQ, SiO, CaO FeO CuO Total Fe/SiO,
wt% wt% wt% wt% wt% wt% wt% wt ratio
NKHTC4| 0.4 6.4 34.1 102 444 0.1 834 1.0
NKHTCS5| 2.7 2.8 288 19.6 442 03 832 1.2
NKHTC6| 0.5 7.5 344 19.0 362 1.2 831 0.8
mean 1.2 56 324 163 41.6 0.5
stddev 13 25 3.1 52 47 06
CV  110% 44% 10% 32% 11% 104%

Table 6.9 - SEM-EDS phase analyses of NKH3/MeP3 ‘slag-
skin’ olivine crystals, selected major and minor oxides after data
normalisation, analytical total presented.

By SEM-EDS spot analyses, the major chemical components of the skeletons are FeO
(mean 41.6wt%), SiO, (mean 32.4wt%), CaO (mean 16.3wt%), Al,O, (mean 5.6wt%) and
MgO (mean 1.2wt%) (Table 6.9). The CVs for iron oxide, silica, and calcia (11%, 10%,
32% - the latter elevated result due to NKHTC4’s divergent reading) are substantially
lower than those for NPW3/MeP2 crucible slag olivines (Table 5.8), potentially indicating
more regular formation conditions and an increasingly standardised mineral/fuel charge
in the later Iron Age process. Plotting the Fe/SiO, ratio against CaO on a binary Flogen
diagram, calculated for 7wt% ALO, (Kongoli & Yazawa 2001: Figure 11), indicates
the olivine phases began to crystallise between c. 1210°C and c. 1265°C, with a mean

precipitation temperature of c. 1230°C (Figure 6.17).
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Figure 6.17 - SEM-EDS analyses of olivine phases plotted on
a Flogen binary chart for slag system at a 10® ppO, and with
Twt% Al O,. Image adapted from Kongoli & Yazawa 2001:
Figure 11.
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Magnetite spinel - Euhedral and dendritic crystals are also common within NKH3/MeP3
‘slag-skins’, with dimensions ranging from c. 0.005mm to c. 0.03mm (Figure 6.16). The
euhedral phases are identified as the iron oxide magnetite due to their optical behaviour
and angularity (Ineson 1989), but some of the dendrites have a degree of roundedness
which suggests they are wiistite. The ‘slag-skins’ also contain occasional angular to
sub-angular fragments of iron oxide up to ¢. Imm in size (Figure 6.16). These are also
identified as magnetite, but are in this instance almost certainly residual minerals, which
appear to be dissolving into the melt rather than precipitating from it. The presence of
residual magnetite represents a strong technological choice analogy to NPW3/MeP2 (to

be discussed in Chapter 8), and ensures the slag system was buffered with iron oxide.

SEM-EDS spot analyses indicate the principal chemical components of the iron oxide
phases are FeO* (mean 93.4wt%), AL O, (mean 2.7wt%), SiO, (mean 1.0wt%), MgO
(mean 0.6wt%), CaO (mean 0.6wt%), and TiO, (mean 0.4wt%), with CuO present but
below confident accuracy levels (Table 6.10). Binary Flogen diagrams are not available
for such high Fe/SiO, ratios, but a ternary plot calculated for intermediate oxygen partial
pressures indicates these phases would begin to precipitate at around 1300°C (Kongoli &
Yazawa 2001: Figure 6). This would suggest the primary (not residual mineral) magnetite
spinel crystallised before the olivine, which might account for the relatively uniform and

pure composition.

MgO ALO, SiO, CaO TiO, FeO CuO Total Fe/SiO,

wt% wt% wt% wt% wt% wt% wt% wt% wt ratio
NKHTC5 residualf 1.2 14 04 02 05 933 0.1 969 20438
NKHTCG6 residual| 0.2 0.3 05 03 01 983 0.1 950 1654
NKHTC6 primary| 0.4 63 23 13 0.7 8.5 03 866 304

mean 06 27 10 06 04 934 02
std dev 05 32 1.1 06 03 49 02
CVv 87% 119% 104% 99% 75% 5% 92%

Table 6.10 - SEM-EDS phase analyses of NKH3/MeP3 ‘slag-skin” magnetite
crystals, selected major and minor oxides after data normalisation, analytical total
presented.

Slag glass - Binding the closely packed ‘slag-skin’ crystals of olivine and magnetite
spinel is an interstitial glass (Figure 6.16). Unlike NPW3/MeP2 crucible slags, there is no
discernable crypto-crystallinity to this phase, which, composition notwithstanding, may
suggest a faster cooling rate for the NKH3/MeP3 ‘slag-skins’.

2 An approximation as magnetite has the formula Fe,O,.
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SEM-EDS spot analyses report that the major chemical components of this glass are SiO,
(mean 34.8wt%), FeO (mean 34.5wt%), CaO (mean 20.3wt%), AL O, (mean 7.1wt%),
MgO (mean 2.0wt%), and some CuO below accurate detection levels (Table 6.11). The
respective CVs (20%, 21%, 15%, 35% and 38%) suggest the interstitial glass composition

was quite variable between samples, indeed consistently more so than the NPW3/MeP2

equivalent phase. Plotting the data on the same Flogen diagram as the olivine indicates

the ‘slag-skin’ glass would have begun to solidify between c. 1175°C and 1260°C, with a

mean precipitation temperature of ¢. 1215°C. These precipitation temperatures are below

that for the olivine and magnetite, suggesting the glass phase was the last to form as the

slag cooled. The dense packing of the olivine crystals, and their very similar precipitation

temperature, could suggest the mineral/fuel charge composition was chemically well

balanced, with only calcia and minor oxides left to be incorporated into the relatively

sparse and compositionally variable glass phase.

NKHTC4
NKHTC5
NKHTC6
mean
std dev
CVv

MgO ALO, SiO, CaO FeO CuO Total Fe/SiO,
wt% wt% wt% wt% wit% wt% wt% wt ratio
29 58 398 214 29.1 0.0 80.1 0.6
1.9 100 269 168 425 0.1 803 1.2
1.3 5.6 37.6 227 320 0.1 80.7 0.7
20 7.1 348 203 345 0.1 988 0.8
08 25 69 31 7.1 0.1

38% 35% 20% 15% 21% 83%

Table 6.11 - SEM-EDS phase analyses of NKH3/MeP3 ‘slag-skin’
glass phases, selected major and minor oxides after data normalisa-
tion, analytical total presented.
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Figure 6.18 - SEM-EDS analyses of glass phases plotted on
a Flogen binary chart for slag system at a 10 ppO, and with
Twt% Al O,. Image adapted from Kongoli & Yazawa 2001:
Figure 11.

188



Slag prills - Although the slag area analyses (see below) would suggest otherwise, metallic
prills are rare in NKHTC4 and NKHTC6, but more frequent in the NKHTCS slag, where
they range in diametre between c. 0.0lmm and c. 0.1mm (Figure 6.16 - top and bottom
left). The SEM-EDS spot analyses performed show substantial variation in the levels
of sulphur, iron, and copper (S not detected - 22.2wt%, Fe 1.4 - 73.5wt%, and Cu 4.3
- 98.6wt%). The presence of sulphur in the slag system is not conclusive evidence of a
sulphidic smelting operation, but it would suggest the ‘slag-skins’ were involved earlier

(smelting) rather than later (casting) in the copper production sequence.

Slag matrix - Residual iron oxide aside, the ‘slag-skin’matrices are relatively homogeneous,
with low porosity and well formed crystals, suggesting the slag had been almost fully
liquid when hot. The skeletal olivine morphology and lack of any crytocrystallinity to the
glassy phase indicates the ‘slag-skins’ may have cooled quite quickly, though there is no
evidence for quenching. The general slag homogeneity means the matrices are suitable
for targeted bulk chemical analysis, which were scanned in 1mm? sections’® (Figure 6.16,
Table 6.12). These ‘bulk’ data are not comparable to the [P]JED-XRF analysis of pelletised
slag (see below) as they omit unreacted inclusions as much as possible, but, as per Chapter
5, they permit the interpretation of inter and intra sample chemical variability, which

relate to process standardisation and equilibrium respectively (cf. Humphris et al. 2009).

Comparing across the ‘slag-skin’ samples, the major chemical components of the
slag microstructure are FeO (mean 44.2wt%), SiO, (mean 29.7wt%), and CaO (mean
13.2wt%). Despite potential analytical issues (see Footnote 3) the respective CVs for
these oxides (16%, 22%, 7%) are uniformly lower than the NPW3/MeP2 crucible slag
matrices’ (Table 5.11), indicating the MeP3 process had a more stable charge composition
and/or operating parameters. The mean CuO reading of 2.0wt% is quite low, but a CV of
84% on this measure suggests inter smelt variability in process efficiency is rather high,
and in the samples studied seems to be caused by the unexplained copper losses in the
NKHTC6 slag layer. There appears to be no correlation between iron oxide content and
increased copper losses due to viscosity (Davenport et al. 2002: 273, Gilchrist 1989).

Sulphur compounds were detected in the NKHTC4 matrix alone.

Looking within individual samples, the CVs for FeO (4%, 6%, 13%), SiO, (2%, 7%,
11%), CaO (5%, 9%, 2%), CuO (35%, 24%, 37%) suggest, unsurprisingly, the slag was

3 It was not possible to completely avoid residual inclusions given the limited
dimensions, and thus iron oxide levels may be some what elevated in the ‘slag-skin’
matrix analyses.
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less variable within than between processes, but certainly not fully reacted, and unusually
these CVs are moderately higher than their NPW3/MeP2 equivalents (Table 5.11).
Though individual ‘slag-skin’ slags seem not to have fully reacted, the matrix data show
a greater degree of inter-sample compositional agreement. This might be interpreted as
showing NKH3/MeP3 metalworkers chose more standardised mineral charges or process
parameters, but, from the technical ceramic evidence at least, the performance of each

smelt was not similarly ameliorated.

MgO ALO, SiO, SO, K,O CaO MnO FeO CuO Total Fe/SiO,
wt% wt% wt% wt% wt% wit% wt% wit% wit% wt% wt ratio

NHKTC4 spectrum 1 19 80 366 07 08 149 0.7 352 0.7 759 0.7
NKHTC4 spectrum 2 14 77 352 10 09 136 06 381 10 798 038
NKHTC4 spectrum 3 1.3 87 350 08 09 137 0.7 381 05 69.1 0.8

NKHTC4 mean 15 81 356 09 09 141 06 371 07 746 038
NKHTC4 std dev 04 05 08 01 01 07 01 16 03
NPWTC8 CV 23% 7% 2% 16% 7% 5% 12% 4% 35%

NHKTCS spectrum 1 21 74 239 nd 07 142 04 496 12 837 1.6
NKHTCS spectrum2 22 6.6 21.1 nd 05 119 05 552 1.7 851 20
NKHTCS spectrum 3 20 7.7 237 nd 07 136 0.6 503 12 830 1.6

NKHTC5 mean 21 72 229 na 06 132 05 517 14 839 18
NKHTCS std dev 01 06 16 na 01 12 na 30 03
NPWTCS CV 5% 8% 7% na 21% 9% na 6% 24%

NHKTC6 spectrum 1 08 62 310 nd 08 122 0.6 443 36 77.1 1.1
NKHTC6 spectrum2 0.8 6.8 270 nd 04 122 05 491 26 804 14
NKHTC6 spectrum 3 09 77 338 nd 06 126 06 381 55 716 09

NKHTC6 mean 08 69 306 na 06 123 na 438 39 764 1.1
NKHTCS6 std dev 00 07 34 na na 02 na 55 14

NPWTC6 CV 4% 11% 11% na na 2% na 13% 3%

NKHTC mean 15 74 297 na na 132 na 442 20 786 1.2

NKHTC std dev 06 06 64 na na 09 na 73 17
Inter NKHTC CV 42% 9% 22% na na 7% na 16% 84%
Mean intraNKHTCCV 11% 8% 7% na na 5% na 8% 32%

Table 6.12 - SEM-EDS phase analyses of NKH3/MeP3 ‘slag-skin’ slag matrices, selected major and
minor oxides after data normalisation, analytical total presented.

Using the traditional archacometallurgical technique for calculating operating temperatures
from slag liquidus, the primary chemical components (iron” oxide, silica, and calcia)
would indicate the slag adhering to the crucibles was exposed to minimum temperatures
of between c. 1125°C and c. 1225°C (Figure 6.19). Transposing the mean liquidus of c.
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1160°C onto an Ellingham Diagram, and extending two lines to the intersections of the
liquidus with the ‘4Cu+O, = 2Cu,0’ and ‘6FeO+0, = 2Fe,0,” boundaries (representing
the likely redox envelope for a process reducing copper to metallic form, and containing
divalent as well as trivalent iron), indicates a ppO, between c. 1x10 and c. 1x10'°(Figure
6.20).

[} L Fedy
~ 1510 1361

Figure 6.19 - ‘Slag-skin’ slag matrices plotted on a
ternary diagram for a FeO-CaO-SiO, slag system
in equilibrium with iron metal. Image adapted from
Eisenhiittenleute 1995.
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Figure 6.20 - Ellingham Diagram showing redox envelope for
NKH3/MeP3 ‘slag-skin’ slags. Image adapted from Gilchrist
1989.
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The most appropriate Flogen diagram for the NKH3/MeP3 ‘slag-skin’ slag layer describes
a system with 7wt% alumina in a ppO, of 1x10°®, with Fe/SiO, ratio and calcia as variables
(Kongoli & Yazawa 2001: Figure 11). Plotting the data from Table 6.13 onto Figure 6.21
gives a liquidus reading of between c. 1200°C and c. 1285°C, giving a mean minimum slag
temperature of ¢. 1240°C. The traditionally derived figure of 1160°C is only 80°C adrift
from the Flogen reading, but in the opposite direction from that normally expected. This
is another example of how using thermodynamic models at intermediate oxygen partial
pressures can produce higher than expected liquidus readings when the slag contains
“fluxing’ minor oxides like alumina and calcia. It is likely the true operating temperature
for the ‘slag-skins’ was closer to 1300°C, given the precipitation of near pure magnetite

in the slag.

b

B

Spinel (Magnetite)

CaO (wt%o)

1300

05 07 08 1t 13 415 17 18 21 23 25
Fe/S10: (wt ratio)

Figure 6.21 - SEM-EDS analyses of slag matrices phases
plotted on a Flogen binary chart for slag system at a 10°* ppO,
and with 7wt% AL O,. Image adapted from Kongoli & Yazawa
2001: Figure 11.

6.2.4 Discussion

The present study’s analysis of NKH3/MeP3 ‘slag-skin’ fragments has produced
sufficient evidence to reasonably establish their involvement within the on-site copper
smelting chaine opeératoire. Though the ‘furnaces’ remain to be firmly attributed to a
particular production activity. All the technical ceramics appear to have been made from
a mineralogically and chemically homogeneous secondary clay, perhaps from one of
the local water courses flowing from Khao Phu Kha. Both sets of artefacts have been
tempered with organic material, but there is no evidence for further clay modification, the

‘slag-skin’ and ‘furnace’ paste would probably have been identical prior to use.

The existence of complete perforated ceramic cylinders from burials at Nil Kham Haeng
(Figure 6.7), and Khao Sai On leaves little doubt the fragments analysed in the present

study, containing trace levels of copper (Table 6.5), were associated with copper production
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processes at these sites. The established TAP reconstruction (Figure 1.4) would have these
cylinders as integral to the NKH3/MeP3 smelting process. However, the relative lack of
heat damage suggests these perforated structures were at some distance or somewhat
insulated from very high temperatures, considering the very extensive heat exposure
of the ‘slag-skins’. Given the lack of a better suggestion (refining, and/or casting) the

perforated ‘furnace’ configuration was retained for further testing (Chapter 7)

The NKH3/MeP3 ‘slag-skin’ evidence is consistent with the ceramic fragments having
been used to line a shallow pit. The samples appear to have been in direct contact with
a high temperature activity, resulting in a heavily slagged and bloated interior surface.
Macroscopic copper staining and microscopic copper prills identify the metal being
processed, and the analysis of slag phases indicates operating conditions substantially
above 1000°C, and in redox conditions suitable for reducing copper ores. The olivine
morphology is not consistent with a smelting furnace left to cool slowly, nor a reaction
quenched, but perhaps the precipitate digging up of the smelting pit to extract the slag cake
is a reasonable explanation and would account for the fragmentary technical ceramics.
There is no doubt the ‘furnace’ and ‘slag-skin’ fragments would benefit from further study,
the current emphasis having been to establish a solid link between the technical ceramics

and the heavily attested copper production activities at Nil Kham Haeng.

6.3 Slag

As per the Non Pa Wai material, the current analytical focus is on understanding past
technological choices and identifying styles, though there is always space for more
detail given the complexities of slag systems. Although the NKH3/MeP3 slag was
morphologically and compositionally more regular than NPW3/MeP2 samples, all
external surfaces were cut away and only the remaining core analysed. The present
study examined only slag samples from secure NKH3/MeP3 contexts, and resulted in a
reasonably cohesive understanding of the chaine opératoire that produced them. Needless
to say, more analytical data would be preferable, and it would be very interesting to
compare the later I[ron Age Nil Kham Haeng material to that from the LoRAP excavation

of the nearby and apparently contemporary site of Khao Sai On (Ciarla 2007b).

6.3.1 Macro-analysis

Of the nineteen samples assessed, two (NKHMS11, NKHMS19) were complete ‘slag
casts’ (as termed by TAP) and two (NKHMSS5, NKHMSI18) were fragments thereof.
All the other samples are probable fragments of slag cakes, though seven (NKHMS2,
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NKHMS10, NKHMS13, NKHMSI15, NKHMSI17, NKHMS20, NKHMS21) were
substantially larger and had a more discernable morphology than the remaining eight
(NKHMS3, NKHMS4, NKHMS6, NKHMS7, NKHMSSE, NKHMS9, NKHMSI12,
NKHMS14). The key characteristics of the samples are summarised in Table 6.14, and
detailed in Appendix A* The subjective descriptions of Table 6.13 are relative to the

KWPYV assemblage and not to copper smelting slags generally, in no instance is there a
perfectly uniform NKH3/MeP3 slag.

Mass Size Fe Cu
Sample (g) (mm) Morphology Homogeneity Porosity Magnetism stain stain Fuel Viscosity
Crushed slag
NKHMS2 | 265 <140 cake Low-Medium Medium  Strong Strong Strong Yes Medium
Crushed slag Low- Low-
NKHMS3 | 45 <40 cake Medium-High Medium  Strong  None Weak No Medium
Crushed slag Low- Low-
NKHMS4 | 45 <50 cake Medium-High Medium  Weak  None Weak No Medium
Slag cast
NKHMS5| 30 <30 fragment Low-Medium Medium Strong Weak Strong No Medium
Crushed slag Medium-
NKHMS6 | 30 <40 cake Low High Strong  None Strong No  High
Crushed slag Low-
NKHMS7| 30 <50 cake Medium-High Medium  Weak  Weak None No Medium
Crushed slag Low- Low-
NKHMS8 | 65 <60 cake Medium-High Medium  Strong  Weak Weak No Medium
Crushed slag Medium-
NKHMS9 | 150 <70 cake Medium  Medium  Strong  None Strong No  High
Crushed slag Low-
NKHMS10[ 95 <70 cake Medium  Medium  Strong Strong Strong No Medium
Low- Low-
NKHMS11| 100 <60  Slagcast Medium-High Medium  Strong  Weak Strong No Medium
Crushed slag Low-
NKHMS12( 70 <80 cake Medium-High Medium  Strong None None No Medium
Crushed slag Low-
NKHMS13| 175 <100 cake Medium  Medium  Weak  Weak Weak Yes Medium
Crushed slag
NKHMS14| 125 <60 cake Medium  Medium  Strong  Weak Strong No Medium
Crushed slag
NKHMS15( 200 <120 cake Medium  Medium  Strong Weak Weak Yes Medium
Crushed slag Low- Low-
NKHMS17| 110 <80 cake Medium  Medium  Weak  Weak Strong No Medium
Slag cast Low-
NKHMS18| 100 <70  fragment Medium  Medium  Strong None Weak No Medium
Low-
NKHMS19| 195 <60  Slag cast Medium  Medium  Strong  Strong Strong Yes Medium
Crushed slag Low-
NKHMS20| 150 <70 cake Medium  Medium  Strong  None Strong No Medium
Crushed slag
NKHMS21| 140 <90 cake Medium  Medium  Strong  Weak Strong Yes Medium
Table 6.13 - Macro-characteristics of NKH3/MeP3 slag samples.
4 NKHMSI1 was subsequently renamed NPWMS21 due to a labelling error.

NKHMS16 was excluded due to severe analytical problems caused by a poorly pressed

pellet, and there being insufficient material to make a second.
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There are two distinct primary slag morphologies in the assemblage: cakes and casts.
The ‘slag casts’ were so named because their consistent dimensions and cylindrical shape
strongly suggests they formed in a mould of some sort (Figure 6.22). The complete
examples range from c. S5cm to c¢. 6cm in diametre and from c. 50g to c. 100g in mass.
The slag-cast fragments appear to be broken rather than crushed, and range in diametre
between c. 3cm and c. 4cm, and in mass from c. 20g to c. 30g. How slag was potentially

transferred into a mould is unclear given the scarcity of NKH3/MeP3 crucibles.

Figure 6.22 - NKHMS19 (top) and Figure 6.23 - NKHMS15 (top) and

inverted (bottom), examples of NKH3/ NKHMS17 (bottom - inverse inset),
MeP3 “slag casts’. Images: author. examples of NKH3/MeP3 slag cakes.

Images: author.

The dimensions of the most complete slag cakes would reconstruct a complete example
of c. 7cm to c. 10cm in diametre and up to 0.5kg in mass (Figure 6.23). The cakes are
roughly plano-convex, but the uniform underside of NKHMS17 (Figure 6.23 inset)
would suggest they solidified on a prepared surface, perhaps correlating to the ‘slag-skin’
ceramic pit linings (see above). The slag cake fragments range in diametre from c. 2cm to
c. Scm and have a mass of several tens of grammes (Figure 6.24). Especially with respect
to the NKH3/MeP3 matrix’s uniformity, the relatively standardised size distribution of
the slag cake fragments may be regarded as evidence of deliberate crushing at later Iron
Age Nil Kham Haeng. This was presumably done to mechanically extract copper prills,

but may also be indicative of preparing the slags for re-smelting.
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Figure 6.24 - NKHMSS (top) and
NKHMS 14 (bottom), examples of
crushed NKH3/MeP3 slag cakes. Images:
author.

In section, both the slag-cakes and the slag casts are relatively homogeneous, with most
of the unreacted mineral, ceramic, and charcoal inclusions confined to the surfaces,
though, notwithstanding the limited sample population, the slag cakes seem slightly
less homogeneous overall. The slag textures are generally crystalline, although there are

instances of glassiness, particularly on the slag-casts (Figure 6.22).

Considering the local deposits of high quality iron oxide at Khao Tab Kwai, it is possible
iron smelting residues are intermixed in the NKH3/MeP3 deposit. A measure of rusty
staining (12 of 19) and magnetism (19 of 19) is common within the sampled slag
assemblage, representing the presence of iron compounds, and especially Fe?*”*" ions.
However, iron compounds are a normal component of copper smelting slags, and the
recurrent green staining (17 of 19) of the samples indicates copper was without doubt the

desired metal product.

As the original TAP excavators testify (Roberto Ciarla and Vincent Pigott pers. comm.),
it is not easy to explain the presence of two separate, though probably related slag

morphologies in NKH3/MeP3 contexts. There is therefore the strong possibility of
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interpretive blurring across the assemblage, which was monitored throughout the present
study. However, there is at present no more convincing explanation for the presence of
both cake and cast morphologies than the re-smelting of slags. Considering the slightly
more homogeneous texture of the slag-casts, it may be that these were the reprocessed
slags, and the cakes were either awaiting crushing or rejected from reprocessing. This
macroscopic interpretation is acknowledged to be extremely tentative, and there no signs
of a ‘meniscus’ separation of metal and slag. Though the later Iron Age Nil Kham Haeng
copper smelting chaine opératoire appears to be more intensive and proficient than that at
early Iron Age Non Pa Wai, there is no suggestion of any inevitability in this development,
which largely reflects the varying social context of metal production in the Khao Wong
Prachan Valley, though the long-term exploitation of local deposits may have altered the

mineral suite available to later Iron Age metalworkers.

6.3.2 Bulk Chemistry

The slag samples from Non Pa Wai were prepared for [PJED-XRF bulk chemical analysis
and the resulting data processed as per the methodology detailed in Chapter 4. Complete
chemical data may be seen in Appendix B (Table B.8). These data cannot be used to assess
intra-sample variability as only one bulk analysis was performed per sample. However,
the slag bulk chemistry is of use for evaluating variation between slags and preliminarily
interpreting what the patterning may mean in terms of collective technological choices in
NKH3/MeP3 smelting.

The NKH3/MeP3 slags have a mean major oxide composition of 45.1wt% iron oxide,
31.3wt% silica, 11.8wt% calcia, 5.5wt% alumina (Table 6.14). Iron oxide has the lowest
CV at 14%, and an average coefficient of 23% for the major slag-forming components
suggests a reduced degree of chemical variability in the slag assemblage when compared
with Non Pa Wai (Table 5.13). The mean minor oxides - magnesia (1.1wt%), soda (0.5wt%),
manganese oxide (0.4wt%), potash (0.3wt%), phosphorous pentoxide (0.2wt%), and titania
(0.2wt%) - have amean CV of 41%, further indicating increased assemblage compositional
uniformity compared with Non Pa Wai. The NKH3/MeP3 slags also contain on average
1.8wt% sulphates® and 1.7wt% of copper oxide, and these constituents also have a more
even distribution amongst the samples with CVs of 72% and 42% respectively. All of
the above data are suggestive of increasingly standardised smelting practices, relating to
lower variation in copper smelting materials and/or improved techniques at later Iron Age
Nil Kham Haeng when compared to early Iron Age Non Pa Wai (Chapter 5).

5 Reported copper and sulphur is likely to be present as both oxide and element.
197



Na,0 MgO ALO, SiO, P,O, SO, K,O0 CaO TiO, MnO FeO CuO Total
wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt%
NKHMS2| 0.7 0.6 43 304 04 45 03 88 02 03 467 28 946
NKHMS3| 05 23 7.7 275 02 08 04 135 03 04 453 1.0 948
NKHMS4 | 05 07 6.1 298 04 32 03 82 02 04 478 23 979
NKHMS5| 04 08 35 243 0.1 12 02 89 01 03 585 14 937
NKHMS6| 0.5 10 34 31.8 0.1 13 03 168 0.1 02 427 17 96.1
NKHMS7 | 04 09 3.0 324 00 09 00 49 00 02 552 18 945
NKHMS8 | 02 16 46 399 03 1.0 02 121 0.1 0.6 385 08 96.0
NKHMS9 | 05 08 53 385 04 1.7 04 95 01 03 415 1.0 974
NKHMS10f 0.5 09 7.1 268 0.1 19 03 121 02 04 474 2.0 93.0
NKHMS11| 05 1.1 55 371 0.0 07 0.1 156 0.1 06 375 10 934
NKHMS12| 0.5 13 7.1 31.5 03 04 05 121 02 0.5 443 13 94.0
NKHMS13f 0.6 08 7.5 321 02 45 05 66 03 03 438 26 948
NKHMS14( 04 1.7 6.7 283 0.1 09 03 203 02 04 393 12 938
NKHMS15( 0.5 08 55 330 02 37 05 59 02 03 478 1.6 963
NKHMS17({ 0.5 15 6.8 353 04 13 06 129 02 04 389 1.0 909
NKHMS18( 0.7 1.1 64 346 01 12 06 166 02 02 347 29 921
NKHMS19( 0.5 0.7 33 239 0.1 33 02 125 01 02 523 27 967
NKHMS20f 04 06 55 271 03 10 03 93 02 03 523 26 923
NKHMS21f 03 09 47 304 0.1 1.0 04 180 0.1 03 425 12 915
mean 05 1.1 55 313 02 18 03 11.8 02 04 451 1.7
std dev 0.1 04 15 45 01 13 01 43 01 01 63 07
(04V 25% 42% 28% 14% 63% 72% 43% 36% 39% 32% 14% 42%

Table 6.14 - [PJED-XRF bulk chemical analyses of NKH3/MeP3 slag, selected major and minor
oxides after data normalisation, analytical total presented.

The mean trace element data for the NKH3/MeP3 slags indicates zinc is the preeminent
(909ppm), though somewhat irregular (CoV 86%) element (Table 6.15). Other significant
traces include strontium (322ppm, CoV 106%) and barium (97ppm, CoV 87%), whose
levels are approximately double that of the Non Pa Wai slags, possibly indicating an
increased ceramic contribution in the NKH3/MeP3 technology (see below). Arsenic
continues to be almost absent (<10ppm, CoV 127%) but tin levels of up to 94ppm (mean
27ppm, CoV 102%) are significantly higher than those at Non Pa Wai. Given the local
geology remains the same, it is possible the slags’ tin content can be explained by the
introduction of foreign (extra-Khao Wong Prachan Valley) minerals or metals into the

later Iron Age Nil Kham Haeng copper production system.

Although the copper levels are relatively low, the lack of correlation with iron oxide (R?
=0.089, Figure 6.25) suggests metal losses in the slag are probably related to unreacted
minerals rather than magnetite formation (Davenport et al. 2002), though to a lesser extent
than NPW3/MeP2 slag. Sulphur shows a weak positive relationship with copper (R* =
0.359, Figure 6.26), suggesting matte phases may be present in NKH3/MeP3 slags.
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Zn  As Sr Sn Ba
ppm ppm ppm ppm ppm
NKHMS2 | 817 <10 273 94 &9
NKHMS3 | 452 <10 178 <10 54
NKHMS4 | 804 28 262 74 129
NKHMS5| 980 12 171 22 33
NKHMS6 | 746 <10 193 52 48
NKHMS7 | 903 10 133 <10 8
NKHMS8 | 830 22 377 50 204
NKHMS9 | 691 10 417 60 181
NKHMS10(| 2502 20 377 13 7
NKHMS11| 881 <10 455 23 9
NKHMS12| 422 <10 348 <10 091
NKHMS13| 654 10 161 43 86
NKHMS14( 376 <10 210 <10 71
NKHMS15( 484 <10 186 31 108
NKHMS17( 580 <10 394 13 159
NKHMS18( 3542 <10 1649 20 335
NKHMS19( 620 10 110 10 14
NKHMS20( 615 10 87 <10 166
NKHMS21| 375 <10 137 12 81
mean 909 7 322 27 97
std dev 786 9 341 28 85
cv 86% 127% 106% 102% 87%
Table 6.15 - [P]JED-XRF bulk chemical

analyses of NKH3/MeP3 slag, selected ele-
ments after data normalisation.

Phase
= W Mep3

S Fit line for Total

R Sq Lincar = 0,089

T T T T
300 50 40.0 450 500 550 60.0

FeO

Figure 6.25 - Scatter plot of NKH3/MeP3 slag samples [P]JED-XRF bulk
chemical data - sulphates versus copper oxide.
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Phase
W Mcr3

"= Fit line for Total

R Sq Lincar = 0,359

S03

Figure 6.26 - Scatter plot of NKH3/MeP3 slag samples [P]JED-XRF bulk
chemical data - iron oxide versus copper oxide.

Correlation Matrix

Sio2 Ca0 FeO
Correlation  SiO2 1.000 .009 -.681
CaO .009 1.000 -.619
FeO -.681 -.619 1.000

Figure 6.27 - Correlation matrix of NKH3/MeP3 slag sample
[P]JED-XRF bulk chemical data - silica, calcia, and iron oxide.

The correlation matrix for the three major slag forming oxides (Figure 6.27) shows that,
as per the NPW3/MeP2 process, the concentrations of silica and calcia are negatively
correlated to the amount of iron oxide, suggesting ferruginous matter entered the smelting
system independent of the former. However, in striking contrast to the NPW3/MeP2
process, calcia and silica do not seem to be correlated at all. This result possibly indicates
two separate gangue additions, but also the probably significant contribution of fuel ash,
especially considering the elevated levels of magnesia and potash in the samples (Table
6.15 and cf. Jackson et al. 2005, Merkel 1990, Rehren et al. 2007). This situation could
result from a higher fuel to mineral ratio in the smelting charge, and/or that the smelt was

hotter, and/or was of a longer duration.

Due to their significant textural heterogeneity and occasional unreacted phases, the NKH3/
MeP3 slag bulk chemical data are not suitable for the temperature and redox conditions
of the later Iron Age smelting operation, however, these estimates are provided below in

the micro-analytical section.

200



6.3.3 Micro-analysis

The macro and bulk analysis slag population was sub-sampled for further study by OM
and SEM-EDS. These samples were originally selected by grouping the PCA distribution
of bulk compositional data of slags from both NPW3/MeP2 and NKH3/MeP3 contexts
into clusters representing extreme, normal, and overlapping examples of each sites’
slag composition (Pryce & Pigott 2008: Figure 13). From Nil Kham Haeng these were
NKHMS4, NKHMSS, NKHMS7, NKHMS13, NKHMS17, and NKHMS18.

Spectrum 1

Electron Image 1

Spectrum 1 -

Electron Image 1

Spectrum 1

imm Electren Image 1

Figure 6.28 - NKHMS4 (top), NKHMS?7 (centre)
and NKHMS18 (bottom) slag micro-features, all at
50x, by SEM-BSE. Labels ‘a ’ olivine skeletons, ‘a,’
olivine euhedrals, ‘b,’ residual iron oxides, ‘b, pri-
mary iron oxides, ‘c’ slag glass, ‘d’ prills, ‘Spectrum
1’s are exemplar of 1mm? EDS area scans. Images:
author.
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Olivine Olivine  Olivine Iron oxide Irpn Iron oxide Siliceous Slag .
Sample . oxide . Prills
skeletons euhedrals dendrites euhedrals .~ (residual) gangue glass
dendrites

NKHMS4 X X X X X X
NKHMS5 X X X X X X
NKHMS7 X X X X X X
NKHMS13 X X X X X X
NKHMS17 X X X X X X
NKHMS18 X X X X

Table 6.16 - Micro-characteristics of NKH3/MeP3 slag samples.

The microstructures of the NKH3/MeP3 slags assessed are composed of six major
components: skeletal (al) and euhedral (a2) olivine crystals, residual iron oxide (bl),
primary iron oxide crystals (b2), glass (¢), and metallic prills (d) (Table 6.17, Figure 6.28).
NKHMS17 and NKHMS18 are notable for having a cryptocrystalline matrix though they

have different macro-morphologies.

Slag crystals - The NKH3/MeP3 slags contain skeletal (NKHMS4, NKHMSS,
NKHMS13), and euhedral (NKHMS7, NKHMSI17) crystalline habits. The elongate
skeletons range in width from c. 0.005mm to c. 0.3mm, and in length from c. 0.05mm
to c. Imm (Figure 6.28 & Figure 6.29). The euhedral crystals range in diametre between
¢. 0.02mm and c. 0.2mm in NKHMS?7 (Figure 6.30), and from c¢. 0.01lmm to c. 0.05mm
in NKHMS17 (Figure 6.31). There is no discernable correlation between slag macro-
morphology and microstructure - both ‘cast’ and ‘cake’ slags exhibit both skeletons and
euhedral crystals. Therefore, the presence of multiple crystal morphologies is most likely
related to differing formation conditions and/or cooling rates between the samples, but all
share olivine morphological and compositional characteristics (Donaldson 1976), again

indicating variable redox conditions within the smelt (Kongoli & Yazawa 2001: 585).

By SEM-EDS spot analyses, the major chemical components of the olivines are FeO
(mean 63.4wt%), SiO, (mean 27.5wt%), CaO (mean 5.0wt%), MgO (mean 1.8wt%),
AL O, (mean 1.6wt%), and MnO (mean 0.5wt%) (Table 6.17). The CVs for iron oxide and
silica (15%, 4%) are lower than the NPW3/MeP2 equivalents (Table 5.16) and suggest
comparative uniformity in olivine composition between NKH3/MeP3 samples. The
minor oxides show high variability (CVs: 100%, 19%, 206%, and 61%) but much of
this stems from NKHMS17, where the electron beam may have caused excitation in the
glassy phase around and below the tiny crystals. The data do not indicate a significant

chemical difference between the skeletal and euhedral habits.
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Sipm ! Evsctron Image 1

Figure 6.29 - NKHMSS5 (top) and NKHMS13 Figure 6.30 - NKHMS?7 olivine euhedral crystals
(bottom) olivine skeletons (grey), both at 500x, under plane polarised light at 50x (top) and by
by SEM-BSE. ‘Spectrum 1’s are exemplar EDS SEM-BSE at 1000x (bottom). ‘Spectrum 1’ is an
spot analyses. Images: author. exemplar EDS spot analysis. Images: author.

-

Figure 6.31 - NKHMS17 olivine euhedrals and denrities (mid-grey) with

acicular magnetite under plane polarised light at 1000x, width of field is
0.1mm. Image: author.

203



MgO Al,O, SiO, CaO MnO FeO Total Fe/SiO,
wt% wt% wt% wit% wt% wt% wt% wt ratio
NKHMS4 | 22 00 27.6 34 0.8 66.1 954 1.9
NKHMS5| 1.9 0.0 27.5 57 0.7 641 945 1.8
NKHMS7 | 1.4 0.0 27.7 0.7 00 702 879 2.0
NKHMS13| 2.1 0.5 257 19 0.6 692 899 2.1
NKHMS17| 1.6 7.6 288 132 0.5 474 93.0 1.3
mean 1.8 1.6 275 50 0.5 634
std dev 03 34 11 50 03 93
cVv 19% 206% 4% 100% 61% 15%

Table 6.17 - SEM-EDS phase analyses of NKH3/MeP3 olivine
crystals, selected major and minor oxides after data normalisation,

analytical total presented.
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Figure 6.32 - SEM-EDS analyses of olivine phases plotted on
a Flogen binary chart for slag system at a 10®ppO, and with
Iwt% MgO. Image adapted from Kongoli & Yazawa 2001:
Figure 15.

In this instance, the consistently predominant quaternary oxide is magnesia, and thus
the Fe/Si0O, ratio is plotted against CaO on a binary Flogen diagram, calculated for
1wt% MgO (Kongoli & Yazawa 2001: Figure 15), indicating the spinel phases began to
crystallise between c¢. 1220°C and c. 1245°C, with a mean precipitation temperature of c.

1235°C (Figure 6.32).

Magnetite - Euhedral and dendritic iron oxide crystals are common within the NKH3/
MeP3 slags assessed, the former in NKHMS4, NKHMSS5, and NKHMS13, and the latter
in NKHMS7 and NKHMS17 (and possibly more given their small size) (Figure 6.33). The
dimensions for the euhedral habit range from c. 0.05mm to c. 0.2mm, and the dendrites
range from c. 0.005mm to c. 0.05mm. Both phases are identified as magnetite spinel due

to their optical behaviour and angularity (Ineson 1989).
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Spactrum 4

00um ! Elgctron Image 1 EDpm > Elecﬂon Imge 1
Flgure 6.33 - Magnetite spinel euhedral crystals (brlght) in NKHMS13 under plane polarised light (top
left) and by SEM-BSE (bottom left) both at 500x, dendrites in NKHMS7 under plane polarised light (top
right) and by SEM-BSE (bottom right) both at 1000x. Images: author.

ALO, SiO, CaO TiO, FeO Total Fe/SiO,
wt% wt% wt% wt% wt% wit% wt ratio
NKHMS4 | 49 26 09 1.5 90.1 92.1 27.1
NKHMS5 | 3.6 2.8 1.5 05 91.6 923 252
NKHMS7 | 1.9 93 1.8 00 87.1 913 73
NKHMS13| 69 2.0 0.5 23 883 886 348
mean 43 42 12 1.1 892
stddev. 2.1 34 06 1.0 20
CcVv 49% 82% 49% 95% 2%

Table 6.18 - SEM-EDS phase analyses of NKH3/MeP3
magnetite spinel crystals, selected major and minor oxides
after data normalisation, analytical total presented.

SEM-EDS spot analyses indicate the principal chemical components of the primary
magnetite phases are FeO°® (mean 89.2wt%), AL O, (mean 4.3wt%), SiO, (mean 4.2wt%),
and CaO (mean 1.2wt%), and TiO, (mean 1.1wt%) (Table 6.18). Binary Flogen diagrams

are not available for very high Fe/SiO, ratios, but a ternary plot calculated for intermediate

6 The quantity of FeO is correct for wiistite precipitations, but slightly inaccurate
for magnetite (Fe,0,).
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oxygen partial pressures indicates the magnetite phases would begin to precipitate at
around 1300°C (Kongoli & Yazawa 2001: Figure 6). This would suggest the primary
(not residual mineral) magnetite crystallised before the olivine, which could, with the
exception of NKHMS17, account for the relatively uniform and pure composition, with a

low CV for iron oxide (2%) and only minor contaminants.

Residual minerals - In parallel with the NKH3/MeP3 ‘slag-skins’, the microscopically
examined slags contained inclusions of angular to sub-rounded porous residual magnetite,
even in the glassy matrices of NKHMS17 and NKHMS18 (Figure 6.34). These fragments
vary from entirely unreacted to partially dissolved and re-crystallised ‘pseudomorphs’,

and have dimensions ranging from fractions of a millimetre to millimetres. SEM-EDS

spot analyses indicate the main chemical components of the residual magnetite phases are
FeO’ (mean 93.4wt%), SiO, (mean 3.4wt%), AL O, (mean 1.5wt%), CuO (mean 0.9wt%),
and SO, (mean 0.8wt%) (Table 6.19).

\ 100pm g Electron Image 1
Figure 6.34 - Residual magnetite in NKHMS13 (top left), NKHMS7 (bottom left - a ‘pseudomorph’), and
NKHSMSI18 (top right) under plane polarised light, all at 50x, and in NKHMS18 (bottom right) by SEM-
BSE at 500x. ‘Spectrum 1’ exemplar of an SEM-EDS spot analysis. Images: author.

7 See footnote 6.
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ALO, SiO, SO, FeO CuO Total Fe/SiO,
wt% wt% wt% wt% wt% wt% wt ratio
NKHMS4 | 1.5 0.8 00 972 05 938 914
NKHMS5 | 0.7 109 3.1 85 29 772 59
NKHMS13| 3.6 05 0.0 957 0.2 90.8 1478
NKHMS18[ 0.5 1.2 0.0 983 0.0 90.1 63.0
mean 1.5 34 08 934 09
std dev 14 50 na 74 13
CcVv 92% 150% n.a 8% 146%

Table 6.19 - SEM-EDS phase analyses of NKH3/MeP3 re-
sidual magnetite, selected major and minor oxides after data
normalisation, analytical total presented.

Figure 6.35 - Residual magnetite with and with-
out intergrown covellite in NKHMSS under plane
polarised light, both at 50x. Images: author.

There is a strong correspondence between magnetite and sulphidic copper, as frequently
evidenced by metallic phases embedded within the residual mineral (Figure 6.34).
However, magnetite inclusions within NKHMSS5 appear to be intermittently intergrown
with covellite, and immediately adjacent to magnetite with no evidence of sulphur (Figure
6.35). The covellite is unlikely to be residual but probably represents chalcopyrite altered
by the smelting process and/or burial conditions. Nevertheless, the intimate association
between copper, iron, and sulphur suggests this relationship extends back to the original
mineralisation, a very common occurrence, such as at nearby Khao Tab Kwai where

plentiful magnetite can be found in immediate proximity to sulphidic and oxidic copper
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minerals (Vernon 1988). Magnetite from Khao Tab Kwai has not yet been studied
microscopically, but bulk analysis of one sample indicated very low levels of titania (c.
0.1wt%), not incompatible with magnetite seen in the NPW3/MeP3 slags, and further

increasing the likelihood of the metallogenic outcrop being a later Iron Age mineral

source in the Valley. No sign of martitisation was noted in any of the magnetite inclusions
(cf. Chapter 5), though this is normally hard to detect.

f X7, 1 g v - HE .
Figure 6.36 - Residual quartz inclusions in NKHMS?7 (top), NKHMS13 (centre), and NKHMS17 (bot-
tom) under plane polarised light (left) and crossed polars (right), all at 50x. Images: author.

Occasional large fragments of residual mineral quartz are seen in the slag samples, with
dimensions up to c. 2mm (Figure 6.36). The quartz does not seem to be pure, and is
regularly contaminated with iron and some copper. The presence of both oxidic and

sulphidic copper minerals with siliceous and ferruginous gangue suggests either the
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exploitation of multiple mineralisations, or a single one hosting all species, as seen at
Khao Tab Kwai. It should be stressed that although the NKH3/MeP3 slags contain some
large residual mineral fragments, they are the exception within an otherwise well-reacted
melt, as contrasted with NPW3/MeP2 slags where the opposite situation presides. It
should be noted, despite the small sample population, the absence of residual calcareous
inclusions suggests that the relatively high CaO derives from another source such as fuel

ash and/or ceramic degradation.

Figure 6.37 - Cryptocrystalline glass with feath-
ery dendrites in NKHMS17 under plane polar-
ised light (top) and by SEM-BSE (bottom), both
at 500x. Images: author.

Slag glass - Binding the NKH3/MeP3 slags is an interstitial glass, displaying
cryptocrystallinity in the form of feathery dendrites at high magnifications (Figure 6.37).
SEM-EDS spot analyses indicate the major chemical components of this phase are SiO,
(mean 39.8wt%), FeO (mean 33.1wt%), CaO (mean 18.2wt%), ALO, (mean 6.8wt%),
MgO (mean 0.7wt%), and SO, (mean 0.6wt%) (Table 6.21). The respective CVs (11%,
3%, 16%, 22%, 150% and 153%) suggests the interstitial glass was relatively uniform
between samples in its major and minor oxides, with the extensive variation being limited
to magnesia and sulphates. Plotting the data on a Flogen diagram calculated for 7wt%
alumina (Kongoli & Yazawa 2001: Figure 11) indicates the slag glass would have begun
to solidify between c. 1130°C and c. 1195°C, with a mean precipitation temperature of
c. 1175°C (Figure 6.38). The precipitation temperatures are below those for the olivine

and the magnetite spinel, suggesting the glass was the last major phase to form as the
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slag cooled. The composition of this phase would have been determined by the prior
formation of olivine and magnetite spinel, and the glass is enriched in calcia and other

minor oxides.

MgO ALO, SiO, SO, CaO FeO Total Fe/SiO,
wt% wt% wt% wt% wt% wt% wt% wt ratio
NKHMS4 [ 0.8 6.0 39.1 0.0 21.8 32.1 90.7 0.6
NKHMS5 | 0.2 6.6 37.0 1.0 20.0 344 91.1 0.7
NKHMS7 [ 0.0 58 475 0.0 14.6 32.1 829 05
NKHMS13| 0.0 94 37.1 22 159 336 819 0.7
NKHMS17( 24 6.1 384 0.0 18.8 333 914 0.7
mean 0.7 6.8 398 0.6 182 33.1
std dev 1.0 15 44 1.0 29 1.0

CVv 150% 22% 11% 153% 16% 3%

Table 6.20 - SEM-EDS phase analyses of NKH3/MeP3 slag
glass, selected major and minor oxides after data normalisation,
analytical total presented.

B
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Figure 6.38 - SEM-EDS analyses of glass phases plotted on
a Flogen binary chart for slag system at a 10*ppO, and with
Twt% Al O,. Image adapted from Kongoli & Yazawa 2001:
Figure 11.

Slag prills - Highly reflective metallic prills are common in the NKH3/MeP3 slags, and
range in diametre between c. 0.001lmm and c. 1mm, though there is some bimodality to
their distribution, with a larger number of tiny specks and a few much larger prills (Figure
6.39). Optically, copper, matte, and intermediary phases are present, which is confirmed
by SEM-EDS analyses indicating a mean composition of copper (68.1wt%), sulphur
(19.0wt%), and iron (12.7wt%). Only one prill in NKHMS18 contains detectable levels
of nickel (Table 6.21). The CVs (29%, 48%, 119% respectively for the major elements)

suggest prills of copper sulphide are more common than those of iron-copper-sulphide.
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Election Image 1

Figure 6.39 - Copper and matte prills in NKHMS13 (top at 500x), NKHMS17 (centre at 200x), and
NKHMSI18 (bottom at 500x) under plane polarised light (left), and by SEM-BSE (right), excepting the
centre-right image under crossed polars. Images: author.

S Fe Ni Cu Total
wt% wt% wt% wt% wt%
NKHMS4 |23.1 108 0.0 66.1 99.8
NKHMS5 |294 69 0.0 637 934
NKHMS7i [ 19.0 34 0.0 77.6 94.6
NKHMS7ii | 189 4.1 0.0 77.0 97.6
NKHMS13i|16.2 374 0.0 464 835
NKHMS13ii| 28.5 35.7 0.0 35.8 88.0
NKHMS18i| 0.0 1.0 1.2 97.8 101.1
NKHMS18ii| 17.2 2.1 0.0 80.8 96.1
mean 19.0 12.7 0.2 68.1
std dev 92 151 na. 198
cv 48% 119% n.a. 29%

Table 6.21 - SEM-EDS phase analyses of
NKH3/MeP3 slag prills, selected elements after
data normalisation, analytical total presented. 211




MgO ALO, SiO, P,O, SO, KO CaO MnO FeO CuO Total Fe/SiO,
wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt ratio
NKHMS4 spectrum 1 0.9 49 328 0.7 10 05 11.2 0.0 472 0.7 922 1.1
NKHMS4 spectrum2 0.7 54 340 06 09 04 107 04 469 0.0 90.2 1.1
NKHMS4 spectrum3 0.5 53 340 00 1.0 05 120 0.5 453 0.7 927 1.0
NKHMS4 mean 07 52 336 05 10 05 113 03 465 05 917 11
NKHMS4 std dev 02 02 07 04 01 01 07 03 10 04
NPWMS8 CV 2% 4% 2% 87% 5% 12% 6% 89% 2% 87%

NKHMSS spectrum1 0.8 34 304 00 08 03 11.2 0.0 520 1.0 910 13
NKHMSS spectrum2 0.9 3.8 298 00 06 04 114 05 517 09 946 13
NKHMSS spectrum3 1.0 3.7 309 0.0 0.8 00 108 0.0 51.5 13 913 1.3
NKHMS5 mean 09 36 304 00 07 02 111 02 517 11 923 13
NKHMSS5 std dev 01 02 06 00 01 02 03 03 03 02
NPWMS5 CV 10% 5% 2% na 12% 93% 3% 173% 1% 21%

NKHMS7 spectrum1 0.6 2.6 348 0.0 0.0 00 6.1 00 545 13 862 1.2
NKHMS7 spectrum2 0.8 29 350 00 00 00 64 00 538 11 877 1.2
NKHMS7 spectrum3 0.5 2.8 353 00 05 00 6.1 0.0 539 09 851 1.2
NKHMS7 mean 07 28 30 00 02 00 62 00 541 11 863 1.2
NKHMS7 std dev 01 01 02 00 03 00 02 00 04 02
NPWMS6 CV 17% 5% 1% na 173% na 3% na 1% 19%

NKHMSI13 spectrum I 0.6 5.7 312 0.0 13 05 82 00 51.7 0.7 853 1.3
NKHMSI13 spectrum2 0.7 5.8 31.1 00 1.7 06 86 00 515 00 8.6 13
NKHMS13 spectrum3 0.6 58 308 00 16 04 78 04 519 08 840 13
NKHMS13 mean 06 58 310 00 15 05 82 01 517 05 8.0 13
NKHMS13 std dev 01 00 02 00 02 01 04 02 02 04
NPWMS6 CV 12% 1% 1% na 15% 16% 5% 173% 0% 87%

NKHMSI17 spectrum I 1.4 6.1 339 0.0 0.0 08 147 00 432 0.0 90.1 1.0
NKHMS17 spectrum2 1.2 6.2 339 00 0.6 0.6 146 00 430 0.0 924 1.0
NKHMS17 spectrum3 1.2 6.1 334 08 06 07 142 06 424 0.0 93.0 1.0
NKHMS17 mean 13 61 337 03 04 07 145 02 429 00 918 10
NKHMS17 std dev 01 00 03 05 03 01 02 03 04 00
NPWMS6 CV 9% 0% 1% 173% 87% 14% 2% 173% 1% na

NKHMSI18 spectrum I 1.6 54 323 0.0 0.0 07 195 00 40.6 0.0 82.1 1.0
NKHMSI18 spectrum2 1.4 55 321 00 0.0 0.7 192 00 392 09 839 09
NKHMSI18 spectrum3 1.5 5.7 31.7 0.0 0.0 0.7 195 00 403 0.7 839 1.0
NKHMS18 mean 15 55 320 00 00 07 194 00 400 05 833 10
NKHMS18 std dev 01 01 03 00 00 00 02 00 08 05
NPWMS6 CV 6% 3% 1% na na 7% 1% na 2% 88%

NKHMS mean 10 48 326 01 06 04 118 01 478 06
NKHMS std dev 04 13 18 02 06 03 47 01 56 04
Inter NKHMS CV  38% 28% 5% 162% 89% 64% 40% 88% 12% 69%

[Mean intraNKHMS CV 14% 3% 1% 43% 49% 24% 3% 101% 1% 50%
Table 6.22 - SEM-EDS phase analyses of NKH3/MeP3 slag matrices, selected 212
major and minor oxides after data normalisation, analytical total presented.




Slag matrix - The only occasional presence of residual minerals means the NKH3/MeP3
slags can be considered relatively homogeneous. Though the melt was not completely
reacted it would have been fairly liquid, and there are substantial areas of matrix suitable
for targeted bulk analysis, avoiding any inclusions with scans of Imm? (Figure 6.28,
Table 6.22). As per previous sections of this and the preceeding chapter, these data are not
directly comparable to the [PJED-XRF results which do incorporate residual inclusions,
but contrasting the mean readings of SEM-EDS area scans between slags can be used
to assess variation in reactants and/or techniques between samples, whereas comparing
individual scans indicates intra-sample homogeneity and the completeness of a reaction
(cf. Humpbhris et al. 2009).

Across the samples, the major chemical components of the slag microstructure are FeO
(mean 47.8wt%), SiO, (mean 32.6wt%), CaO (mean 11.8wt%), ALLO, (mean 4.8wt%),
MgO (mean 1.0wt%). Their respective CVs (12%, 5%, 40%, 28%, and 38%) suggest a
greater consistency in NKH3/MeP3 charge compositions and/or processing techniques
when compared to NPW3/MeP2 (Table 5.21). Sulphur compound concentrations are low
and variable (CV 89%), but are a regular component of the slags, and thus presumably
of the smelting charge. The mean copper oxide reading of 0.6wt% and a CV of 69% for
the slag matrix suggests an efficient and relatively standardised process, as measured by
waste products at least. The reduced level of residual mineral inclusions and a reasonable
positive correlation between copper oxide and iron oxide concentrations suggests copper
losses can be largely attributed to poor separation (Davenport et al. 2002: 273, Gilchrist
1989).

Within slag samples, the very low CVs for FeO (mean intra CV 1%), SiO, (mean intra
CV 1%), CaO (mean intra CV 3%), and Al,O, (mean intra CV 3%) indicates the NKH3/
MeP3 slags had largely reached equilibrium?®, and copper oxide (mean intra CV 50%)
was relatively uniformly distributed. Though variation between slags is greater than that
within them, the overall picture is of far greater standardisation in smelting charge and
operating parameters than the NPW3/MeP2 slags (Table 5.21).

Using the traditional archaeometallurgical technique for calculating operating temperatures

from slag liquidus, the primary chemical components (iron™ oxide, silica, and calcia)

8 This is of course contrary to the ‘slag-skin’ slag matrices, but the NKHMS
samples are probably the ones to trust as their larger volumes would have been less
susceptible to post-depositional modification, and there is less chance of uneven ceramic
contamination.
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would indicate the slag was exposed to minimum temperatures of between c. 1093°C and
c. 1160°C (Figure 6.40). Transposing the mean liquidus of c. 1130°C onto an Ellingham
Diagram, and extending two lines to the intersections of the liquidus with the ‘4Cu+0O, =
2Cu,0’ and ‘6FeO+0, = 2Fe,0,” boundaries (representing the likely redox envelope for
a process reducing copper to metallic form, and containing divalent as well as trivalent

iron), indicates a ppO, between c. 1x10 and c. 1x10'** (Figure 6.41).

Cs0
~1510

Figure 6.40 - Slag matrices plotted on a ternary
diagram for a FeO-CaO-SiO, slag system in equilib-
rium with iron metal. Image adapted from Eisenhiit-
tenleute 1995.
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Figure 6.41 - Ellingham Diagram showing redox envelope for
NKH3/MeP3 slags. Image adapted from Gilchrist 1989.
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The most appropriate Flogen diagram for the NKH3/MeP3 slags describes a system with
7wt% alumina in a ppO, of 1x10°, with Fe/SiO, ratio and calcia as variables (Kongoli
& Yazawa 2001: Figure 11). Plotting the data from Table 6.22 onto Figure 6.42 gives
a liquidus reading of between c. 1225°C and c. 1255°C, and a mean minimum slag
temperature of ¢. 1240°C. In this instance, the traditional liquidus figure of ¢. 1130°C is
c. 110°C cooler than the Flogen reading.
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Figure 6.42 - SEM-EDS analyses of slag matrices plotted on
a Flogen binary chart for slag system at a 10* ppO, and with
Twt% Al O,. Image adapted from Kongoli & Yazawa 2001:
Figure 11.

6.3.4 Discussion

The NKH3/MeP3 slag evidence is entirely consistent with the expected waste product
of an ancient copper smelting chaine opératoire utilising oxidic and sulphidic copper
minerals in calcareous, ferruginous, and siliceous host rocks, though the calcia contribution
is probably substantially derived from fuel ash and/or technical ceramic. The slag
characteristics consistently indicate the later Iron Age metalworkers were more skilled
smelters than their early Iron Age antecedents at Non Pa Wai. The principal sign of this
technological change is the increased homogeneity of the slag, as evidenced by macro,
bulk, and micro-analysis. This technical improvement could result from higher smelting
temperatures, longer smelting duration, or better balanced smelting charges. The modified
Flogen liquidus figures for crystalline and glassy phases in the NKH3/MeP3 slags range
from c. 1100°C to c. 1300°C. These temperatures are not significantly different than
those calculated for NPW3/MeP2 slags (Chapter 5), due to the inverted fluxing behaviour
at certain concentrations of calcia, alumina, and magnesia at intermediate oxygen partial
pressures. It is therefore unlikely the improved slag homogeneity was largely due to the

generation of higher smelting temperatures.
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This would leave smelting duration and smelting charge as possible factors, but the
author is again inclined to discount the former as a major influence given the limited
time needed to produce both NKH3/MeP3 or NPW3/MeP2 slag cakes (in the order of
a few hours). Thus the significant improvement in slag homogeneity, and subsequently
metal recovery, probably reflects a amelioration of the technological choices made by
NKH3/MeP3 metalworkers in their smelting charge composition. The uniform and well-
balanced later Iron Age mineral charges were able to form a relatively standardised slag
without requiring the input of excessive heat energy, and thus promoting copper recovery
by liquidity separation. Likewise, an improved control over granulometry, as evidenced
by the intensively crushed NKH3/MeP3 matrix as well as relative dearth of unreacted
minerals, would have permitted a more even consumption of charge reactants. Although
there are no consistent microstructural or compositional difference between NKH3/MeP3
slag cakes and slag casts, it is possible the latter represent the reprocessing of the former,
perhaps in a manner akin to that proposed by Rehren (2000) for incompletely reacted glass.
The author does not consider the provision of an adequate gaseous atmosphere to have
been an issue restricting the ‘slag-skin’ contained NKH3/MeP3 smelt. The production of
CO gas from partial fuel combustion, and the reaction of that gas with unburnt charcoal
(Boudouard), would probably be sufficient to generate a suitable redox atmosphere for
copper smelting (Gilchrist 1989, Bassiakos et al. 2008).

Further contrasting the early and later Iron Age smelting charges is of great interest for our
understanding of the development of technological choices in the Khao Wong Prachan
Valley. In NPW3/MeP2 slags, the overwhelming presence of residual magnetite fragments
could be excused as inexperience. However, for the same behaviour to be occurring in
NKH3/MeP3 slags is very curious, considering the enormous improvement in smelting
technique evidenced. Were the inclusions of haematite or another iron oxide it would be
possible they served as a reservoir of gaseous oxygen to promote sulphur removal at the
heart of the smelt (Artioli et al. 2007, Burger et al. 2007), but magnetite does not release
significant quantities of gas when heated (Kaiura & Tohuri 1979: 605). Therefore, the
author is disposed to regard the addition of excess magnetite fragments as a particularly
notable element of the overall metallurgical style of Iron Age copper production in the
Khao Wong Prachan Valley. Although not comparable in proficiency and sophistication
to some ancient processes (e.g. Bassiakos & Catapotis 2007, Bourgarit 2007), the NKH3/
MeP3 slags are indicative of smelting processes operating at appropriate temperatures

and durations, using a reasonably well-balanced mineral/fuel charge.

6.4 The Nil Kham Haeng copper smelting chaines opératoires

From every level of archacometallurgical analysis it is clear the later Iron Age Nil Kham
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Haeng metalworkers were more proficient smelters when compared with those at early Iron

Age Non Pa Wai, though this development is not presented as inevitable or desirable.

MeP2:

Due to no samples having been taken from the very small exposure of basal Nil Kham
Haeng in Operation 1, itis for the time being necessary to accept the excavator’s observation
that metallurgical remains from these strata were identical to MeP2 material from Non Pa
Wai (Weiss 1992). Therefore, it is assumed that the extractive metal technology employed
at early Iron Age Nil Kham Haeng was comparable to that of early [ron Age Non Pa Wai
(see Chapter 5).

MeP3:

Due to their spatial proximity and overlapping chronological sequences, there exist
obvious similarities between the chaines opératoires generated for Nil Kham Haeng and
its neighbour. Copper smelting by later [ron Age Nil Kham Haeng metalworkers is entirely
consistent with the range of materials to be found within a few kilometres radius. A limited
range of minerals was excavated at the site, with a generally more sulphidic character
than Non Pa Wai, suggesting that chalcopyrite may have played a more important role
relative to malachite than at the earlier site, although there is no evidence for the samples
having been roasted prior to smelting. It is again unknown how these samples entered the

archaeological record.

The ceramic fabrics used at Nil Kham Haeng have a composition conforming to that of the
local geological environment, making it likely that metalworkers did not travel far from
Nil Kham Haeng, although they do appear to have been choosing a different source to that
used at Non Pa Wai. The fabric also appears to have been tempered with plant material,
which may have reduced shrinkage problems in production, and increased insulation
properties during use - though this would be of limited importance if the perforated
ceramics were interpreted as wind-powered furnaces (cf. Catapotis et al. 2008, Tabor
et al. 2005, Van Buren & Mills 2005). The excavators at Nil Kham Haeng envisioned
the furnace chimneys sitting above a clay-lined pit in the ground (Figure 1.4), and this
interpretation is shared by Roberto Ciarla (2007b) following the excavation of similar

artefacts from nearby Khao Sai On.

The comparatively homogeneous appearance and chemistry of the Nil Kham Haeng slags
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can be interpreted as evidence for more standardised smelting techniques relative to Non
Pa Wai. In view of the low sulphur content in MeP3 slag and the presumed presence
of sulphidic minerals in the charge, roasting and/or an optimised charge composition
are entirely plausible. A more consistent processing and selection of minerals by Nil
Kham Haeng metalworkers would have produced more consistent results, reflected
archaeologically in the greater uniformity of the waste material. This increased charge
formation competence, possibly combined with an elevated fuel to mineral ratio may be
responsible for reduced copper losses evidenced at Nil Kham Haeng. Although far apart in
terms of period and context, the NPW3/MeP2 smelting technology is comparable to those
reported in the Bronze Age Aegean (Catapotis & Bassiakos 2007, Catapotis et al. 2008)
and in the Bronze Age Levant (Bunk et al. 2004). The post-laboratory reconstruction for
the NKH3/MeP3 smelting technique, for the mean time including the established (Pigott
et al. 1997) placement of the perforated ceramic cylinder, is schematised in Figure 6.43,
prior to testing in the field (Chapter 7).

Minerals:
magnetite,
o O chalcopyrite, &

O malachite (<)

Figure 6.43 - Schematic technological reconstruction for copper smelting
technique at later Iron Age Nil Kham Haeng, prior to experimental testing.
Image: author.
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Chapter 7

Experimental Archaeometallurgical Approaches to
the Khao Wong Prachan Valley

“Clearly an important further step in the investigations of copper smelting in this
area, would be to build such a crucible [for the Non Pa Wai reconstruction] and operate it
under simulations of conceivable field methods.” (Bennett 1988b: 334).

The current project incorporated a very informative experimental programme, which is
thought to be the first ever carried out for prehistoric Southeast Asian metal technologies.
The campaign was conducted during September 2007 at the archaeological site of Fiave
Palafitto, in the Provincia Autonoma di Trento, Italia, and in collaboration with research
teams from the Soprintendenza per 1 Beni Archeologici, and the Centre de Recherche
et de Restauration des Musées de France. Permission to do the experiments at the site
of Non Pa Wai in central Thailand was sought, and granted, in early 2007, but it was
decided, for the sake of cost and time, that a European collaborative venture would be

more expedient.

The original purpose of the experimentation was to assess and improve the reconstructed
chaines opératoires derived from archacometrical analyses of the Khao Wong Prachan
Valley evidence, described in Chapters 5 and 6 for Non Pa Wai and Nil Kham Haeng,
respectively. Whilst the general aim of the tests was to assess how well the analytical data
meshed with field-scale reality, the specific objective was to attempt to replicate prehistoric

slag morphology, within the constraints of the Valley archaeological evidence'.

1 The Fiave experiments were carried out prior to the Valley chronological revi-
sion in January 2008. On that basis, 7 of the 10 experiments (Table 7.2) are now intrin-
sically incorrect as a perforated cylinder was placed over a crucible (cf. Figure 5.50).
However, the experimental data as a whole are highly recoverable. Aside from some
minor differences in the slag compositions driving charge calculations (Table 7.1), the
technical performance of a buried crucible and a clay-lined pit is the same during the
smelt, even though there are behavioural ramifications in how the slag and metal are
subsequently processed (see Chapter 8). Therefore, in essence, all the Fiave tests can be
considered as NKH3/MeP3 reconstructions. From this point the following nomenclature
will be used to distinguish between the NPW3/MeP2 smelting reconstruction before and
after January 2008, the ‘pre-Rome’ instances will be marked ‘NPW3/MeP2PR’, where-
as the ‘post-Rome’ understanding of the Valley archaeology will continue to be denoted
by the familiar ‘NPW3/MeP2’ nomenclature.
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In line with the earlier TAP interpretations of perforated ceramic fragments and the lack
of evidence for a forced draught (e.g. Pigott et al. 1997), the experiments were designed
to test the hypothesis of wind-powered smelting technologies in the later Iron Age Valley.
The primary conclusion of the 2007 field testing programme was that wind, even when
delivered in consistent experimental conditions, cannot produce smelting debris (slag
and technical ceramic) consistent with the archaeological evidence. Not only does this
suggest archaeologically-invisible forced draught provision is a technological necessity
in the Valley, it also imposes a major rethink of the NKH3/MeP3 smelting reconstruction
(see Chapter 8).

7.1 - Experimental design

Attempting to reproduce ancient technologies of any kind can easily introduce more
variables than can be adequately controlled, recorded, and analysed. Therefore, it is
necessary to accurately define what the experiment aims to achieve, and to plan the
research in a way that limits unwanted variability, ensures the controlled recording of
data, but leaves room for experimental procedure to be modified in light of ongoing

experience.

Archaeometallurgical experiments are in themselves notorious for involving an enormous
number of independent and conjoined parameters. It was intended that the current
experimentation be a field-scale assessment of the Valley technological reconstructions
which, although totally guided and constrained by the archaeological evidence, would not
constitute attempts to re-enact the ancient techniques. It is sufficiently understood that
metallurgical technologies are often too complex or the archaeological data insufficiently
complete to wholly replicate, thus efforts to do so merely undermine the potential insights

of a more pragmatic approach.

Therefore, the first task faced when planning the present experiments was to lay out a
series of foundation assumptions, around which the experimental design could be built.
The most important of these assumptions relate to the smelting charge, technical ceramics,
and wind speed. These are detailed below, and the charge calculations can be followed

numerically in Table 7.1.

Assumption 1: NPW3/MeP2PR whole slag cakes have a mass of c. 2kg (Figure
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5.27), and are thought to represent a single smelt, whereas the relationship is less
clear for NKH3/MeP3 slag due to the lower incidence of complete cakes. However,
the use of common use |sic] of furnace chimney suggests that the total amount of
slag produced by each smelt may have been similar. Therefore it was decided that

each test should attempt to produce 2kg of a heterogeneous but pourable slag.

Assumption 2: However, as typical Valley slag contains unreacted material, it
would be incorrect to calculate the experimental charge based on 2kg of pure
slag?. Stating 50wt% as a reasonable estimation (Fig 5.29) of the proportion of
fully formed slag versus residual minerals, allows us to base reactant calculations
on the production of 1kg of an olivine slag. The composition of the experimental
olivine differs from NPW3/MeP2PR to NKH3/MeP3, based on mean readings of
SEM-EDS area scans of previously molten phases in the archaeological samples
(see Chapters 5 & 6, Table 7.1).

Assumption 3: The production of an olivine slag requires the provision of iron
in the reactants. Based on the archaeometric evidence presented in Chapters
5 and 6, chalcopyrite and magnetite are both iron-bearing minerals present in
slags from NPW3/MeP2PR and NKH3/MeP3. For the purpose of calculating the
experimental charge, 50% of the iron in the olivine system is assumed to have
come from the chalcopyrite, and the other 50% from the magnetite. This statement
drives the quantities of these two minerals required to make up the smelting charge
(Table 7.1). However, seeing as there is commonly an extreme excess of residual

magnetite in the Valley slags, an extra 50% by mass of magnetite was included.

Assumption 4: The present study’s consideration of Rostoker et al.’s (1989) co-
smelting hypothesis in the Valley technological reconstructions has been heavily
influenced by the work of Emilien Burger et al. (2007). In particular, Burger’s
laboratory and small-scale field experiments have demonstrated the envelope in
which a varying ratio of oxidic (malachite) to sulphidic (chalcopyrite) copper
mineral reactants can produce archaeologically attested material outcomes,
and at temperatures and partial pressures appropriate to ancient pyrotechnical
installations. Burger’s co-smelting parameters also state that all the oxygen

required to remove sulphur from the chalcopyrite is provided by the malachite

2 This represents an experimentally-informed modification of the original plan

which was calculating for 2kg of pure slag. The first experiment, Burn 1, was sufficient to

demonstrate that 11kg of mineral reactants were never going to fit in a Valley furnace.
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(Burger et al. 2007).

It was decided to assign either extreme of the possible ratio values to each of the
two sites, O:S = 2.5 for NPW3/MeP2PR, and O:S = 1 for NKH3/MeP3. It was
not possible to determine quantitative values for the relative amounts of residual
malachite and chalcopyrite in the Valley slags by analytical means. Thus, these
ratio assignations are based on the logic that metalworkers from Non Pa Wai, as
the earlier site, may have had a greater access to oxidic minerals located closer to
the surface of the Valley copper-bearing mineralisations. Their smelting charges
might then have a higher proportion of malachite than metalworkers at Nil Kham
Haeng, who being later in time, may have been mining deeper in the mineral
deposit. Of course, all evidence of this at Khao Tab Kwai has been obliterated by

recent iron oxide mining.

Assumption 5: Considering the moderate conditions required to convert malachite
(copper carbonate) to cuprite (copper oxide), it was assumed that by the time the
mixed oxidic/sulphidic charge had begun to react in the high temperature zone

of the furnace, all the CO, and H O _ would have been driven off the copper

2(g) 27 (9
carbonate®. Therefore, given that there are two atoms of copper in malachite
(Cuz(CO3)(OH)2(S)), a conversion to cuprite (CuO(S)) will bring two moles of

oxygen for every mole of malachite.

= Cu,(CO,)(OH),, = 2CuO,, + CO,  +H,0

2(s) 27 (2

The quantity of malachite in the charge was calculated by the desired ratio to

chalcopyrite (see Assumption 4 and Table 7.1).

Assumption 6: Calculating the silica (SiO, ) contribution of the technical ceramic

2(s)
to the production of an experimental olivine slag is impractical given the number
of unknowns and variables. Therefore, the silica part of the mineral charge was
calculated to be solely fulfilled by the addition of builders’ sand*, and relative to

the olivine chemistry of the NPW3/MeP2PR and NKH3/MeP3 slags (Table 7.1).

This was empirically shown to be true by the immediate blackening of malachite

fragments as they were charged to the furnace, cuprite being a much darker mineral.

Whilst mineral granulometry was one of the two chief variables, the silica com-

ponent was only available in quartz sand form, and thus its grain size could not be varied
with the other charge minerals.
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Assumption 7: As with the silica, the calcia (CaO(S)) contribution of fuel ash
and technical ceramic to slag production was hard to model with any accuracy.
Thus, the calcia content of the charge was calculated directly from the olivine
composition required for the reconstructions, but the quantities were modified to

reflect the input material being slaked lime’ (Ca(OH)z(S)).

It should be noted in Table 7.1, that the mineral charge quantities required to produce 1kg
of olivine slag can seem quite high, c. 6kg for NPW3/MeP2PR, and c. 4kg for NKH3/
MeP3. The mineral is of course not the only charge component that the furnace must
cope with, both reconstructions include the use of charcoal as a fuel. Whilst the Valley
charcoal was most likely produced from local oak-dipterocarp species (Vincent Pigott
pers. comm.), the material used for the tests was commercially available high-quality
hardwood fuel. Therefore:

Assumption 8: Although the co-smelting reaction is exothermic, and may produce

reducing SO, , the quantities are unknown at the field-scale (cf. Burger et al.

2e)
2007, Rostokg & Dvorak 1991). Thus, the partial combustion of charcoal fuel
was assumed to provide the heat and reducing gases (CO(g)) required to power
the Fiave tests. The quantities of fuel used for the Valley reconstructions were
based on the findings of previous scholars working with comparable copper
smelting technologies (e.g. Merkel 1990), whilst also noting the likely difference
in fuel:mineral ratios between NPW3/MeP2PR and NKH3/MeP3. Ratios of 1:1

and 2:1 were tested for both reconstructions.

The technological reconstructions generated for Iron Age Non Pa Wai and Nil Kham
Haeng account for the enormous quantities of technical ceramic recovered from the two

sites. Therefore:

Assumption 9: Replica crucibles for the NPW3/MeP2PR reconstruction (see
below for dimensions) were placed in a pit just large enough to accommodate
them. The same pit was lined with tempered clay for the NKH3/MeP3 model. For
both reconstructions, a replica chimney was placed on top of the pit - its base flush
with the land surface (Figure 7.1).

5 The calcia posed a similar problem to silica, as the slaked lime used was in a
powdered form.
223



"SUOTJONLISU0IAI € JOIN/EHIIN PoIOpISu0d 9q ued sjuowliodxo [[e A1sruoyo xiew
Se[s oy ur SEoUAIYIP SIS Woij opIse 1nq ‘A30[0uoIyd ,owoY-o1d, 9y} JOpUN PJONPUOD AIdM SIS} Y} SB 0} PALIAJAI ST YA ZIOIN/EMAN - 9S1eyo Sunjows [ejuowiodxo ue 10J popodu

88°0
001
(B) SSVYIN

SuedSs Je[s ;W PISI[EWLION

Sjuejoeal Ay} S[reldp aiqey ayl jo ﬁ.m& JOMO[ oY [, .ANN.O 2 176 so|qe], oomv DVIS AdM I, 1epun sueds xXinew SH-INAS Wolj paje[noed mﬁ_on_ SQUIAIIO 3y} M hm_uﬁ‘boﬁﬁboo Juamysuod
10J sossewr Jenoojow sandwod . SANNOJINOD, "SIUSWI[A JUINIIISUOD JO SISSBUW OIWO)L SUIejuod SINANT T, S1onpoid [eone1oay) pue sjuejoeal juowiLiadxd 10§ 10je[nofe)) - [/ 9[qeL,
69°€ 09°'S
9.0 VOI'TIS ¥9°0 VOI'TIS
S€°0 JNI'T 1€°0 JNI'T
201 HLIHOVIVIA 88C HLIHOVIVIA
Addd0OD §80  HLIMAJODTVHD 661 ddd0OD 960  HLIMAJODTVHD
ANIAITO L0 ALILANOVIN 001 ANIAITO 18°0 ALILANOVIN
S10Naodd (6%) SSYIN  SINVLOV3H (6%) SSYN S1oNnaodd (6%) SSYIN  SINV.LOVIH
I :011vH S/O EdBN/EHMN $'C  :OlLVY S/O ddZdaIN/MdAN
%0°0S %0°0S
079 (43 43 ‘oS ad1XoId ¥NHJ1NS
%81 %bS¢E %81
2'€9 0CL 009 09€ | 02d°0IS 08D ANIAITO HIN I NADOYAAH
%S’8S %667 %911
79 0L 009 0'9¢€ | 02d°0IS'0BD  ANIAITO MdN 1 NOFYVD
%L'E %€6S %0°LE
oS 14 143 0T “HO)®D ANIT 91 NADAXO
%€’€S %L 9t
009 43 8T ‘01S VOI'TIS 0T INNIDTVD
%1°0T %6°6L
G'6.L 91 $'€9 ond HLI¥dND 8T NODI'TIS
%25 %GE %ET ues|Al| %PS1 %I'LT %S'LS
EdONIEFIN 0122 v 09 Lzl | ‘HO)(00)ND  ALIHOVIVIN 143 MNHJTNS
%6'7€ %S°0€ %9°7€
%8S 9%0E %C7T ues|Al| G'est 9 9¢ $'€9 ‘504nD HLIYAdODTVHD 9¢ NOYI
HdZdPINIEMAN %9°LT %y'TL
0'zee 9 891 '0%d ALILANDVIN $'€9 ¥dddOD
024 ‘OIS 0BD  9OVIS AdMM Iv.LOL SNOILOVY4 SSYIN SANNOJINOD SINaW33

224



The theoretical mineral charges, fuel, and technical ceramics for the Non Pa Wai and Nil

Kham Haeng reconstructions accounted for, the experimental design must also account

for air supply or wind power:

W \ : i
5 e 13 [ I

Figure 7.1 - Perforated ceramic cylinder configurations for NPW3/MeP2PR (left) and NKH3/MeP3
(right). Images: author.

Assumption 10: Southeast Asia’s climate is highly influenced by the South Asian
monsoon and the western Pacific El Nifio Southern Oscillation (Chen & Yoon
2000, Slingo & Annamalai 2000). The interaction between these two complex
weather systems is largely responsible for Thailand’s seasonality and in all
likelihood®, the marked windiness of the cool-dry season in the Valley between
November and February. Given the lack of evidence for forced draught (tuyéres,
bellows etc.) but having perforated technical ceramics, the location of Non Pa
Wai and Nil Kham Haeng in an area with a distinct windy season, could indicate
a wind-driven smelting technology (cf. Bassiakos et al. 2008, Bunk et al. 2004,
Tabor et al. 2005, Van Buren & Mills 2005). A Thai archaeologist, Pira Venunan,
was kind enough to research wind speed data pertinent to the Valley by contacting
the Thai Meteorological Department and the local military airbase at Sa Pran
Nak. Unfortunately, these data consisted of annual and monthly averages, and
thus could not identify the highly specific local meteorological peculiarities that
the excavators of Non Pa Wai and Nil Kham Haeng had noted. Therefore, the
TAP co-directors were questioned using the Beaufort scale (Huler 2004, Vincent
Pigott & Surapol Natapintu pers. comm.), and their recollections of the perceptible
effects of the wind (dust flying, branches swaying etc.) were used to generate an

experimental wind speed of mid-Force 4, or ¢. 7 ms™ (Figure 7.2).

6 There are no known meteorological publications in any language for the Valley
locality.
225



Beaufort Wind _'C’Ff'_""_"d Seaman's term Effects on Land
number {mph)
0 Under 1 Calm Calm; smoke rises vertically,
. . Smoke drift indicates wind direction;
1 1-3 Light Air vanes do not move.
: Wind felt on face; leaves rustle;
2 4-7 Light Breeze vanes begin to move,
Leaves, small twigs in constant
3 8-12 Gentle Breeze motion; light Flags extended.
Moderate Dust, leaves and loose paper raised up;
4 13-18 Breaze small branches move.
5 19-24 Fresh Breeze Small trees begin Lo sway.
L Large branches of trees in motion;
6 25-31 Strong Breeze whistling heard in wires.
7 32-38 Moderate Gale TR i T WTIE 21 e B Tl
in walking against the wind.
8 39-46 Fresh Gale Twigs and small branches broken off
trees,
_ o Slight structural damage occurs; slate
'} 47-54 Strong Gale = blown from roofs.
- | .
= Seldom experienced on land; trees
10 55-63 Whole Gale = == broken; structural damage ocours,
_ ‘ Y . ‘| Very rarely experienced on land;
1 64-72 Storm = mathagme | usually with widespread damage.
12 73 or higher HUFI‘:TIZC?;'IE é Violence and destruction.

Figure 7.2 - The Beaufort Scale. Image courtesy of the Mount Washington Observatory (http:/www.
mountwashington.org/education/center/arcade/wind/beaufort _scale tbp.gif accessed 24" October 2008).

7.2 - Experimental methods
Consumables

The minerals required for the Fiaveé experiments were: malachite, chalcopyrite, magnetite,
quartz, and lime. The latter two of this list were acquired from Italian building merchants
as coarse grains and powder respectively. The copper and iron minerals were sourced
from a supplier in Yorkshire (UK) and shipped overland to the experimental site in July
2007. The amounts ordered were: 100kg malachite, 75kg chalcopyrite, 30kg magnetite,
50kg quartz (including clay temper), and 25kg of slaked lime.

The quantities of reactants were determined by the calculations shown in Table 7.1,
and on estimations of performing two smelts per day over ten days. The intent was to

conduct smelts that would test the laboratory reconstructions, and hopefully reproduce
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the prehistoric Valley slag and technical ceramic evidence. It was never intended that
the experiments would exactly replicate the ancient techniques, as this would require not
only unattainably perfect technological reconstructions, but also access to all the local
minerals, clays, and fuels, an approach which would be unaffordable in every sense - and

this considers only the physical requirements of exact replication.

Instead, it was decided to use as high quality an assemblage of materials as could be
reasonably afforded and sourced. Grade II minerals were ordered to provide a low degree
of gangue content, and subsequently a high degree of certainty over compositional
standardisation (Figure 7.3)". The purity level of the minerals was intended to reduce
unwanted constituents upsetting the calculated slag chemistry, but also to render more
useful future analytical work on the reactants and products of the reconstructed smelting
processes. Other than the quartz and lime, the grain size of the minerals was modified
using a stone anvil and a 1kg steel hammer (Figure 7.4), mechanical impurities, gangue,
were removed by hand at this stage. Mineral granulometry was measured using sieves of

2mm, Smm, 10mm, and 20mm mesh sizes.

150kg hardwood charcoal fuel was sourced locally in the Trentino area, and was similarly

crushed and sorted to a size appropriate for the Valley furnaces (20-50mm).

. A =k
B %k Y oL -

Figure 7.3 - Minerals used in the Fiavé experiments, from left to right: malachite, chalopyrite, magnetite,
quartz, and lime. Image: author.

Likewise, the clay used for constructing the crucibles, perforated chimneys, and furnace
linings was obtained in the Trentino area. In recognition of the relatively low refractory
qualities of the Valley ceramics, 100kg of a standard potting clay were ordered. The clay
was modified by the addition of quartz temper in the form of builders’sand in a 1:1 ratio by
mass. For the sake of simplicity, it was decided not to organically temper the experimental

ceramics, as per the Valley originals. The paste was homogenised by hand kneading and

7 Grade I minerals are collectors’ specimens and priced as such.
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Figure 7.4 - Vincent Pigott crushing malachite, Fiave, September 2007. Image: author.

foot treading (Figure 7.5). The crucibles were constructed as large ‘thumb pots’, whereas
the chimneys were fashioned using a combination of slab and coiling techniques (Figure
7.6, Rye 1981). The furnaces were built as uniformly as possible to a 20cm internal
diametre, 20cm tall, and with 2cm thick walls, as per the only whole example from
NKH3/MeP3 (Figure 6.7). The crucibles were based on the only complete example from
NPW3/MeP2PR (Figure 5.7) 20cm internal diametre with Icm thick walls at the rim,

increasing to a Scm thick base, and their height being 10cm. Due to the ceramics being
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handmade there was some variation in dimensions, sometimes exacerbated by slumping
and/or shrinkage. It was always intended to air dry clay components prior to use, but the
tight schedule often dictated their being fired damp if not wet, at the subsequent, though

not critical, cost of cracking.

Figure 7.6 - The author building
perforated ceramic cylinders at Fiave,
September 2007. Image: Bérénice
Bellina.
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Equipment

The most critical element of the Valley field reconstructions was the provision of air,
in the form of artificial wind. An economical, though deafening, solution for artificial
wind was found in an electric fan from a Trento hardware store (Figure 7.7). The 1800W
unit provided a stable blast of 6.5 to 7.5 ms™! at the furnace when positioned 1.5 m away
(Figure 7.8).

Figure 7.9 - The anemometre. Image:
author.
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Local wind conditions were monitored using a Vortex™ anemometer via a Sony VAIO™
laptop with Windware™ software (Figure 7.9), but local wind speeds were much less
then expected, and probably had negligible effect on the experiments. Also connected
to the laptop was a Picotech™ datalogger with, at the outset, 8 type N 30cm Pyrosil™
thermocouple probes rated for continuous use at 1250°C. Significant durability problems
were encountered and by the end of the campaign only two of the probes were still
functional. It is thought that the presence of sulphur in the smelting charge played a
large role in the rapid degradation of the array, a reminder of the toxicity and danger that
ancient metalworkers were also exposed to. The inconsistent recording of temperatures
for the Fiave tests has obvious implications for data quality, but it was necessary to accept

these limitations under field conditions.

For documentation purposes, both video and still images were recorded using a Sony™
PC150 and a Canon™ A630 respectively. All aspects and sequences of the experimentation
were visually documented for archival and presentation purposes. A 20cm scale bar was
used where temperatures permitted.

In addition to the data recording equipment:
- Electrical power was supplied by a 4kW petrol generator.
- Point wind speeds were measured with a Kestrel 1000 hand-held anemometer.

- Masses were measured using an electronic balance with a 5kg limit, and a +/-2g

tolerance.

- All other data were recorded on pre-printed paper forms (see Appendix C).

Procedures

At Fiave the first concern was safety. The smelting areas were cleared of combustible
material and a safe perimeter established for curious observers. Due consideration was
given to the downwind effects of hot sparks and carbon monoxide gas. A 25 litre jerry can

of water and a bucket of sand were available to subdue any overly boisterous reactions.

Given the amount of time available for the campaign, the manufacture of the necessary
technical ceramics was identified as the major bottleneck of the experimental process. The

time required to mix clay to the correct composition and consistency, the construction of
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the required chimneys and crucibles, and their extended drying time, dictated the technical
ceramics should be prepared well in advance. The crushing of minerals to the desired size
was a laborious close second to the ceramics, and brought a very real understanding to the
significance of the enormous deposits of mechanically processed minerals and slag later
Iron Age Nil Kham Haeng (see Chapter 8).

The charge for each smelt was calculated using Table 7.1, and the required reactants
measured using the electronic balance, and mixed in large bucket (Figure 7.10). The
charcoal was emptied from its bags and sorted for size, prior to crushing, sieving, and

weighing for inclusion in the smelting charge - or by itself for the preheat.

Figure 7.10 - The mineral component of a smelting charge. Image: author.

For each test, the smelting area was thoroughly cleared of the debris from previous
experiments, and the prefabricated chimneys either arranged over a crucible buried in a pit
(NPW3/MeP2PR reconstruction), or over the same pit lined with tempered clay (NKH3/
MeP3 reconstruction). Once the smelting installation was constructed, the thermocouples
were positioned in the wall of the chimney. As mentioned above, the campaign started with
8 probes and finished with two, and thus the location of the thermocouple array was not
standard. However, the available probes were always arranged so as to be equally spaced
around the furnace at comparable elevations. The probe tips were either protruding 10mm

into the furnace, or were flush with the interior chimney wall. The temperature data are
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only indicative of the heat exposure of the chimney and do not represent the ‘core’ of
the smelt; they cannot thus be directly compared to the laboratory reconstruction liquidi

which are slag-based minima. The thermocouple cables were protected from excess heat

by stones and heaped earth (Figure 7.11).

Figure 7.11 - The smelting configuration for ‘Burn 5°. Image: author.

With the furnace, mineral and fuel charge, and recording equipment all ready, the fan/
piston bellows, temperature and wind speed datalogging were started simultaneously.
Each smelt then followed three main stages: preheat, smelt, and sampling. All additions

to the furnace were recorded and timed (see Appendix C).
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Preheat - The preheat was required to bring the entire furnace system up to a working
temperature well in excess of 1000°C. The time this took was largely determined by the
moisture content of the technical ceramic and the surrounding soil matrix. As occurred on
a number of occasions, smelting commenced with damp ceramics, and in these instances
the preheat was undertaken with restraint. Excess heat could cause the build up of steam
within the paste, resulting in damaged ceramics and potentially human injury. Assuming
a relatively dry furnace system, the preheat would take somewhat less than one hour, and

consume 3-4kg of charcoal.

Smelting - The charging cycle commenced as soon as the furnace was hot and dry, and
consisted of keeping the chimney full to the stokeline with fuel and mineral, whilst
recording the timing and nature of charge consumption. The ratio of fuel to mineral was
one of the controlled variables of the Fiave tests, but the method of charging was common
to all. The fuel and mineral were weighed separately in 1kg batches, and then mixed
thoroughly in a bucket, thus making 2kg or 3kg of charge, depending on the fuel ratio.
It is acknowledged that the Khao Wong Prachan smelters may have calculated smelting
charges based on the volume of reactants rather than their mass. However, given the
significant difference in density between minerals and charcoal, it was more practical to

produce mass-based charges.

The charge was fed gradually and evenly to the furnace, as and when there was room. For
a NPW3/MeP2PR furnace the total charge (fuel + mineral) after preheating was 12kg and
8kg for the NKH3/MeP3 reconstruction (or 18kg and 12kg respectively with a 2:1 fuel
to mineral ratio). This quantity of material did not feed at an even rate for either of the
models. The initially voracious consumption soon began to decline as the furnaces choked
with slag and unreacted charge, until an end point was reached and the chimneys could

take no more. The specific reasons for this are discussed below in the results section.

Sampling - The furnaces were sampled as soon as they were cool enough to do so. The
pressing objective in doing this was to clear the smelting area for the next test to begin,
and also to look for immediate evidence that would modify the proceeding experiment’s
parameters e.g. did the previous test’s fuel to mineral ratio produce an acceptable slag
cake? Time concerns aside, the purpose of the sampling was to recover as much as
possible of the slag, metal, ceramic, and unreacted mineral from each smelt. Given small
grain sizes for the quartz (and the entire mineral charge in Burns 7 and 8), it was not
possible to find all the smaller and lighter material in the mass of charcoal, ash, and

vitrified ceramic each test produced. The sampling was undertaken with the objective
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of providing material for analytical work to better understand the complex interactions

taking place in the furnace®.

The above section constitutes the standard procedure for the Fiave campaigns. Details

specific to each test are provided in the results section below.

7.3 - Experimental data

The temperature data and field notes produced during the Fiaveé experiments are
documented in Appendix C. A summary of these results can be seen in Table 7.2, and an

expanded description of each of them is given below.

Fuel/ Grain Products+

Burn| Date Reconstruction Mineral size Thermocouples DurationChargeCharcoalByproducts

(mm) number + depth  (hr) (kg) (kg) (kg) (resovered)
1 |4-Sep-07 NPW3/MeP2PR 1:1 20-30 8 @ 10mm 3:23 0.95 5.0 0.7
2 [5-Sep-07 NPW3/MeP2PR  1:1 <10 4 @ 10mm 2:44  3.00 7.0 1.5
3 |5-Sep-07 NPW3/MeP2PR  1:1 <10 4@ 10mm 3:45 4.00 7.0 1.4
4 |6-Sep-07 NPW3/MeP2PR  2:1 <10 4@ 10mm 3:20 2.90 7.8 0.8
5 [7-Sep-07 NPW3/MeP2PR  1:1 <10 4 @ Omm 3:32 5.71 9.7 2.6
6 |[7-Sep-07 NKH3/MeP3 1 <10 4 @ Omm 1:32 3.74 5.7 3.0
7 [9-Sep-07 NPW3/MeP2PR  1:1 <2 3 @ Omm 3:02 5.71 10.7 2.6
8 |10-Sep-07 NKH3/MeP3 1:1 <2 3 @ Omm 3:13 3.74 8.7 0.2
9 [11-Sep-07NPW3/MeP2PR  2:1 <10 2 @ Omm 3:18 5.71 17.9 3.0
10 |11-Sep-07 NKH3/MeP3 2:1 <10 2 @ Omm 2:52 3.74 125 2.0

Table 7.2 - Major parametres of the 2007 Fiave experiments, thermocouple ‘depth’ refers to the protrusion
of the probe from the interior chimney wall.

Burn 1 - 4 September 2007

The first NPW3/MeP2PR reconstruction was ignited at 09:57 with the thermocouple
probes at 10mm, and measurements were recorded for 190 minutes. The steep experimental
archaeology learning curve was fully evidenced during Burn 1, it soon became apparent
that the initial assumption of producing a 2kg cake of pure slag (and thus charging the
furnace with c. 12kg of mineral) was too much material for the small furnace to handle.

Reflecting the maximum residual mineral dimensions in the archaeological slags, Burn

8 Once the impact of the revised chronology was realised, it was clear that ex-
tensive laboratory analyses on the experimental assemblage would not be worthwhile.
However, macroscopic assessment was sufficient to assess the MeP3 reconstruction
given the obvious differences between the archaeological and experimental products.
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1 was conducted with a charge granulometry (ex quartz and lime) of 20mm. As can be
seen in Figure 7.12, about 80 minutes after ignition, 7 of the 8 probes indicate a steady
loss of temperature, suggesting that a furnace of this size could not cope with such large
fragments, only 1.95kg of mineral was charged during the first experiment. As a smelt,
Burn 1 was undoubtedly a failure, but as an archaeometallurgical experiment its value
was immeasurable - in less than 60 minutes of firing it had been ascertained that one
of the core assumptions (quantity of slag production) required modifying, and that the
charge grain size variable had an upper limit. Due to the consistent loss of temperature,

and obviously unsuitable burden dynamics, Burn 1 was abandoned at 13:20.

Temperatures: Burn 1
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Figure 7.12 - Graph of temperature data for Burn 1. Image: author.

Upon sampling the furnace, the observation of inappropriate grain size was confirmed
by the relatively small amount of sintered slag (c. 0.5kg) and the quantity of unreacted
charge (c. 0.2kg) - the remaining mass having burnt off as gas or lost in the general debris.
A very small amount of copper was seen to have formed as prills and filaments in the slag,
but in no way commensurate with the copper metal potential of the minerals that had been
charged. In Burn 1, and in subsequent tests, it was not possible to give estimates for the
amount of metal produced due to its being dispersed throughout the slag. To quantify it
would require crushing all of the experimental slags, and that could not be done in the
field for practical as well as procedural reasons i.e. if the experimental material was to be
studied in the future, it would be better not to have destroyed all the macro-morphological

evidence.

It was noted that the slag produced had adhered to the interior chimney wall, just above

236



the perforation facing the air stream (Figure 7.13). As might have been expected, this was
the hottest part of the furnace, and thus where the minerals were able to fuse, but critically,
the archaeological perforated ceramic fragments provided no evidence of having been

slagged (Chapter 4). Why this should be the case was a question that persisted during the

2007 Fiaveé campaign.

Figure 7.13 - Sections of slagged furnace chimney and unslagged crucible from Burn 1. Image: author.

Burn 2 - 5% September 2007

From the outset it was intended that the first few experiments would be similar, to allow
the basic performance of the reconstruction arrangement to become apparent. Thus, the
second test was a NPW3/MeP2PR construction, but experience with the mineral grain
size was taken into account, and modified to 10mm. Burn 2 was ignited at 11:41, with

the temperature monitored by 4 equally spaced thermocouples at 10mm probe depth
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Figure 7.14 - Graph of temperature data for Burn 2. Image: author.
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(Figure 7.14). The test lasted 164 minutes until 14:25, and demonstrated that with a more
appropriate granulometry, the furnace was able to perform much better. However, the
furnace was still only able to consume half of the full c. 6kg of minerals calculated for
the test. Burn 2 was started with a damp furnace, which soon resulted in a large fissure
developing on the side of the chimney facing the air stream (Figure 7.15). This was of

neither surprise nor concern, it being appreciated the primary purpose of a copper smelting

furnace is to give the charge shape, and not to exclude oxygen.

Figure 7.15 - Large crack in the chimney wall during Burn 2, but the integrity of the smelt was not af-
fected. Image: author.

Figure 7.16 - Adhesion of chimney and crucible
during Burn 2 - now known to be an archaeo-
logically incorrect association. Image: author.
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During sampling, the improved performance of the reconstruction was immediately
apparent in the greater proportion of slag and sinter recovered from the smelting debris
(Table 7.2). Although a slag cake comparable to the archaeological examples had not
formed, sufficient liquid slag had been produced to bond the chimney to the crucible
below (Figure 7.16).

Burn 3 - 6" September 2007

Burn 3, ignited at 10:36, with the same NPW3/MeP2PR operational parameters as Burn 2,
and constituted the last of the ‘acclimatisation’ smelts (Figure 7.17). The experiment was
also conducted in the presence of Vincent Pigott, and as one of the principal investigators
of the Valley excavations, his comments at this juncture were given credence. Pigott’s
opinion at the end of the test (14:21) was that the crucibles and chimneys were under-
sized compared to the majority of those he excavated. The suggested revision of the
internal diameter of the experimental ceramics, and the height of the chimney, from
180mm to 200mm was not large linearly (~10%), but the ramifications for the volume of
the furnace would be significant - an increase of ~40%, from approximately ~181 to ~251.
This problem was largely caused by dimension changes as the clay was first dried, then
fired, and merely necessitated an adjustment of the production procedure to account for
shrinkage.
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Figure 7.17 - Graph of temperature data for Burn 3. Image: author.
Burn 3 was able to take only 4kg of the calculated charge but was found to have produced a
reasonable amount of slag and sinter (Table 7.2). This material had bonded the chimney to
the crucible, but had not formed the desired slag cake. Examination of the conglomerate,

starting from its base, revealed a clear and consistent patterning of well-formed slag,
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through bonded sinter, scorched, and finally unreacted mineral charge (Figure 7.18). The
aim of the Fiave tests was to produce an archaeologically comparable heterogeneous slag
cake, but already by the end of Burn 3 it was apparent that something was amiss with the

wind-powered technological reconstruction.

ry ;
S ) Y

Figre 7.18 - Sectioned remins of urn . mage: author.

Burn 4 - 6" September 2007

The fourth experiment was a further NPW3/MeP2PR reconstruction using the unmodified
ceramic dimensions, and conducted with an increased fuel to mineral ratio of 2:1, in an
attempt to produce a more liquid and fully reacted slag than the previous three smelts.
However, despite the extra fuel, there was very little difference in the resulting debris, if
anything, there was less slag produced from the 2.9kg of minerals charged (Table 7.2).
The furnace was lit at 14:55 and abandoned after 200 minutes at 18:15 (Figure 7.19).

Although ceramic dimensions were not intended to be an experimental variable, it was
noted that the chimney for Burn 4 (reused from Burn 1) was slightly smaller than that for
Burn 3. Given the extra fuel charged during Burn 4, it was appreciated that getting the
furnace proportions correct was of the utmost importance for the Khao Wong Prachan
reconstructions. Vincent Pigott’s comments regarding the ceramics on 5" September
were heeded, and during the 6™ September a new batch of crucibles and chimneys were
constructed.
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Figure 7.19 - Graph of temperature data for Burn 4. Image: author.

Burn 5 - 7* September 2007

The fifth experiment was essentially a repetition of the NPW3/MeP2PR reconstructions
in Burns 2 and 3, but with the resized crucible and chimney. Using a mineral grain size of
10mm (ex quartz and lime) and a fuel to mineral ratio of 2:1, the new furnace was found
to perform extremely well. After a 11:00 ignition, the increased volume of the smelting
system seemed to have the effect of smoothing the charging cycle and accelerating charge
consumption through to the 14:32 termination of the test (Figure 7.20).
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Figure 7.20 - Graph of temperature data for Burn 5. Image: author.
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When sampled, the crucible was once again found to be bonded to the chimney. However,
despite the apparently augmented operation of the furnace, there was still no slag cake
approximating the archaeological examples, but for the first time the entire 5.71kg of
minerals had been consumed. Though more evenly formed, the majority of the slag (c.
2.6kg) was once again found adhering to the interior of the chimney wall facing the air

stream.

Burn 6 - 7* September 2007

Burn 6 was the first NKH3/MeP3 reconstruction, it employed the same variables as Burn
5, but used the appropriate charge composition and a 1:1 oxygen to sulphur ratio - i.e. much
less malachite. The chimney stack from the previous test was repaired and reused, and
the pit lined with clay (Figure 7.21). The experiment commenced at 15:28 and proceeded
smoothly and swiftly - unsurprising given the total charge was nearly half the volume of
a NPW3/MeP2PR one - until completion at 17:00 (Figure 7.22, Table 7.2).

Figure 7.21 - Furnace chimney from Burn 5 being repaired for Burn 6, and
placed over a clay-lined pit. Image: author.

When sampled, the furnace was fused as normal, and contained a large mass (c. 3kg) of
fused slag and ceramic (Table 7.2). However, the slag had again failed to form a cake,
despite the enlarged furnace design and reduced charge quantity of the NKH3/MeP3

reconstruction.
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Figure 7.22 - Graph of temperature data for Burn 6. Image: author.

Burn 7 - 9* September 2007

The seventh experiment was another NPW3/MeP2PR reconstruction, used to test the
effect of reducing the mineral grain size down to c. 2mm. Not only would this replicate
the lower size range of residual minerals noted in the archaeological slags (Chapter 5 and
6, Burn 1 representing an attempt with the largest dimensions at 20mm), but it would
also mean the metal-bearing minerals would for the first time be of a similar size to the
quartz and lime - their previously different sorting characteristics perhaps having caused
problems with slag formation in earlier tests. Burn 7 was ignited at dusk (18:20) (Figure
7.23) and continued into the night (21:22) (Figure 7.24). Whilst the lack of external light
enhanced the visibility of the internal dynamics of the furnace, and the combustion of

CO, it made the recording of external features harder.

Figure 7.23 - Burn 7 operating by night. Image: author.
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Figure 7.24 - Graph of temperature data for Burn 7. Image: author.

Sampling the furnace on the morning of the 10™, it was clear that charging powdered
minerals into a Valley furnace was unlikely to produce a suitable outcome. Although a
reasonable amount of slag (c. 2.55kg) had formed on the interior furnace wall, the crucible
was completely empty, and a large dark core to the debris consisted solely of unconsumed

powdered charge (Figure 7.25).

Figure 7.25 - The unreacted core of Burn 7. Image: author.
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Burn 8 - 10" September 2007

Despite the conclusively negative result of the previous test, for the sake of consistency
it was decided to pursue the 2mm mineral grain size for a NKH3/MeP3 reconstruction.
After a 10:45 ignition, the problem noted in Burn 7 was seen to be recurring: the powdered
charge was smothering the furnace to a very deleterious extent (Figure 7.26). Despite the
small quantity of the charge, c. 4kg, the smelt took 193 minutes, and hopes were not high

for the result.
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Figure 7.26 - Graph of temperature data for Burn 8. Image: author.

When sampled, the furnace, as expected, was found to be choked with unreacted mineral.
Not only was a lot of charge wasted, and unrecoverable due to its grain size, the amount
of slag produced was the least since Burn 1 - a mere 200g (Table 7.2). A low mineral grain
size was definitively removed from the list of variables, and all subsequent tests returned

to what seemed to be a reasonable optimum of 10mm (ex quartz and lime).

Burn 9 - 11 September 2007

In the limited time remaining, the last variable to be assessed with the resized ceramics
was the fuel to mineral ratio. Therefore, Burn 9 was conducted as a NPW3/MeP2PR
reconstruction, as per Burn 5, but with a charge ratio of 2:1. The crucible from Burn 7
was reused, and the last three thermocouples arranged at 120° to each other and flush
to the furnace wall. Burn 9 was initiated at 10:02 and lasted 198 uneventful minutes
(Figure 7.27, Table 7.2). The result was, once again, a chimney firmly slagged to an

empty crucible.
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Figure 7.27 - Graph of temperature data for Burn 9. Image: author.

Burn 10 -

11% September 2007

The final experiment of Fiave 2007 was a NKH3/MeP3 reconstruction run to the same

parameters as Burn 6, excepting the fuel to mineral ratio of 2:1. The furnace was seen

to burn extremely hot, with the foremost of the two extant thermocouples registering

up to 1200°C when flush with the furnace wall (Figure 7.28). Again, the small amount

of mineral, c. 4kg, was rapidly consumed with the rest of the fuel, c. 8kg, and the smelt

proceeded for 192 minutes without interruption after ignition at 14:50.
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Figure 7.28 - Graph of temperature data for Burn 10. Image: author.
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The furnace was sampled and seen to have produced a large amount of slag (Table 7.2),
but again, the mass was attached to the chimney wall, and had not formed a cake in the
base of the furnace (Figure 7.29).

Figure 7.29 - Mass of semi-fused charge attached to the furnace wall during Burn 10. Image: author.

7.4 - Interpretation

Given the many layers of archaeological and archaeometrical interpretation required just to
plan a reconstructed smelt, it follows inferences deriving from experiments are necessarily
cautious. However, the Fiave campaign provides strong indications the established TAP
reconstruction of copper smelting at later Iron Age Nil Kham Haeng may be in need of

substantial modification.

The long-held interpretation of the NKH3/MeP3 technology as wind-powered is derived
largely from the recovery of perforated ceramic fragments in the industrial matrix, their
complete cylindrical comparators from burial contexts, the seasonal presence of strong
winds, and the existence of wind-powered furnaces elsewhere in the world (e.g. Bunk
et al. 2004, Catapotis et al. 2008, Tabor et al. 2005, van Buren & Mills 2005), and this
is the logical technological paradigm within which the author approached the evidence.
However, whilst most of the Fiave copper smelts were ‘successful’ in that they produced

copper metal, they also highlighted the consistent failure of the wind-powered perforated
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cylinder ‘furnace’ reconstruction to produce archaeologically-comparable slag and
technical ceramic debris. As seen in other experiments with wind-powered furnaces (e.g.
Catapotis et al. 2008), the smelts were seen to have a strong thermal gradient perpendicular
to the blast, with several hundred °C difference from front to back, easily seen in the
thermocouple data from Burns 9 and 10 as the two remaining probes were positioned at
the front and back of the chimney (Figures 7.27 and 7.28). This uneven heat distribution
caused the preferential formation of slag on the interior wall of the chimney facing the
fan (Figures 7.13, 7.16, 7.18, and 7.29). This conglomeration of reacted, partially reacted,
and unreacted charge would eventually block the perforations, causing temperatures to
drop as gas circulation reduced, and thus ended each smelt before the charge was fully

consumed or an acceptable slag cake formed.
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Figure 7.30 - Graph of mean temperature data for Burns 1-10. Image: author.

These results could be partially attributed to the author’s relative lack of smelting
expertise, but the consistent recurrence of these issues with varying fuel:mineral ratio and
granulometric parametres, and in spite of the uniform fan-generated airflow, suggests the
Fiave campaign highlight real problems with the NKH3/MeP3 reconstruction. In essence,
the subterranean part of the furnace is a dead spot as far as smelting goes, due to the
lack of air blast and thus heat reaching this area. Though the perforated furnaces could
produce high temperatures (Figure 7.30), the heat energy required to drive the smelt was
concentrated high up, and to the front of, the structure. Thus, all charge reaction seems to
have taken place there, with no slag ever forming in the space below. Significantly, this
correspondence of high temperature and reaction activity meant the degree of slagging
and vitrification on the experimental chimneys was vastly in excess to that seen on the

archaeological examples. Though no analytical characterisation of the experimental slag
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was carried out, but it’s obvious macroscopically that they were less reacted and more
wasteful than the archaeological ones, regardless of charge composition and granulometry.

Therefore, the following experimental inferences may be drawn:

1. The NKH3/MeP3 smelting process was unlikely to be wind-powered due to the
inability of the perforated ‘furnace’ to provide a sufficent, sustainable, and uniformly

high temperature for the charge to react and a slag cake to form.

2. The implausibility of wind-power implies the NKH3/MeP3 smelting process required
the provision of a forced blast, which, in keeping with the archaeological evidence, must
be organic. The MeP2 crucible and the MeP3 ceramic-lined pit would necessitate the
heating of substantial volumes of volume of smelting charge, but this could have been
reasonably achieved with the use of multiple air sources, as has been widely documented
ethnographically in Africa (e.g. David & Kramer 2001, Rehder 1994, Schmidt 1997).
Within Southeast Asia, the ethnographic precedent of bamboo and teak piston bellows
(e.g. Anon. 1886, Bronson & Charoenwongsa 1994, Wake 1882) provides a plausible
regional analogy, but skin bellows or blowpipes could also account for the lack of extant
remains. Whilst the MeP2 and MeP3 reconstructions are still relatively small scale, it is
not unreasonable to envisage two or three bellows being operated, or a group of people
using blowpipes, though the technological choice of using a forced blast represents a
significant expenditure of effort in comparison to wind-powered operations . In any event,
the technological reconstructions do not require the provision of perfect air delivery as
the archaeological slag evidence suggests the heating was substantially uneven, and the
numbers of people potentially involved in each smelting operation is still commensurate
with White & Pigott’s (1996) interpretation of a ‘community specialisation’ organisation

of production.

3. Despite the clear archaeological association between smelting debris and perforated
ceramic fragments at later Iron Age Nil Kham Haeng (and contemporary Khao Sai On),
it may be necessary to drastically reinterpret the function of the perforated ceramic
cylinders. Laboratory analyses (Chapter 6) indicate the NKH3/MeP3 ‘slag-skin’ and
‘furnace’ fabrics are chemically and microstructurally very similar, if not identical, and
thus their refractory performance should be comparable, all else being equal. How then
can we correlate the extensive vitrification and bloating evidenced in the ‘slag-skins’
with the optically active micromass and only slight heat damage of the archaeological
‘furnace’ samples, as well as the heavy slagging seen on the experimental chimneys? It

seems very likely that the thermal and/or chemical exposure of these two artefact classes

249



was rather different. It is this corroboration of macroscopic, chemical, microscopic, and
experimental evidence which leads the author to propose that the perforated ceramic
cylinders probably weren’t involved in copper smelting processes, as close contact
between the ceramics with fluxes in the mineral charge (i.e. iron oxide) and fuel ash (i.e.
calcia) would typically produce extensive slagging at high temperature. Though we lack
NKH3/MeP3 crucible evidence, it is conceivable however that the cylinders functioned
as casting furnaces. With the alloy melt contained, the perforated cylinder would only
be exposed to the fluxing effects of the fuel, perhaps explaining the lower degree of heat
damage as well as the copper ‘splash’ seen in Figure 6.7. This is a significant modification
of the established TAP chaine opératoire (Figure 1.4, Ciarla 2007b, Pigott et al. 1997),

and the implications of this tentative reinterpretation will be dicussed in Chapter 8.

4. With the NKH3/MeP3 reconstruction potentially ‘superstructureless’, there would
remain very little difference between its configuration and that of the NPW3/MeP2
smelting process (Figure 7.31). Both are essentially ‘bowl’ furnaces, but whereas the early
Iron Age Non Pa Wai ‘bowl’ is a crucible in a pit, the later Iron Age Nil Kham Haeng
‘bowl’ is a clay-lined pit, but both would need a forced air blast to generate temperatures
suitable for copper smelting. It should be noted that if the uncoupling of perforated
ceramic cylinders from smelting activities is accepted, then the diametre of the clay-lined
smelting pit can no longer be based on that of the ‘furnace chimney’ as it was in Chapter
6 - nevertheless, the pits’ dimensions are likely to have been modest in light of the mean
slag cake mass of c. 500g. Given the typical dearth of evidence for pyrotechnological
installations and highly fragmentary nature of the archacometallurgical assemblage from
both Valley smelting sites, the proposed reconstructions are considered to be conservative

offerings, though the potential for them to be modified is explicitly acknowledged.

Summary

The experimentally-inspired interpretations above represent a significant departure from
previous TAP reconstructions and, perhaps importantly, highlight just how similar, and
possibly related, the two prehistoric Valley copper smelting processes may have been.
In addition to refining the laboratory-based chaines opératoires (Chapters 5 and 6), the
Fiave experimental campaign, and hopefully others to follow, have reiterated the need
to carefully unravel ancient metallurgical behaviours from the archaeological evidence,
in order to identify the significant changes in Valley copper production during the Iron

Age.
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Chapter 8

The Development of Metallurgy in the Prehistoric
Khao Wong Prachan Valley

The extensive efforts of the TAP team, combined with, and refined by, the present study,
permit a tentative account of the long-term interaction between metal, metallurgy and
people in the Khao Wong Prachan Valley during the period c. 6/500 BCE to ¢. 300 CE.
Subject to the vagaries of taphonomic chance, any such history is necessarily far from
definitive, and as has been stated several times, a finer chronological and contextual
resolution for the archaeological evidence would doubtless reveal a wealth of important
detail. Nevertheless, juxtaposing the technological reconstructions from early Iron Age
Non Pa Wai (Chapter 5) and later Iron Age Nil Kham Haeng (Chapters 6 and 7), exposes
significant changes in local extractive metallurgical traditions. The mid/late 1% millennium
BCE and early 1* millennium CE chronological window of the Non Pa Wai and Nil Kham
Haeng evidence corresponds to a period of probable increasing social complexity in Iron
Age Thai societies, marked by the appearance of site size hierarchies, earthworks for
defensive and/or hydraulic purposes, and the marked ranking of individuals and groups
in burial traditions (overviewed in Chapter 1, see also e.g. Higham 2004, O’Reilly 2003,
White 1995). This transition is metallurgically-marked by an increasing deposition of
metal, especially bangles, in predominantly funerary contexts (e.g. Higham 2002), and is
presumed to represent a notable escalation in general consumption. This chapter discusses
how this potentially elevated regional demand for metal may have been reflected in supply
behaviour in the Iron Age Khao Wong Prachan Valley. The first section concentrates on
the identification of metallurgical behavioural change within Valley copper production
chaines opératoires using the archacometallurgical evidence described in Chapter 2, 5,
6, and 7. The second section attempts to provide some explanation for these changes
with relation to stimuli from the wider region, and the third and final section offers
some commentary on the ‘origins’ of copper-base metallurgy in the Khao Wong Prachan
Valley.

To reiterate the reconstructed chaines opératoires for early Iron Age Non Pa Wai and later
Iron Age Nil Kham Haeng provided at the end of Chapters 5 and 6 (the latter modified in
light of the field experimentation detailed in Chapter 7):

- The NPW3/MeP2 process has been interpreted as a crucible-based copper smelting
operation, taking place within a roughly hemispherical crucible of c. 20cm diametre,

constructed in a coarse organic-tempered fabric that frequent slagging and heat damage.
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The limited archaeological evidence suggests these crucibles were positioned within in a
small pit, which was itself surrounding by a low ceramic rim, made from a fabric similar
to that of the crucibles. The mineral charge is uncertain but included both oxidic (e.g.
malachite) and sulphidic (e.g. chalcopyrite) copper minerals, as well as iron oxide minerals
(predominantly magnetite). The composition and structure of the slags indicates that the
smelting operation was often incomplete and that there was considerable variation in the
smelting charge. The absence of any evidence for tuyéres suggests that the smelt must
have been driven by an organic mechanism (like piston bellows) or simply by blowpipes

(reconstruction summarised in Figure 5.50).

- The NKH3/MeP3 process has been interpreted as a bowl furnace-based copper
smelting operation, taking place within a clay-lined pit of unknown but certainly limited
dimensions. These pit-linings or ‘slag-skins’ were made in a coarse organic-tempered
fabric and were heavily slagged and heat damaged. The smelting charge is also uncertain,
but appears to have been more consistently sulphidic than that seen in the MeP2. The
MeP3 slag chemistry has a much decreased variability and an increased concentration of
minor oxides indicative of ceramic and fuel ash contributions to the melt. Together these
data suggest that the MeP3 smelting charge was more standardised than that of MeP2 and
that the process may have been longer and/or hotter. In light of the experimental data the
perforated ceramic cylinders are not now thought to be part of the copper smelting chaine
opératoire, which means the process must have been driven by an archaeologically-

invisible air delivery system (reconstruction summarised in Figure 5.43).

The following section will discuss how these reconstructions can begin to be integrated
to provide a long-term understanding of change in Valley technological choices by
highlighting and explaining the differences and similarities in technological styles

between them.

8.1 ldentifying stylistic change and continuity in Valley copper smelting

Given the proximity of Non Pa Wai and Nil Kham Haeng (c. 3km), and the apparently
continuous Iron Age production sequence (c. 6/500 BCE to c. 300 CE), it is likely that
there is some continuity between the copper production technologies and the people
who practiced them. Many of the shared technological characteristics are driven by the
sites’ contiguous physical geographical affordances, i.e. the presence of metallogenic
mineralisations, charcoal fuel, and presumably clay. However, the purpose of reconstructing
the chaines opératoires detailed in Chapters 5, 6, and 7, is to identify those features where
technological choice and thus style can be expressed. The characteristics summarised in
Table 8.1 are those thought by the author to be most useful for defining MeP2 and MeP3

technological styles in copper production, and their significance is explained below.
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Characteristics NPW2/MeP1  NPW3/MeP2 NKH3/MeP3
Founders’ graves YES NO YES
Pit features - YES YES
Installation superstructure - PIT-RIM ?
Air supply - FORCED FORCED
Reaction containment - CRUCIBLE CLAY-LINED PIT
Distinct clay source - YES YES
Slag homogeneity - LOW HIGH
Copper content - HIGH LOW
Sulphide content - LOW HIGH
Tin presence - NO YES
Ceramic/fuel contribution - LOW HIGH
Slag liquidus - c. 1230°C c. 1240°C
Deposit texture - ASHY CRUSHED
Residual magnetite presence - YES YES

Table 8.1 - Principal metallurgical style characteristics of NPW2/MeP1, NPW3/MeP2, and
NKH3/MeP3.

Founders’ graves:

Both extremes of the prehistoric Valley technological sequence, NPW2/MeP1 and NKH3/
MeP3, share the presence of inhumations with metallurgical artefacts apparently interred
as burial goods (Chapter 3). Founders’ graves are considered a Valley technological style
characteristic as this metal-related funerary behaviour suggests some degree of association
between the deceased’s identity and their presumed involvement in industrial activities
and may also reflect the embeddedness of copper production in local peoples’ lives. These
‘founders” graves are the only readily discernable link between the consumption and
founding-only evidence of MeP1 Bronze Age contexts and the Iron Age extraction period
MeP3, and may be indicative of continuity in some aspects of Valley metal technologies
from c¢. 1450 BCE to c. 300 CE. The location of NPW3/MeP2 human remains is at present

unknown.

Pit features:

Shifting from matters of metallurgical burials to metallurgical production, both MeP2 and
MeP3 contexts have evidence for metallurgy-associated pits. The use of pits in copper
smelting activities is rather ephemeral at Non Pa Wai and only slightly better documented
at Nil Kham Haeng due to the two sites’ highly disturbed stratigraphies (see Chapter 2).
However, the in situ pits and associated smelting debris at seemingly MeP3 Khao Sai On
(Ciarla 2007b) provide a reasonable analogy for probably contemporaneous Nil Kham
Haeng at least. The containment of high temperature reactions within depressions in the
ground is by no means unusual, but it is a choice and represents a shared stylistic trait in
the copper production chaines opératoires of the Iron Age Khao Wong Prachan Valley.
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Installation superstructure:

An important Valley style characteristic is installation superstructure or furnace evidence.
Whilst the early Iron Age Non Pa Wai furnace evidence has always been tentative, the
interpretation of thick coarse-fabric fragments as low pit-rims is relatively conservative
(Figure 5.3 & 5.4), especially in light of Roberto Ciarla’s 1986 field sketch (Figure 5.5),
though itis acknowledged the same effect could have been achieved by MeP2 metalworkers
by digging a slightly deeper pit. However, what was thought to be clear furnace evidence
at later Iron Age Nil Kham Haeng, the presence of complete and fragmentary perforated
ceramic cylinders in funerary and industrial contexts (Pigott et al. 1997: 130), should
perhaps now be treated with caution as laboratory analyses and field experimentation have
highlighted the relative lack of heat damage to these artefacts, especially when compared
to the heavily vitrified and bloated ‘slag-skins’ (Chapters 6 and 7). There is no doubting
the association of these cylinders with copper production activities at Nil Kham Haeng
and Khao Sai On (Ciarla 2007b), but the author regards a wind-powered smelting furnace
interpretation as implausible (Chapter 7). Even if a forced air blast were directed via an
inclined tuyere through the lowermost perforation of the cylinder, and into the clay-lined
pit below, it would surely result in greater degree of localised heat damage than that seen
(Figure 6.7). The loss of vitrified layers through post-depositional degradation is unlikely
as the internal surface appears intact. The eroded appearance of the cylinder exterior could
be due to their being fired wet or incompletely fired, and subsequently spalled via steam
expansion or eroded post-depositionally, respectively. Though a smelting attribution for
the cylinders cannot yet be ruled out, the author cannot currently conceive of a physical
configuration which could explain the differential heat damage between the ‘slag-skins’

and perforated fragments, artefact classes with near identical refractory qualities.

Itis possible the perforated cylinders were used for the low temperature roasting of sulphidic
ores, a process known to have been conducted in similar structures ethnographically
(Craddock 1995), but this is not supported by mean normalised sulphate levels of c.
0.015wt% in the Valley perforated fragment bulk chemistry (Appendix B.3). The use of
perforated cylinders in founding activities (alloying and/or casting) would still involve
temperatures in excess of 1000°C, but crucially, the containment of metal within a crucible
(one would assume) would mean the only fluxing agent in contact with the inner wall of
the cylinder would be charcoal ash, instead of the huge quantity of iron oxide present
in a smelting charge. This could explain the lower level of thermal degradation to the
cylinder fabric, but we have yet to identify, study, and test the MeP3 crucible evidence for
a founding interpretation. It is always possible the cylinders were used for cooking the

metalworkers’ food, but, in any case, the perforations seen in the MeP3 ceramic cylinders
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are a distinctive technological choice (cf. Bassiakos et al. 2008), and their presence at
both Nil Kham Haeng and neighbouring Khao Sai On is an interesting link between the
two sites as they have not been recorded anywhere else in Southeast Asia. Where and
when the ceramic perforation tradition begins remains unknown, as only one possible
perforation, and very vague at that, was seen on the MeP2 ceramics (Figure 5.4). In
the light of Rispoli et al.’s (forthcoming) chronological revision, the perforated ceramic
cylinder from Niuheliang (Liaoning Province, northeast China), speculatively cited as
analogical by Pigott & Ciarla (2007: Figure 12b), would now date to at least 1400 years
before the earliest MeP3 production at Nil Kham Haeng as well as being over 3500km
distant, and is thus an unlikely progenitor. However, if ‘founders’ graves’ were to be
studied at a regional level, it would be important to note the particular metallurgical
behaviours attested by grave goods. Most examples (including those from MeP1) seem to
relate to casting activities, but if the author’s rejection of the MeP3 perforated cylinders as
smelting furnaces is correct, then there exist no inhumations corresponding to extractive
metallurgy. Additionally, if the author’s tentative reinterpretation of the cylinders as
casting furnaces is true, then the MeP3 graves might be consistent with a tentative regional
founder’s grave tradition (e.g. Higham in press b), albeit with a distinct ‘no moulds’

assemblage.

Air supply:

If the perforated cylinders are dismissed as smelting furnaces for the time being, the
resultant technological reconstructions for MeP2 and MeP3 copper smelting become
superficially comparable (Figure 7.31), and share a requirement for forced draught
provision, despite the absence of any archaeological evidence. Although the Valley has
seasonal strong winds, neither of the copper production techniques appear to be wind
driven, due to the inability of natural draughts to drive enclosed or subterranean smelting
reactions. This interpretation lifts any seasonal restriction on copper smelting based on
the absence of wind, and also means that, in theory at least, Valley production might have
been a year round activity', an outcome which would marginally undermine White &

Pigott’s (1996: 159) “part-time” criteria for ‘community specialisation’.

Due to our having only negative evidence for forced draught, one cannot do more than

speculate as to their original form. However, the technical improvements detectable

1 Even the monsoons following the windy season need not prevent high tempera-
ture activity so long as the installation is protected from direct heavy rainfall. Whilst
casting quality may be affected by atmospheric moisture, the heat generation capacity
of small prehistoric furnace should be sufficient to overcome this climatic limitation (cf.
Bronson & Charoenwongsa 1994).
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between MeP2 and MeP3 techniques, could be partially explained by developments in air
delivery, perhaps a change from blowpipes to hand-operated bag or piston bellows, the
lack of archaeological evidence for which can be explained by the use of organic materials
like bamboo or leather. The lack of any suggestion of a shift to capital-intensive or labour-
intensive air delivery is thus still consistent with White & Pigott’s (1996) ‘community

specialisation’ interpretation for Valley copper production.

Reaction containment:

Unless one is prepared to lose much of the copper metal product in an open fire, it is
preferable to contain the smelting reaction in some way. A major difference between
the MeP2 and MeP3 styles concerns the method with which this containment was
accomplished. The thick organic-tempered crucibles recovered in abundance at early Iron
Age Non Pa Wai are far rarer at later Iron Age Nil Kham Haeng, where they appear to
have been superseded by lining the smelting pit with organic-tempered clay. Although the
crucibles and ‘slag-skins’ would have performed similarly during the copper smelt, there
is a fundamental difference at the end of the operation. The MeP2 slag cakes are thought
to have been poured, perhaps to collect the copper metal by density separation (although
much remained in the slag). Pouring the molten slag could of course be accomplished
by lifting and tipping the MeP2 crucible, but this is not possible with a MeP3 fixed clay
pit lining, where the micro-structural evidence suggests the slag was not quenched prior
to crushing (Chapter 6). On the current evidence, the employment of technical ceramics
undergoes a substantial change over the course of the Valley Iron Age, representing an
even more significant shift in technological choice with regards to the means of separating
metal from waste product and the labour cost of production. Given the predominance of
intact MeP2 slag cakes it is likely that after pouring the contents of the crucible into a pit
in the ground, early Iron Age Valley metalworkers simply snapped off the freshly smelted
copper which probably formed as nodules on the surface and discarded the rest of the
slag. Conversely, the largely crushed MeP3 slag suggests that the copper was extracted by

hand down to prill level from the pulverised contents of the clay-lined pit.

Distinct clay source:

Not only are the technical ceramics from NPW3/MeP2 and NKH3/MeP3 different in form
and use, there is also chemical evidence for their being made from separate sources of clay?.

The major element bulk chemistries for ceramics from the two sites are highly comparable

2 Due to the very close association of slag and ceramic in the NKH3/MeP3 ‘slag-
skins’, these samples were not analysed by [PJED-XRF and thus bulk trace element data
are not available.
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with ¢. 65wt% SiO,, ¢. 20wt% Al O,, ¢. 10wt% Fe,O,, and ¢. 5wt% CaO, representing
an entirely typical composition for a prehistoric fabric (technical or otherwise), and
commensurate with the local geology (Figure 8.1). However, a normalised ternary plot for
the prominent trace elements, strontium, zinc, and zirconium, reveals a clear separation
between the technical ceramics from the two sites (Figure 8.1). The author previously
identified this patterning using principal components analysis of the compositional data
(Pryce & Pigott 2008: 144, Figure 7), but in fact the relationship is so strong that such a
manipulation is unnecessary. This trace element patterning is clear whether the ceramic
was heavily slagged or not (as the MeP2 crucibles were), suggesting clay chemistry, and
not slag contamination, is the cause of ceramic segregation. The implication of this result
is that Valley metal workers were using different, but probably local, sources of clay
in preparing their technical ceramics. Given the consecutive chronologies of the sites,
it is possible the clay source used at early Iron Age Non Pa Wai was exhausted and a
fresh deposit exploited at later Iron Age Nil Kham Haeng. However, though we have no
knowledge of present day clay sources (no one having looked for them), it seems more
likely that those making technical ceramics simply used the nearest available material
given the almost identical major element chemistry, and thus refractory behaviour, of

fabrics from the two sites (e.g. Freestone 1989).
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Figure 8.1 - Ternary plot of major oxide comparability in NPW3/MeP2 and NKH3/MeP3 technical
ceramics (left) versus trace element separation. Image: author.

Slag homogeneity:

As would be hoped of our predominant evidence source, comparing the slag from the two
production sites has been particularly rewarding for the identification of technological
change in the Iron Age Khao Wong Prachan Valley. The macroscopically obvious increase
in the homogeneity of MeP3 slags when compared with MeP2 samples is corroborated by
respectively lower coefficients of variation in the bulk compositional data from the trace
elements and minor oxides through to the three predominant major oxides: FeO, SiO,,
and CaO (Figure 8.2, Table 8.2).
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Figure 8.2 - Ternary plot of the three principal slag-forming oxides in Valley slag. Image: author.

Na,0 MgOALQ, SiO, P,O, SO, K,O CaOTiO,MnOFeO Cu Zn As Sr Sn Ba
wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% ppm ppm ppm ppm ppm
Non Pa Wai
mean 0.54 0.48 3.21 27.13 0.16 2.48 0.12 8.74 0.08 0.30 52.09 4.23 3849 15 165 2 56
std dev 0.18 0.42 1.44 6.71 0.19 2.88 0.08 4.21 0.04 0.18 10.62 3.95 13107 13 112 1 66
CV 33% 88% 45% 25% 121%116% 65% 48% 51% 58% 20% 93% 341% 87% 68% 47% 118%
Nil Kham Haeng

mean 0.45 0.99 5.16 29.55 0.19 1.72 0.3211.130.15 0.33 42.61 1.64 909 11 322 28 98
std dev 0.11 0.41 1.40 4.35 0.12 1.26 0.14 3.95 0.06 0.11 6.14 0.68 786 6 341 27 83
CV  25% 41% 27% 15% 63% 73% 43% 35% 39% 32% 14% 42% 86% 53%106%97% 85%

Table 8.2 - Means, standard deviations, and coefficients of variation for [P]ED-XRF bulk chemical analy-
ses of slag from MeP2 and MeP2 contexts. Selected oxides and elements after normalisation.

In light of the reasonably uniform geological environment, and the consequently
inconclusive mineral analyses (Chapters 5 and 6), it is argued that the chemical patterning
can be regarded as a near direct proxy for technological behaviour (e.g. Rehren et al.
2007), and thus increasing compositional conformity can be interpreted as increasing
technological standardisation (e.g. Humphris et al. 2009). However, standardisation

of product (or by-product) does not necessarily equate to a change in the context of
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production. As slag composition is a result of the choices, practices, and techniques of
ancient metalworkers, we must ask where in the chaines opératoires do the discrepancies
between slag samples from the two sites occur, and what can this tell us about the
development and transfer of metallurgical knowledge and know-how in the Valley, an

aspect discussed later in section 8.3.

Copper content:

A number of interesting technological patterns can be discerned within the slag bulk
chemistry using only linear scatter plots. Firstly, plotting copper oxide against iron oxide
for the MeP2 and MeP3 data indicates that although the R? value for MeP3 slag is higher
than that for MeP2 samples, they both show there is no significant correlation between the
two compounds in either phase (Figure 8.3). This suggests that the primary cause of copper
loss at both sites is unreacted ore minerals, with poor phase separation due to viscosity
a long second (Davenport et al. 2002: 273, Gilchrist 1989). Although the early Iron Age
Non Pa Wai production technique could produce occasional low copper losses, these were
inconsistent and frequently offset by incompletely reacted charges. Whereas the later Iron
Age Nil Kham Haeng smelters were still losing some metal product, the quantities were
systematically low and probably related to slight variation in charge composition, process

temperature, or the intensity of mechanical metal recovery post smelt.
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Figure 8.3 - Scatter plot showing the lack of correlation between copper oxide and iron oxide levels in [P]
ED-XRF bulk chemical analyses of Valley slag. Image: author.
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Sulphide content:

Likewise, the relationship between copper and sulphur compounds seems to follow
a similar pattern at the two sites (Figure 8.4). The occasionally elevated quantities of
sulphur, but lack of correlation with copper (R? 0.025), in MeP2 samples suggests that
whilst sulphidic minerals were sometimes incorporated within the smelting charge, it
was sporadic and probably not intentional. That this irregular relationship was potentially
caused by the misidentification by ancient metalworkers of mineral species is perhaps
confirmed by the highest level of sulphur being due to large fragments of sphalerite in
NPWMS?7 (Chapter 5). In the MeP3 samples, the copper/sulphur correlation is still weak
(R? 0.359), but the much increased uniformity of both compounds could be explained by
the systematic inclusion of sulphidic minerals intermixed amongst oxidic minerals within
the smelting charge, resulting in the regular presence of matte prills within the slags
(Chapter 6). It seems an apparent paradox that MeP3 metalworkers probably used more
sulphidic minerals but had less sulphur in their slags. Possible explanations for this could
plausibly be a roasting stage in the later Iron Age chaine opératoire, despite the absence

of direct evidence, and/or a better control of charge reactants and their proportions.
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Figure 8.4 - Scatter plot showing the lack of correlation in [P]JED-XRF bulk chemical data between cop-
per and sulphur compounds in MeP2 slags, compared with a weak relationship in MeP3 samples. Image:
author.

Tin presence:

An intriguing relationship is to be seen between copper and tin compounds in the Valley
slag samples (Figure 8.5). The early Iron Age Non Pa Wai slag contains almost no trace of

the element, but samples from later Iron Age Nil Kham Haeng, irregularly contain tin in
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small quantities (<100ppm). Although the local geological system is reportedly deficient
in tin-bearing minerals (William Vernon pers. comm. and Table B.2), this chemical
patterning suggests there is some slight difference between the mineral component of
the smelting charges in MeP2 and MeP3 production. It is also possible, though unlikely
considering the low levels, that the presence of tin in MeP3 slags is indicative of minerals
or metals from other areas entering the local smelting system. On a practical basis there
would be no need to import copper minerals to the Khao Wong Prachan Valley considering

their relative abundance. Thus, if foreign material were wholly or partially the source of
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Figure 8.5 - Scatter plot showing the consistent absence of tin in [P]JED-XRF bulk chemical analyses of
MeP2 slags, versus sporadic trace level presence in MeP3 samples. Image: author.
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Figure 8.6 - Scatter plot showing the lack of correlation in [P]JED-XRF bulk chemical data between tin
compound content and MeP3 slag morphology. Image: author.
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the tin, it is more probable that some extraneous metal was being refined or recycled at Nil
Kham Haeng, with the secondary production and consumption sites of northeast Thailand
being a potential source (Chapter 1). This eventuality would indicate some conflation
of archaeometallurgical evidence at the site, but there is no correspondence between
tin content and the two categories of MeP3 slag morphology, slag-casts and slag-cakes
(Figure 8.6). Therefore, whilst the later Iron Age reconstruction may need modification,

this must await future evidence.

Ceramic/fuel contribution:

A further significant difference between the MeP2 and MeP3 slag bulk chemistries
concerns the relative abundance of those elements and oxides associated with ceramic
and fuel ash contributions to the smelting system. A substantial chemical contribution
from ceramics and/or fuel ash to slag formation could dilute the copper content, therefore
artifically conveying the image of a more efficient smelting technique. This possibility

was semi-quantitatively assessed with data from Table 8.2.

MgO ALO, SiO, K,O0 CaO TiO, Total

wt% wt% wt% wt% wt% wt% wt%

NPW3/MeP2 05 32 271 0.1 87 0.1 398
mean 1.2 81 682 03 220 0.2

NKH3/Mep3| 10 52 295 03 111 02 473
mean 25 130 743 08 280 04

Table 8.3: Mean [P]JED-XRF bulk chemical analyses of slag
from NPW3/MeP2 and NKH3/MeP2 contexts. Major oxide
data (except iron oxide) associated with ash, ceramic, and
gangue are re-normalised (in italics) according to the MeP2
total to simulate high copper loss in MeP3 samples.

The major oxides associated with ash, ceramic, and gangue contributions (but excluding
iron oxide) were retained, and the mean figures for MeP2 and MeP3 samples were both
re-normalised using the MeP2 total (Table 8.3). This data manipulation approximately
simulated the effect of MeP3 samples having a copper loss equal to the MeP2 slag. The
simulation oxide data in italics continue to be higher in MeP3 samples, indicating a greater
contribution to slag chemistry from ash, ceramic, and/or gangue. The reasonable positive
correlation (R?s 0.527 and 0.613 for MeP2 and MeP3 respectively) between potash and
titania in Valley slags also suggest a trend towards increasing levels of ceramic degradation
and/or fuel ash accumulation over time (Figure 8.7). This relatively consistent patterning
could suggest that the MeP3 smelting operation was hotter and/or longer than its MeP2
predecessor, both options could imply greater effort in the provision of forced blast, as

well as deleteriously impacting local reserves of fuel.
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Figure 8.7 - Scatter plot showing the positive correlation of titania and potash in [P]JED-XRF bulk chemi-
cal analyses of MeP2 and MeP3 slag samples, with increased concentrations in the latter. Image: author.

In order to further differentiate between the two technological styles, the bulk chemical
data were also processed using Principal Components Analysis (PCA - see Chapter 4)
to discern the factors chiefly contributing to compositional variation in the MeP2 and
MeP3 slag samples®. The author appreciates statistical manipulation is very much part
of the interpretive process, and thus focused on those elements and oxides most likely
to relate to the choices and techniques practiced by the Iron Age Valley metalworkers®.
Nevertheless, numerous combinations of chemical data were calculated to produce a
significant concentration of variation within the first three principal components. The
analysis presented (Figure 8.8) reduced the data for twelve predominant major, minor,
and trace elements and oxides (MgO, Al O,, SiO,, SO,, K,0O, Ca0, TiO,, FeO, CuO,
Zn, Sr, and Zr) into three factors comprising 48.0%, 16.5%, and 12.5% of the variation
respectively, thus accounting for a cumulative 77.0%. The three chemical groupings
obtained can be separated into those dominated by 1) FeO and CuO, 2) SO, and Zn, and

3) the remaining elements and oxides.

Removing the data for NPWMS7, which contained a large inclusion of sphalerite, did
not substantially modify the intermediary SO, and Zn group, which remained closely
associated with the FeO and CuO group. The significant differentiation is between the

3 The author is especially grateful to Michael Charlton for instruction in the use
of Principal Component Analysis.
4 i.e. remaining wary of trace element patterning in the absence of clear minera-

logical data.
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factor dominated by FeO and CuO, and that containing the remainder. When PC1 and
PC2 or PCI1 and PC3 are displayed as bivariate plots and marked by metallurgical phase
(Figure 8.9), while overlap remains, there is a degree of separation between Non Pa Wai
and Nil Kham Haeng smelting processes on the basis of factorised bulk slag chemistry.
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Figure 8.8 - Plots showing those elements and compounds dominating variation in three principal com-
ponents generated from [P]ED-XRF bulk chemical analyses of Valley slag samples. Image: author.
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Therefore, the PCA corroborates the patterning already noted (Figures 8.3 and 8.7), the
MeP2 slag bulk chemistry is dominated by iron oxide and copper oxide, and the MeP3
slag bulk chemistry is characterised by alkali oxides and trace elements derived from
gangue mineral liquefaction, technical ceramic degradation, and fuel ash contribution.

The interpretation of these differentiating factors follows several paths:
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- The inconsistent but frequently high level of copper loss at early Iron Age Non Pa
Wai distinguishes the copper production process practiced there as an inefficient® one,
whereas the metalworkers at later Iron Age Nil Kham Haeng were systematically better

in recovering metal product.

- The high variation in major slag-forming components (SiO,, CaO, Al O,), but especially
FeO (also see Table 8.2), for the MeP2 smelting technology is indicative of a non-uniform
smelting charge and process parametres, whereas the greater compositional convergence
of the MeP3 smelting technology is suggestive of increased standardisation in the
smelting charge. This could represent either some consensus amongst metalworkers on
the type and proportion of minerals selected, or decreased variation in the mineral suite
available. Given that we know almost nothing about Valley mining techniques due to
recent industrial activity (as opposed to Phu Lon, see e.g. Pigott & Weisgerber1998), it is
difficult to differentiate whether skill or geology is the more likely factor and thus both

must remain options.

- The clustering of alkali and earth elements and oxides in the PCA factor associated with
MeP3 production (Figure 8.9) is best explained as the chemical contribution of technical
ceramics and fuel ash dissolving into the melt (e.g. calcia, magnesia, potash, and titania,
see Jackson et al. 2005, Merkel 1990: 110). This suite of components would typically be
regarded as fluxes, producing a more fluid melt with less impedance to the agglomeration
of copper prills - i.e. a more efficient MeP3 smelting technique. (e.g. Davenport et al.
2002, Gilchrist 1989, Eisenhiittenleute 1995).

Slag liquidus:

However, as introduced in Chapter 4, and discussed in Chapters 5 and 6, the behaviour
of some components (e.g. MgO, Al,O,, CaO) can vary considerably depending on the
prevailing partial pressure of oxygen and their abundance at the time of slag formation
(e.g. Kongoli & Yazawa 2001). The liquidus temperatures for the MeP2 and MeP3 slag
matrices and constituent phases were calculated using, arguably, the most appropriate
thermodynamic models available for copper smelting systems, and the figures derived

from these Flogen diagrams are summarised in Table 8.4.

5 As mentioned earlier in this thesis, an assessment of efficiency assumes techni-
cal optimisation not necessarily related to the aims of ancient Valley smelters.
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Slag component MeP2 MeP3

Olivine (Flogen) c. 1240°C  c¢.1235°C
Magnetite (Flogen) >1300°C >1300°C
Glass (Flogen) c. 1180°C  c. 1175°C
Matrix (Flogen) c.1240°C  c¢.1240°C

Matrix (traditional) c. 1170°C  c¢.1130°C

Table 8.4 - Summary of liquidus estimates derived
from SEM-EDS matrix analyses of Valley slag sam-
ples.

The author suggests these numbers should not be read too literally considering the many
assumptions, error margins, and interpretations required to produce them. However,
on a comparative basis they are of use, and we can see the Flogen-generated liquidus
temperatures for the MeP2 and MeP3 matrices are the same. The estimates produced by
the traditional ternary diagrams are lower overall, but the difference between the Valley
traditions is increased to c. 40°C. The latter discrepancy equates to 3 to 4% of the MeP2
and MeP3 liquidus estimates as opposed to c. 0.8% using the Flogen method. However,
both temperature differences are probably insignificant technologically given the variable
conditions in ancient smelting processes (Bourgarit 2007)°. Therefore, the minimum
operating temperatures of the early and later Iron Age copper smelting processes can be
considered approximately equal at c. 1200°C to c. 1250°C.

This is where one must recall the fundamental difference between a liquidus (minimum)
temperature and the actual reaction temperature. Experimental archaeometallurgical
research (e.g. Catapotis etal. 2008, Merkel 1990) has demonstrated ancient furnace designs
can generate heat several hundred degrees in excess of liquidus. Indeed, actual temperature
must exceed liquidus (the point at which the melt is just molten) if any significant density
separation of metal and slag is to occur. Considering the comparable degree of slag/
ceramic contact in both MeP2 and MeP3 reconstructions (slag-to-crucible for the former
and slag-to-‘slag-skin’ for the latter, the MeP2 pit rims not appearing to be heat damaged
and the MeP3 perforated ceramics now excluded from the smelting reconstruction), it
is conceivable that the concentration of alkali and earth metal components in the later
Iron Age slag was indeed caused by actual process temperatures substantially in excess

of the liquidus estimate, or the MeP3 smelt running for a longer time. Although accurate

6 As the purpose of the present section is comparative, the analytical benefit of
using the Flogen diagrams is relatively minor, but in terms of the individual techno-
logical reconstructions, the effect can be striking. Table 8.3 indicates the difference in
using the Flogen calculation produces a c. 70°C increase in liquidus estimate for the
MeP2 slag matrix, which is large but perhaps within error margins. However, the huge
c. 110°C increase for the MeP3 slag matrix equates to a near 10% difference in liquidus
estimate, a figure which is arguably technologically significant and could have a major
impact on the overall reconstruction.
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quantitative smelt duration estimates cannot be derived from the experiments carried out
(Chapter 7), the lower mass of the whole archaeological MeP3 slag cakes (c. 500g) as
compared with their MeP2 equivalents (c. 2000g) suggests a reduced charge size for the
later Iron Age smelt might counteract the potential for a shorter early Iron Age smelt’.

Thus, on a qualitative basis, MeP2 and MeP3 processes probably had a similar duration.

Whilst extensive further experimental testing would be necessary to establish whether
the MeP3 process was much hotter than that of MeP2, we do know that where fully
liquid slag did form (as analysed by SEM-EDS area scans, see Chapters 5 and 6), the
temperature required was similar in both technologies, as evidenced by their convergent
liquidus estimates. Therefore, the limiting factor preventing the complete reaction of the
MeP2 charge into a homogenous slag was probably not a lack of heat energy, but rather
the compositionally and granulometrically unbalanced nature of that charge as indicated
by the highly variable bulk analyses (Table 8.2) and the presence of large unreacted
inclusions (see images in Chapters 5 and 6). Although a more effective generation and
distribution of heat (perhaps through refinements in forced draught delivery) may have
been an important factor in the improving trend of copper production in the late prehistoric
Valley, it was not the critical one. The author would contest that the pivotal technological
development was the standardisation of a relatively well-balanced charge at later Iron
Age Nil Kham Haeng.

Although we cannot completely discount the geological availability factor, this fundamental

shift in metallurgical behaviour might imply:

- The improved identification and differentiation of copper-bearing minerals by
metalworkers, as evidenced by the absence of unrelated unreacted metal-bearing minerals
(e.g. sphalerite but excluding magnetite) in MeP3 slags, as well as the more consistently

cupriferous excavated mineral assemblage.

- The improved removal of unwanted gangue and presumably grading in desired minerals
by metalworkers carrying out beneficiation activities, as evidenced by the near absence of

gangue minerals in the MeP3 slags, and the finer size of any extant inclusions.

- The improved combination of these selected, processed, and sorted minerals into an
effective charge by metalworkers preparing the smelt, as evidenced by the well-reacted

and relatively homogenous texture of the MeP3 slags.

7 Duration of heat exposure testing (¢.g. Hein et al. 2007) on the crucibles and
slag-skins was not carried out during the present study, but given the almost certain
multiple use of the former it is unlikely to be an informative approach.
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Deposit texture:

Further evidence for improved charge formulation being the primary driver of technological
change in Valley copper production can be deduced from the nature of the MeP2 and
MeP3 archaeological deposits themselves. The 3 to 4m of loose ashy NPW3/MeP2
deposit certainly manifest a period of industrial metallurgical activity, but the lack of
conscientiousness and efficiency is encapsulated by the frequent presence of whole slag
cakes, whose remnant copper content is sufficient for them to potentially be considered an
‘ore’. The texture and composition of the MeP2 matrix stands in monumental contrast to
that seen at NKH3/MeP3. In excess of 3 hectares and up to 6m of pulverised material is
a poignant attestation of the excruciatingly intense production of copper in the later Iron
Age Valley. The author cannot emphasise enough the interpretive impact of such a deposit
of crushed mineral and slag, testimony to the massive expenditure of labour and the sheer
determination of metalworkers in the pursuit of copper (Pigott et al. 1997, White & Pigott
1996). The textural similarity of the contemporaneous smelting deposit at Khao Sai On
perhaps indicates this extractive metallurgical fervour was a phenomenon not exclusive
to Nil Kham Haeng, and that the later [ron Age marks a shift in local metallurgical ethos,

perhaps in response to rising regional demand.

Residual magnetite presence:

Thus the author makes the case for an increased thoroughness and expertise in smelting
charge preparation being the pre-eminent behavioural development in Iron Age Valley
copper production. It is then deeply intriguing that a contradictory vein can be adduced
by the presence of residual magnetite fragments in MeP2 and MeP3 slags. These almost
ubiquitous mineral inclusions cannot realistically be regarded as a flux considering their
vast excess and frequently sharp unreacted boundaries (cf. Bennett 1989: 332). Neither
can the magnetite be regarded a source of solid oxygen to drive sulphur out of the smelting
system, as could have been argued for the addition of mineral haematite (Kaiura & Tohuri
1979), and has been argued for mineral malachite (Burger et al. 2007). Nor does the
author subscribe to Rostoker et al.’s (1989) theoretically sound idea of the magnetite (or
slag as was originally suggested) functioning as a gas-trapping mineral blanket as there is
no archaeological basis for it in the prehistoric Valley slag evidence. Therefore, the author
is lead to conclude the magnetite fragments conferred no particular technical benefit, and
were presumably charged throughout the smelt, as would explain the lack of interaction
of the mineral inclusions with the surrounding slag. This technological style element

remains unexplained behaviourally.
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Considering the proximity of magnetite and sulphidic copper minerals at Khao Tab Kwali,
and their shared characteristics of high density and lustre, residual inclusions in early Iron
Age Non Pa Wai slags could be interpreted as mineralogical misidentification, which would
be entirely coherent with the generally poor charge composition in MeP2 production.
How then does this correlate with residual magnetite presence in later Iron Age Nil Kham
Haeng slag, when all the other evidence points towards a substantial improvement in
smelting charge formulation? Though its purpose remains unexplained, and is perhaps
inexplicable, it would appear the addition of crushed mineral magnetite during the smelt
is a unifying characteristic of local prehistoric metal production. Therefore, the author
regards this behaviour as complementary rather than contradictory evidence for the

general trend of technological continuity in the Iron Age Khao Wong Prachan Valley.

Archaeological evidence like that encountered in the Iron Age Khao Wong Prachan Valley
is a gift, and it is only by considering, as far as practicable, the entirety of the metallurgical
assemblage that the author was able to identify the technological changes above. Whilst
the author fully accepts the important role of technical ceramics in defining technological
styles and, potentially, identifying technological transmissions, a predominant emphasis
as advised by White & Hamilton (in press), “refractory technology is the real key to
determining the source of Southeast Asian metallurgy”, would have resulted in critical

slag evidence for metallurgical behavioural change being overlooked.

8.2 Explaining stylistic change and continuity in Valley copper smelting

The author is happy to concede that the explanation of behavioural change is infinitely
more difficult and tentative than its identification. However, the overwhelming majority of
the evidence substantiates the general premise for a substantial shift in the intensification,
standardisation, and efficiency of Khao Wong Prachan Valley extractive copper
metallurgy at c. 300BCE, the apparent MeP2/MeP3 boundary. It is further proposed that
the improved formulation of the smelting charge, and all the associated metallurgical
behaviours this involves in mining, beneficiation, and the mechanical processing of slag,
is the critical technological change over the MeP2/MeP3 transition, and best represents
the technological stylistic shift in Valley metallurgy. Although it is possible the MeP3
metalworkers were exogenous to the Khao Wong Prachan Valley and brought their own
metallurgical tradition with them, this scenario is unlikely given the absence of any such
population discontinuity in the general archaeological evidence. In that case, it is probably
safe to regard the later Iron Age smelting technique as a solely autochthonous development
of early Iron Age practice, as indicated by continuous magnetite addition to the smelting
charge. However, the Valley metalworkers were producing a commodity from a relatively

sparse distribution of metallogenic deposits, and thus the shift in production behaviour
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may have been in response to stimuli from the wider regional arena.

It is improbable that local needs alone could be responsible for the unquantifiable but
certainly enormous output of MeP2 and MeP3 metalworkers, and thus we must consider
that increasing local copper supply may have been a response to greater regional demand.
This is not a new idea (e.g. Mudar & Pigott 2003), but the revised Valley chronology
means the attested intensive copper production is now wholly contemporaneous with
the apparently increased incidence of bronze grave goods across Thailand and mainland
Southeast Asia, predominantly evidenced in the interment of individuals with bronze
arm bangles (e.g. Higham 2004, White 1988: 177, see Chapter 1). If we assume metal
deposition in regional burial contexts is even partly correlated to general consumption
behaviour then this might well constitute the motivation for the industrial scale production
evidenced in the Khao Wong Prachan Valley. Though there is no reason to challenge White
and Pigott’s (1996) community-based interpretation of the social context of production,
the acceleration in the intensity and ethos of local metal supply over MeP2 and MeP3
would be commensurate with the notion of accelerating regional bronze demand, largely
for competitive consumption between increasingly ranked societies in other areas. This
could be seen as especially well evidenced at sites in the Mun River catchment just a few
hundred kilometres to the east over the Loei-Petchabun range, some of which (e.g. Ban
Non Wat and Ban Lum Kaeo) appear to have evidence for the alloying and casting of
bronze artefacts (e.g. Higham 2006, in press b, Higham & Higham 2009, Higham et al.
2007, Higham & Thosarat 2004, O’Reilly 2000, 2003, 2008).

If Khao Wong Prachan Valley copper was largely destined to fulfil regional demand, but
there is no evidence of exogenous control over those metalworkers, what goods or services
were supplied in return for metal remains a frustrating unknown, as is our current inability
to discuss prehistoric Thai copper-base metal exchange given the dearth of lead isotope and
trace element data. Mudar and Pigott (2003) suggest foodstuffs could have been imported
to counteract the Valley’s claimed agricultural marginalism. Whilst this is an interesting
hypothesis, ongoing archacobotanical studies may substantiate it by identifying potential
gaps in the local subsistence base®. Although the social standing of local metalworkers
relative to their non-metal producing neighbours cannot at present currently be reliably
estimated, Shennan’s (1999) economic model for Bronze Age copper smelting in the
Austrian Alps has possibly interesting analogies for the prehistoric Valley. The Mitterberg
example described an exchange system whereby small autonomous communities living
in areas unsuited for farming, mined and smelted copper to gain access to agricultural

products and exotic goods (ibid.: 360-362). The low efficiency of Mitterberg copper

8 A point for whom the credit goes to Bérénice Bellina.
272



production meant that metalworkers were consistently at an economic disadvantage when
participitating in regional exchange networks, a factor partially responsible for generating
and proliferating social stratification in the area. Although there are obvious similarites
between Mudar & Pigott’s (2003) and Shennan’s (1999) economic models, the latter
can be taken a little further in the context of the prehistoric Khao Wong Prachan Valley.
Throughout this chapter, the author has made the case for low efficiency NPW3/MeP2
and higher efficiency NKH3/MeP3 copper production, which would superficially suggest
that the later Iron Age Valley metalworkers may have been able to exchange copper on
improved terms relative to their early Iron Age antecedents. However, the definition
of ‘efficiency’ employed has related to the loss of copper product, and not necessarily
to labour ‘efficiency’ as per Shennan’s hypothesis (1999). Whilst NKH3/MeP3 copper
production was certainly more effective in reducing metal loss, this ‘efficiency’ came at
the price of a much increased labour input in the crushing of minerals and slag, resulting in
reduced labour efficiency. Therefore, on present knowledge, we cannot estimate whether
the MeP2/MeP3 shift in Valley metallurgical ethos coincided with a modification of
metalworkers’ participation in regional exchange systems, nor whether this had an effect

on their relative social status.

Though most likely an incomplete account, the consumption of bronze in the Valley area
(see Chapter 2) suggests that one of the mediums of regional exchange could have been
the provision of tin, whether in the form of tin/bronze ingots and/or bronze artefacts. For
the direction of this interaction we would automatically turn eastwards towards the Mun
River sites, a reasonable likelihood considering the recent excavation from an Iron Age 1
burial at Ban Non Wat (c. 420-200 BCE, Charles Higham pers. comm.) of two copper-base
artefacts typologically comparable to those recovered from, chronologically overlapping,
NKH3/MeP3 contexts (Figure 8.10), as well as the copper-base artefacts recorded from
Nong Nor (Higham et al. 1997: 177, Figure 5). However, we should not ignore the
possibility of an about-face to the extensive tin deposits of west-central Thailand, also
a couple of hundred kilometres distant (Coote 1990, 1991, Kanjanajuntorn 2006). With
even wider repercussions, we must remember the revised Valley chronology also nudges
the industrial production of copper into greater contemporaneity with the increasingly
evidenced networks of trans-Asiatic interaction (e.g. Ambrose et al. 2009, Bellina 2001,
2003, 2007, Bellina & Glover 2004, Bellina & Silapanth 2008, Hung et al. 2007). This
exchange has already linked metallurgical technologies from South Asia to East Asia via
the entrep6t and production site of Khao Sam Kaeo (Bellina 2008, Murillo-Barroso et al.
forthcoming), coeval with MeP2 production at Non Pa Wai, as well as MeP3 output from
Nil Kham Haeng and Khao Sai On, and we should not disregard the possibility of Valley
metal having been exchanged over very long ranges - typologically ‘Valley-like” ingots

have been reported from Bali c. 3000km away (Soejono 1972). On a similar vein, Pigott et

273



al. (1997) noted that in late prehistory higher sea levels would have meant the coastline was
much closer to the Khao Wong Prachan Valley than today, potentially facilitating greater
access to or participation in contemporary maritime exchange networks. Unfortunately, the
compositional and/or isotopic data for Thai copper-base artefacts currently available are
too sparse or inconsistent (in terms of analytical methodology) to facilitate the analytical

demonstration of Valley copper exchange (see Chapter 9).

Figure 8.10 - Two copper-base artefacts from
an Iron Age 1 burial at Ban Non Wat. Image:
courtesy of Charles Higham.

8.3 The origins of Khao Wong Prachan Valley metallurgy

Questions on archaeological origins, technological or otherwise, frequently linger on the
boundaries of speculation due to the unlikelihood of the material record preserving ‘firsts’
(Killick2008:3045). Nevertheless, logic can be applied to distinguish between the available
options for Valley metallurgy, namely the independent local invention of technology, the
introduction of an established technology by foreigners, the local adoption of foreign
technology (not necessarily a complete adoption), or the local innovation (inspired
invention) of technology. In light of the revised chronology, the author’s discussion of
the origins of Khao Wong Prachan Valley metallurgy takes a different turn to those that
have gone before (e.g. Ciarla 2007a, Pigott & Ciarla 2007, Pigott et al. 1997, White &
Hamilton in press), in that we must now make a sharp differentiation between the earliest
currently known evidence for local copper-base consumption and founding (MeP1 burials,
c. 1450BCE - c. 800BCE), and the first definite evidence for local copper smelting (MeP2
industry, c. 6/500BCE - c. 300BCE). A lead isotope-based characterisation of the Valley
production system during MeP2 and MeP3 could be the backdrop for compositional and
isotopic analysis of MeP1 metal artefacts. Were the Bronze Age artefact compositions
consistent with the attested Iron Age Valley production, these analyses would suggest
Bronze Age Valley smelting did indeed take place (as per the old chronology), but the
archaeological evidence has not yet been discerned. If however, the signatures of MeP1
artefacts were external to the Valley system, this would support the current interpretation
of the first Southeast Asian copper smelting evidence belonging to the Iron Age. Whilst

this essential work is forthcoming, the discussion concentrates on what we currently know
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about Southeast Asian copper smelting: that it may not begin before c. 6/500 BCE.

By c. 6/500BCE, copper-base metal may have been used in the Khao Wong Prachan Valley
for up to 900 years, and in northeastern Thailand and northern Vietnam for up to 1500
years (J. White 2008, White & Hamilton in press). We do not know how evenly distributed
this metal was, but surely the degree of late 2" millennium/early 1% millennium bronze
exposure amongst the Valley populace rules out any suggestion the MeP2 technology
might be an independent invention of copper-base extractive metallurgy. As for the
introduction of smelting technology by foreigners, there is no evidence to suggest the
Valley was even partially re-peopled during the early 1% millennium BCE, and though
there remains a gap between the end of NPW2/MeP1 (c. 800BCE) and the beginning
of NPW3/MeP2 (c. 6/500BCE), the identification of the caliche interface as a post-
depositional formation within the deposit rather than an on ancient land surface (Chapter
2, Figure 2.7) undermines any substantial ‘total abandonment’ theory. This leaves the
processes of adoption of foreign technology and local innovation of technology as the
most plausible explanations for the appearance of the MeP2 smelting process. However,
the author would suggest any adoption process was far from a complete transmission
of extractive metallurgical knowledge and know-how (cf. White & Hamilton in press
for their argument on the degree of transmission in the earliest Southeast Asian metal
technologies). In the absence of any comparable prehistoric Southeast Asian smelting
sites it is currently impossible to know what other regional extractive metallurgical
processes were like. Mining and smelting (copper extraction) require different skills than
alloying and casting (copper-base founding), and there is likewise a distinct dissimilarity
between the rudimentary MeP2 copper production of the early Iron Age Valley, and the
relatively sophisticated Bronze Age founding techniques attested in the local MeP1, and
also those of northeastern Thailand (Higham in press a, J. White 2008, White & Hamilton
in press). Laying oneself at the mercy of future research, the author is inclined to regard
the inefficient and non-standardised nature of MeP2 smelting in the Valley as representing
at the most a very imperfect and/or selective adoption of an as yet unknown technology,
or possibly a local innovation. Considering Valley metalworkers were familiar with high
temperature founding processes and technical ceramics from MeP1, the exploitation
of local minerals into the simple MeP2 crucible-based reaction is not an unreasonable
step in a environment of growing regional metal demand. Indeed, the early Iron Age
technique is so crude it is tempting to label it an ‘experimental’ mode of production (cf.
White & Hamilton in press), an argument supported by the consistently high CVs in
bulk chemical data (Bettinger & Eerkens 1999, Eerkens 2000, Eerkens & Bettinger 2001,
Eerkens & Lipo 2005, Eerkens & Lipo 2007). Were this the case, then local metalworkers
achieved an admirable feat in developing their knowledge of bronze founding principles

into a wasteful but effective means of primary copper production. This MeP2 Valley
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initiative could have then followed a trajectory of increasing proficiency and intensity
into the relative efficiency and uniformity of the MeP3 smelting process. At this juncture
the interpretive capacity of the current Valley data is probably exhausted, and awaits
further investigation. Though the future may prove the author wrong, the metallurgical
significance of the Khao Wong Prachan Valley is not likely to ever be undermined, just

reinterpreted.

Summary

This chapter has provided a synthesis of the two copper smelting chaines opératoires for
Non Pa Wai and Nil Kham Haeng developed in Chapters 5 and 6, and revised in light of the
field experimentation reported in Chapter 7. The integration of these data have furnished
a narrative of increasing technical skill and knowledge on the part of Iron Age Valley
metalworkers. The rudimentary nature of MeP2 copper smelting at Non Pa Wai could be
interpreted as experimental phase in extractive Valley metallurgy, which developed into
the simple but effective techniques employed by MeP3 metalworkers at Nil Kham Haeng.
Given the Iron Age context of these technological changes it is conceivable that Valley
metalworkers were responding to an apparently growing regional demand for copper-
base metal by increasing the intensity of their production, particularly in terms of labour
input. These interpretations, offered in view of the just-discussed data, demonstrate how
a technological approach of reconstucting high-resolution chaines opératoires from both
laboratory and field studies can permit the identification of ancient technological choices
and the subsequent definition of technological styles based on the configuration of those
choices. As such, the technological choice and style concepts are compatible and useful

to structure both data generation and interpretation.
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Chapter 9

Conclusion

The original research aim was to produce a diachronic account of change and continuity in
technological choices and styles in prehistoric copper smelting activities in the Iron Age
Khao Wong Prachan Valley. Guided by the theoretical and methodological framework
of the social constructionist chaine opératoire technique, improved reconstructions of
prehistoric copper smelting activities at Non Pa Wai and Nil Kham Haeng have been
developed, necessitating significant revisions to previous efforts (e.g. Bennett 1989,
Pigott et al. 1997). Nevertheless, it has been repeatedly acknowledged that considerable
gaps and conflations probably continue to exist in the Valley chaines opératoires offered
in this thesis. These deficiencies are due partly to relatively low sample numbers and the
absence of clear mineralogical information to calculate the smelting charge. However,
the major issue is the lack of precise provenancing due to the stratigraphically unique,
complicated, and often disturbed industrial deposits at Non Pa Wai and Nil Kham Haeng
(Chapter 2). Had the stratigraphic contexts been less problematic, they might well have
provided an improved intra-site order to the enormous archacometallurgical assemblages

that characterise both of these sites.

The early Iron Age Non Pa Wai process may be summarised as the inefficient and non-
standardised crucible-based reduction of oxidic and some sulphidic copper ores with
an archaeologically invisible air delivery system, whilst the Nil Kham Haeng process
was the more efficient and standardised bowl furnace-based reduction of sulphidic and
some oxidic copper ores. Due to the presence of perforated ceramic cylinders in NKH3/
MeP3 copper smelting contexts, it was thought that the later [ron Age smelt may have
been wind-driven. However, an informative field testing programme suggested that the
process was probably not wind-powered and that these enigmatic cylinders should be
decoupled from the smelting chaines opératoires at Nil Kham Haeng and Khao Sai On,
implying once again that organic-based air delivery mechanisms must be missing from

the archaeological record.

Whilst a degree of technological fuzziness is regretably inevitable, the reconstructed
chaines opératoires for prehistoric Valley copper smelting were used to identify those
characteristic technological choices, or artefactual representations of them, that the
author believes were most definitive of the two technological styles currently discernable.
In this thesis it is argued that decreasing variability and copper loss in the Nil Kham
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Haeng slag samples when compared to those from Non Pa Wai represents the increasing
standardisation and intensification of the Valley copper smelting process during the course
of Iron Age. It is also proposed that this shift in metallurgical ethos may be interpreted
as the result of copper producing communities responding to rising demand for copper/
bronze in increasing ranked late prehistoric Thai communities, as especially well
evidenced in the Upper Mun River Valley only c. 200km to the east. Furthermore, due
to the relatively rudimentary early Iron Age copper smelting process attested at Non Pa
Wai, it was speculated that prehistoric extractive metallurgy in the Valley may have been
a local innovation derived from experimentation and long-term familiarity with copper-

base founding techniques.

The implications of this new interpretation of copper-base extractive metallurgy in the
Iron Age Khao Wong Prachan Valley can be discussed on the regional stage. White &
Hamilton’s (in press) term, “common Southeast Asian crucible production”, was introduced
in Chapter 1 and refers to the relatively small (c. 10cm diametre) spouted crucibles known
for some time from Phu Lon (Vernon 1996-1997), Non Nok Tha (Bayard & Solheim
1991 in White & Hamilton in press), Ban Chiang (Vernon 1997), Ban Na Di (Higham
1988a), and more recently from Ban Non Wat (Higham 2008b). These crucibles appear
in contexts from the early 2™ millennium BCE onwards, and for White & Hamilton (in
press) are characteristic of a small scale, simple, mobile, low capital investment, though
not unsophisticated (refractory quartz slurry lagging) technology that was practiced by
multiple widely distributed craft production communities supplying relatively local
demand in a decentralised prehistoric economy (White & Pigott 1996). These combined
characteristics are taken to constitute the “southern metallurgical tradition” (White 1988,
White & Hamilton in press), and in this their interpretation seems perfectly reasonable.
White & Hamilton (in press) go on to compare the “common Southeast Asian crucible
production” with a geographically distinct variant known as “Khao Wong Prachan Valley
crucible production”, which refers of course to the copper production that has been the
focus of the present study (and for the sake of Nil Kham Haeng can be assumed to include

bowl furnaces too).

Whilst recognising that prehistoric Valley metallurgy is also relatively simple, small
scale, mobile, and commensurate with a ‘community craft specialisation’ organisation of
production, White & Hamilton (in press) crucially do not distinguish between the stage of
productionrepresented by the archacometallurgical remains. The significant morphological
and volumetric differences between the ‘common’ versus ‘Valley’ crucibles could well
be indicative of their variant primary functions. The ‘common Southeast Asian crucible

production’, absent from Valley assemblages, seems to represent only secondary copper-
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base production (founding) activities, and even at Phu Lon where the smelting of local
minerals is very likely, the crucible evidence has not yet demonstrated it (Vernon 1996-
1997) - though it would be far from a technical impossibility to reduce copper minerals in
such a vessel (e.g. Tylecote 1974). In contrast, though Valley crucibles are likely to have
been used for melting and casting metals too, it seems that their principal purpose was
primary extractive metallurgical production, or smelting. Therefore White and Hamilton

(in press) are not comparing like with like.

However, the relative proliferation of the ‘common Southeast Asian crucible production’
to some extant must be commensurate with the relative intensity of archaeological site
prospection in northeast Thailand. The smaller ‘common’ crucibles represent secondary
production sites, widely distributed amongst potential consumers and where metalworkers
perhaps had better access to alloying materials like tin and lead via riverine communication
and exchange. The larger ‘Valley’ crucibles represent primary production sites, which
though still quite reasonably perceived as specialist craft communities acting on their
own behalf, are to some extent constrained in their location by the availability of copper
minerals and subsequently fewer in number. Thus whilst ‘Valley’ crucibles appear and may
well be geographically distinct, it is also possible that this variant may one day be reported
from as yet undiscovered production sites located in the comparatively under-explored
uplands of the Loei-Petchabun Volcanic Belt (Figure 2.2 and 2.3). Given the current level
of evidence it may be equally valid to state that at a ‘prehistoric Thai metallurgy’ scale,
the “common” and “Valley” types of crucible production should perhaps be considered
as necessarily complementary rather than awkwardly opposing characteristics of the

‘southern metallurgical tradition’.

The author believes the Valley data may also be examined for their relevance to the
longstanding ‘origins of metallurgy’ debate. Made available to the author in mid 2008 and
still in press at the time of writing, Joyce White and Elizabeth Hamilton (in press) have
proposed the “Rapid Eurasian Technological Expansion Model” (or RETEM) to explain the
presence of early 2" millennium BCE copper-base metallurgy in northeast Thailand (see
summary in Chapter 1). Developed from earlier thinking (e.g. White 1986, 1997, 2000),
RETEM is part of a growing body of scholarship on trans-Eurasian social interactions and
transmissions of metallurgical technologies, a discussion that has for some time extended
as far as China and Southeast Asia (e.g. Chiou-Peng 1998, Ciarla 2007a, Higham 2002:
113-117, 2006: 18, Linduff et al. 2000, Mei 2000, 2003, 2004, Pigott & Ciarla 2007: 76,
White 1997, 2008). White and Hamilton (in press, citing mainly Kohl 2007), describe that
towards the end of the 3" millennium BCE, the Eurasian metallurgical evidence indicates

a significant intensification in production behaviour, and the long-distance movements
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of nomadic metal-using pastoralists with horses and wheeled transport. Based on similar
material culture and tight dating within a few centuries (e.g. Hanks et al. 2007), it is
argued that the “Seima-Turbino transcultural phenomenon” (Chernykh 1992: 215-234
cited in White & Hamilton in press) expanded very rapidly from a supposed ‘homeland’
in the Altai and Sayan mountains of western Mongolia/southern Siberia, to the Baltic in
the west and to the Gansu Corridor in the east (e.g. Fitzgerald-Huber 1995; 2003 cited
in White & Hamilton in press; Mei 2003). Building upon the observations of others (e.g.
Sherratt 2006), White and Hamilton (in press) claim close typological and technological
similarities between early Southeast Asian metallurgical traditions and late 3"/early 2™
millennium BCE ‘Seima-Turbino’ metallurgy, and would thus preliminarily extend the

‘phenomenon’ into Southeast Asia (Figure 9.1).

Google
(&

Figure 9.1 - From its supposed centre in the Altai mountains, the proposed “Seima-Turbino transcultural
phenomenon” (Chernykh 1992: 215-234 cited in White & Hamilton in press); extends c¢. 4000km to the
northwest and the Gulf of Finland, and another c. 4000km southeast to the Mekong River. Image: cour-
tesy of Google Earth™ mapping service, modified by the author.

The radical nature of the ‘Rapid Eurasian Technological Expansion Model’ comes not
from the enormous range over which cultural interactions and transmissions are proposed,

but rather the means for explaining the rate at which it seems to have taken place.

“The consistency of the artifact kit across different cultures suggests that Seima-

Turbino metal workers trained locals in the technology, and/or took up residence in
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foreign groups, and/or foreigners came to live with the Seima-Turbino migrants” (White

& Hamilton in press).

On the basis of well-documented technological transmission theory (e.g. Bettinger &
Eerkens 1999, Eerkens 2000, Eerkens & Bettinger 2001, Eerkens & Lipo 2005, Eerkens
& Lipo 2007), White and Hamilton (in press) argue that the low degree of variation they
perceive in the ‘Seima-Turbino’ metallurgical assemblage is due to direct social learning
environments and a high degree of co-operative interaction between social groups;
over a territory spanning in excess of 8000km. Complex technologies like metallurgy
tend to require extended apprenticeship to be successfully transmitted; a situation not
normally thought to exist outside of kin groups or those without a close cultural affinity
(e.g. Charlton 2007: 209, Epstein 1998, Keller & Keller 1996, Roberts 2008). However,
even if taught directly, one would expect more variation in techniques and products to
be introduced with each sequential transmission of metallurgical knowledge and know-
how. Therefore, White & Hamilton (in press) contest that the uniformity of the ‘Seima-
Turbino’ metallurgical tradition, within a relatively small chronological window, is due
to the movement of experienced metalworkers far and fast across Eurasia', but critically,
“without a complete migration of the source culture and population”? (White & Hamilton

in press).

RETEM is not for the faint of heart and as David Killick (2008: 3045) emphasises, “[t]his
proposal [aimed at Pigott & Ciarla 2007 but equally applicable to White & Hamilton in
press] will be hotly debated, as there is as yet almost norelevant data from the geographically
intermediate zone comprising south-western China, Vietnam and Laos.” Likewise, the
summary dismissal of potential technological transmissions from the Indian subcontinent
incurs a certain disquietude; the absence of evidence needed to produce alternative South/
Southeast Asian transmission models could well be due to the lack of focused research
in the intermediary area. This type of reception was of course anticipated by White &
Hamilton (in press), who concede that their model desperately needs more primary data
and detailed analysis. They go on to offer a manifesto of the steps needed to substantiate
the ‘Seima-Turbino’ theory by a variety of measures (e.g. biological, botanical, linguistic,

zoological), but concentrate their recommendation on the comprehensive technological

1 The potential motivation for ‘Seima-Turbino’ metal workers to behave like this
is yet to be substantially expanded upon.
2 This low intensity introduction of genotypes and phenotypes would presumably

be difficult to detect by bioarchaeologists, who have currently found no evidence to
substantiate suggestions for large-scale prehistoric population movement (Oxenham &
Tayles 2006: 347); though acknowledging the discipline is young and critical data are
incomplete.
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analysis of metallurgical ceramics (e.g. crucibles, furnaces, moulds) from contemporary
contexts across Eurasia. Although a solid theoretical framework need not imply a
watertight archaeological case, it does offer substantial support and render the ‘Rapid

Eurasian Technological Expansion Model” worthy of further consideration.

Needless to say, the new Khao Wong Prachan Valley interpretation could be used to
support both White’s ‘early’ and Higham’s ‘late’ hypotheses for the origins of Southeast
Asian metallurgy (see Chapter 1). However, though we must proceed with caution,
at present it is possible to make one significant modification to RETEM (White &
Hamilton in press) using the revised understanding of Valley metallurgy developed in
this thesis. White and Hamilton (as per Pigott and Ciarla 2007) are absolutely correct in
differentiating between copper-base consumption and production contexts, but they do not
distinguish sufficiently between different stages in the copper-base production sequence;
namely extraction (mining, beneficiation, smelting, refining) and founding technologies
(refining, alloying, casting, forging, finishing). In fairness, White and Hamilton (in press)
produced their model prior to Rispoli et al’s (forthcoming) revised Khao Wong Prachan
Valley chronology, and its immediate effect is to remove the region’s most important
strut for 2™ millennium BCE extractive metallurgy (e.g. Pigott et al. 1997). With the
definite evidence for Valley smelting confined at present to the 1% millennium BCE,
White and Hamilton’s (in press) claim for a ‘near complete transmission’ of Seima-
Turbino metallurgical technologies to Thailand hangs by a single *C thread at Phu Lon?
- a site that to date evidences only prehistoric mining activity, as smelting remains to be
proven. Critically, the present study’s MeP2 data (see Chapter 5) could be interpreted as
representing an experimental phase of copper smelting in the mid 1% millennium BCE
Khao Wong Prachan Valley (see Chapter 8), which might be considered counter-intuitive
c. 1500 years (Rispoli et al. forthcoming) after White & Hamilton’s (in press) preferred
inception of Thai copper-base metallurgy. Thus, in light of the present study, RETEM
holds, though not necessarily as a complete transmission as it appears that 2" millennium
BCE Thai metallurgy, and the cultural transmissions that introduced it, concerned only
copper-base consumption and founding behaviour. Three possible explanations for this
are: either the evidence for early 2" millennium BCE extractive metallurgy has not been
found or recognised yet; the postulated Seina-Turbino migrants transmitted mining and/
or smelting techniques to northeast Thailand that were for some reason not relayed to, or
accepted in, central Thailand; or those immigrant metalworkers never brought this aspect

of copper-base metallurgical technology to Thailand.

3 Though White and Hamilton (in press) cite the excavator’s current opinion on

the context of the charcoal sample (Pigott & Ciarla 2007: 82), they prefer to stick by an

earlier paper by Pigott and Weisgerber (1998: 151) with a more amenable assignation.
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We presumably still have as much to learn about ancient Siberian cultures as we do for
those in Southeast Asia, but perhaps there was a separation in Siberian societies between
those who mined and smelted metals, and those who alloyed and cast them. Thus, it is
possible the putative migrants arriving in Southeast Asia had never practiced extractive
metallurgy and thus could not transmit it. An alternative might be the supply of copper-
base metal down the major (i.e. Mekong) rivers in the 2" millennium BCE was sufficient
to make primary production in Southeast Asia unnecessary. The evidence we then discern
for intensive regional mining and smelting in the 1% millennium BCE could then be
attributed to the interruption of copper-base metal supply from the northwest, or a local
response to the steep rise in demand from Southeast Asian societies engaged in increasing
competitive social display (e.g. Higham & Higham 2009).

In view of the findings of this thesis, and the near complete® absence of metal
provenancing data, one useful strategy for regional archacometallurgical research could
be a lead isotope analysis-based (LIA) investigation of the circulation of copper/bronze
in prehistoric Southeast Asia. All sourcing techniques are based around the Provenance
Postulate, ‘that variation between sources is greater than that within a source’ (Wilson &
Pollard 2001). The pertinent issue in LIA is, what does variability in lead isotope ratios
represent in metallurgical samples? A sample’s lead isotope (LI) ratios are a reflection of
the geological age of the materials from which the sample was retrieved. These ratios are
not modified by high temperatures or extreme redox conditions, but are highly susceptible
to a metal artefact’s life history (e.g. the alloying and recycling). These issues have been
heavily debated by archacometallurgists (e.g. Budd et al. 1993, Budd et al. 1996, Budd
et al. 1995, Gale & Stos-Gale 1995, Hall 1995, Muhly 1995, Pernicka 1995, Tite 1996)
and it is now widely accepted that lead isotope ratios combined with trace element
analysis can provide meaningful analytical results, but only when integrated with a solid
understanding of a region’s multiple strands of archaeological evidence. Once armed with
a secure appreciation of methodological limitations, and a corresponding lowering of
spatial resolution expectations, archacometallurgical provenancing approaches hold great
potential for synthetic discussions of diachronic trends in regional and inter-regional metal
exchange (e.g. Begemann et al. 1999, Gale & Stos-Gale 1982, Gale et al. 1985, Giussani
et al. 2007, Hosler & Macfarlane 1996, Miiller et al. 2007, Stos-Gale 1989, 1993, Stos-
Gale et al. 1997, Weeks 2007).

The wide geographical distribution of copper-base ‘ingots’, comparable to those from

the later Iron Age Khao Wong Prachan Valley (Chapters 2 and 8), suggests metal may

4 The author is aware of two small lead-isotope studies from Vietnam (Le Canh
Lam pers. comm.) and Thailand (Surapol Natapintu pers. comm.).
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have been exchanged over long distances in prehistoric Southeast Asia. However,
typological evidence must be reinforced with technological, compositional, and isotopic
analyses to provide a more robust classificatory triangulation. The analytical section of
the proposed Southeast Asian copper-base metal provenance project could commence
with compositionally and isotopically characterising the Khao Wong Prachan Valley
and Phu Lon smelting systems, providing two primary production signatures against
which to test comparable analyses of ingots and secondary production centres; which
would include the consideration of processing techniques and apparatus (e.g. crucibles,
furnaces, and adhering copper scoria). Any copper signature not falling on the mixing line
between the Valley and Phu Lon can be assumed to correspond to as yet undiscovered
primary production systems; a likely eventuality considering the mineral wealth of
Southeast Asia and the huge areas yet to be investigated archaeologically in Laos and
southwestern China. As the project moves on to study typologically-defined classes of
copper alloy artefacts in consumption contexts, one would expect the primary production
signatures to be increasingly obscured. However, a methodical analytical progression via
secondary production evidence, accounting for the compositional/isotopic contribution
of alloying materials, should permit some degree of linkage to be made from either end
of the production and consumption sequence, especially as evidence of manufacturing
technique would also be considered. This sequence can be seen as a proxy for social
interaction, with the potential to tentatively identify exchange networks between copper
producing and consuming societies in prehistoric Southeast Asia, and should constitute the
metallurgical response to Bellina’s (2001) siliceous stone, Hung et al.’s (2007) nephrite,
and Ambrose et al.’s (2009) obsidian studies, as well as being complementary to Laure
Dussubieux’s (The Field Museum, Chicago, US) planned isotopic provenance study on
Southeast Asian glass. The data generated would also be of immediate use for colleagues

conducting archaecometallurgical research in South and East Asia.

In addition to LIA-based provenance research, a complementary avenue for Southeast
Asian archaeometallurgists will be to continue studying metallurgical assemblages within
a coherent theoretical and methodological framework, as offered by the chaine opératoire
technique, which may allow better grounded comparisons and discussions of cultural/
technological transmission within prehistoric Southeast Asia and potentially further
afield into East and South Asia. Informed by the concepts of technological choice and
technological style, this thesis ultimately hoped to provide a primary production reference
point as scholars continue to develop a fuller picture of the role of metal in Southeast

Asian history.
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Sample Catalogue
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KWPV slag samples

MdAN - sopdues Se[s AdA Y 10J SO1SLINORIBYDI-0IOBW PUE SIXAIUO)) :I€'Y Aqe],

3uong wWnIpIjA WnIpAA WNIPOA-MOTT  URID  Ka1D 001> 066 T661-994-T1 9848 I - L MdAN
Suong wnIpajy wnIpajy WNIPIN-MOTT  umorg K310 08> 01T  T66I-TeN-TT ILE¥T € TLIND 8 MdAN
JeoA\  YSIH-WNIPIN  WNIPIN-MO] wnIpajy uedIn  or[g 01> 08L  T66I-BN-9T  €bb€l T TLIND 8 MdN
SeOM wnIpajN wnipajy  ySIH-wnipsly - £d1n Aa1p 05> ST TO6I-TBIN-E€  S09T1T T TLIND 8 MdAN
Suong  YSIH-WNIPSJA  WNIPOA-MOT YSIH-WNIPS]N  AdID  UAID 0L> 011 T66ITBN-C  S8YIT T TLIND 8 MdAN
Suong  YSIH-WNIPIN WNIPIN-MOT YSIH-WNIPI[N UMOIg  umoig 05> St T661-1EIN-ST  H0IST I 0dS L MdN
3uong wnIpajy WNIPIJN-MOT  YSIH-WnIpdjy  Ka1n Ka1p 0> 0L9  986I-TN-LT €6089€ €I o) g MdN
Suong  YSIH-WNIPSJA  WNIPOJA-MOT] wnIpajy umorg  Ad1p 0b> 011 9861-UB[-]  T'6089¢ ¥I o) 4 MdN
Suong  yYSIH-WNIPSJA  WNIPOJA-MOT] wnIpajy umorg  Ad1p 0b> OLT  986I-TN-1€ 1°6089¢ SI q 4 MdN
Suong wWnIpaN wWnIpIN wnIpaN umorg  oe[g 0L> 091 9861-uef-¢  L8/9¢ ¥ q vV  MdN
JeOA\  WNIPIN-MOT  YSIH-WNIPSA  WNIPIN USQID  USAID 0L> 06 T661-Uef-LT  L089 I \% € MdN
3uong wnIpajy wnipajy WNIPIAJN-MOTT  umorg  Ad1D 0S> 00€  986I-TIN-1€ T'L089E  SI v 4 MdN
VN VN VN VN VN VN VN VN  9861-BIN-0T  61.9¢ L v N MdN
Suong  yYSIH-WNIPSN WIS YSIH-WNIPO]N  umorg  Nor[g ovI> STET  9861-1BIN-8  IL9€ 9 v N MdN
Suong wWnIpIN WNIPOJA WNIPIN-MOT]  umorg  AdID 0¢> 0ST  9861-TeIN-T€ ['L089¢ €I \% g4 MdN
3uong wWnIpIA WNIPIJA-MOT]  WNIPIN-MOT  Ka1D Ka1p 09> 091  T66I-TN-81  SL6E1 I A L MdN
Suong  YSIH-WNIPIJN WNIPIN-MOT YSIH-WNIPI)N  AdIDH  UdAID 08> Obl  T66I-TEN-91  €TThI - - [ MdN
3uong wnIpajy wnipajy WNIPIN-MOT]  UMOIg  UMoOIg 08> 0bT  T661-994-9C  L966 I - L MdIN
JeOA\  WNIPIN-MOT  WNIPOA wnIpaN umorg  yoe[g 001> 0b91  T661-994-ST  SS06 I - L MdN
wsnaube Alsua@ Asoaod AnsusbowoH Means Janojod  (ww) azis (B) ssey  pabbel s1eq fel |oAe evaay dO  8uS

T¢SINMAN
0ZSIWMdN
6TSINMdN
8TSINMdN
LTSINMdN
9TSINMdN
VTISINMdN
ETSIWMdN
CTSINMdN
TISWMdAN
6SINMAN
8SINMdN
LSINMAN
9SINMdAN
SSINMWAN
YSIWMdN
ESWMAN
¢SINMWAN

TSINMJN
a|dwes

290



MAN - sordures Sefs A AV 10J SONSLIOIOBIBYD-0I0BW PUL SIXAIUO)) :1I¢ Y S[qBL

ny 1 ON ON ON YSTH-WnIpajN WNIPIN SOA ON b SOA b SUON  ¥eoM MeIM
npH A ON ON ON ﬂww:éﬁb\ﬁuoz wnIpajN SOA ON A SOA ON QUON wﬂobm JeIM
nH SOA ON ON ON WNIPIAJN-MOT WNIpaN A A A SOA A QUON JeIM JeIM
nH SOA ON ON SOA WNIPIJN-MOT WNIPaJN ON ON A ON ON QUON JeaM QUON
6 ON ON ON ON WNIPIJN-MOT WNIPIJN ON ON A ON 6 QUON QUON QUON
npH SAA ON 6 ON WNIPIJN-MO] wnIpajN ON A A ON ON QUON wzobm QUON
ny ON 1 ON b WNIPIN YSIH-WnIpajy b b b ON b ouoN  Juons oM
nH ON A 4 A Ezﬂvoz ES_@OE ON ON A ON ON QUON wﬁo.ﬂm Mmo M
nH ON A A A WNIpajN WNIPIJN ON ON A ON ON QUON wEObm JeaM
npH ON ON ON ON WNIpPaJN wnipajN ON ON A ON ON QUON JeaM JeaM
b ON ON ON ON YSIH-WnIpajy WnIpa\ ON ON b ON b SUON  Yeom QUON
nH ON L ON ON USIH-wnIpojN  YSIH-WnIpapy SOA ON ¢ oN SOA QuoN Suons Neom
VN VN VN VN VN VN VN VN VN VN VN VN VN VN VN
nyH SOA ON SOA ON wnIpajA WNIPIA-MO] ON ON 1A ON i QUON  YBeom QUON.
nH ON i, i i WNIPIN USIH-wnIpon ON ON i ON SOA ouoN Suons QUON
nH ON ON ¢ ON USTH-WNIpajy  YSIH-WnIpajA ON ON ¢ ON ON duoN Suong  yeom
¢ A ON ON ON WNIPOJA-MOT  YSTH-WNIPIN ON ON A ON ON QUON  QUON QUON
{ ON ON ON ON wWnIpajA wnIpajn SOA ) § P SOA P2 QUON  QUON QUON
¢ SoA 6 6 ON wnipaj wnipajy 6 6 6 ON 6 SUON  deopy  Suons
IN 19Np0oad uonelusliQ uonesitaningd Burishe] sydewmold  AJISOISIA azIS e1sku) ‘ooen ‘oIS (be)|DH |9nd d1wedsD [jBWIS UIeIs ND  Urels o

291



HIIN - sojdwres 3e[s A dA\ Y 10J SOIISLIAIORIRYD-0I0BW PUB SIXAUO)) IIE"Y J[qeL
3uong wnIpajy wnIpajy wnIpay Ka1p Ka1p 06> Obl  0661-TeN-1T  €¥8€¢ 81  OMS €  HIIN | TZSINHMN
Suong  YSIH-WNIPIJN  WNIPSN-MOT wnipay Ka1p Aa1p 0L> 0ST  0661-TBIN-0€ €265  +vT  OdS € HIIN | 0ZSINHMN
Suong wWnIpaN wWnIpaN wnipajy usdIn  yoelg 09> S61  0661-1BIN-TC  t6Ty  S61  OdS €  HIIN | 6TSINHMN
Suong wWnIpaN WNIPIN-MO] wnIpIN Ko1n  10ATIS 0L> 001  0661-BIN-IT  06€€ V¥ OMN T HIIN | STSWHMIN
eom WNIPIA WNIPIN-MO] wnIpajy ka1 yoerg 08> OIT  0661-TeIN-IT €6, Vv OMN T H3IN | LZTSINHMN
Suong wnIpajy wnIpajy wnIpajy Ao1ny  1OATIS 0zI> 00C  0661-TeN-ST  6LIE 6 OMN 1 H3IN | SISIWHMIN
Suong wnIpajy wnipajy wnipajy Ka1p Aa1p 09> STI  0661-1N-9T  90Lt 81  OAN € HIIN | #FISINHMN
JeoM wWnIpaN WnIPIN wnipajy umorg  I9A[IS 001> SLI - 06L€ 1T OAN I HMIN | EISINHMN
Suong wWnIpIN WNIPSN-MOT  YSIH-WNIPpIN  Ad1D  UdAID 08> 0L  0661-924-ST SIS 9 QAN € HJIN | ZISWHMIN
Suong WNIPOJA WNIPOA-MOT  YSIH-WNIPAN  umorg  oe[g 001  0661-TEIN-S  6S€T 8 OdN 1 H3IN | TTSINHMN
3uong WnIpajA WNIPIA-MO] WNIPAA] Ka1p Ka1p 0L> S6  0661-BIN-9T  6S9¢ 81  OIN € H3IN | OTSIWHMN
Suong wnIpajy wnIpajy wnipajy syoerg  orlg 0L> 0ST  0661-994-TC  THOT v r v HJIN | 6SINHMN
3uong wnIpajN WNIPIN-MOTT  YSIH-WNIPS)N  umorg  orlg 09> S9  0661-924-1C  0¥0T v H v HJIN | 8SINHMN
JeoM wWnIpaN WOIPIN-MOT  YSIH-WNIPS[N  umorg  Aa1D 05> 0 0661-92d-€1  LTHe € q T HMIN | /SHMN
Suong  WNIPON-MOT] ySIH MO ka1 Ka1p 0> 0  0661-BIN-LT  L6LY S a T  HJIN | 9SINHMIN
3uong wnIpajy wnIpajy WNIpIN-MOT  delg  Aa1p 0€> 0€  0661-IBIN-6T  TEVS 9 o) T  HJIN | SSINHMIN
JeoM wnIpajy WNIPIAN-MOTT  YSIH-WNIPI)N  umorg  orrg 05> St 0661-994-11  0£9 ¢ A4 T HIIN | #SINHMN
Suong  UYSIH-WNIPIJA WNIPIA-MOT  USIH-WNIPIN  oeld  oe[g 0t> St 0661-994-9  SOT1 - - I HJIN | €SINHMN
3uong WnIpIN wnIpajN WNIPIN-MOTT  umorg  oe[g ov1> S9T  0661-BIN-8C  S€8% - - I H3IN | ZSIWHMN

wsnauben Ausuag Alsouod AsusbowoH Meadls  4nojod  (ww) azis (B) ssey pabbey sxeq el |one ewaay do  eus a|dwes

292



H3IN - sojdures Se[s AdA\ 10J SONSLIOJORIBYO-0IOBW PUE SIXIUO) (AIC"Y d[qRL

nH SOA ON ON A WNIPIN WnIPIN ON ON A SOA ON ouoN Suong  Yeom
n)H ON ON ON ON wWnIpaN YSIH-wnIpo ON ON PA ON ON suoN Suong QUON
nH SOA ON ON ON WNIPIN-MOT WNIPIN ON SOA A SOA ON ouoN Suong  Suong
nH i, ON ON ON WNIPaJA WNIPaJA 1A ON i ON ON QUON  Yeom JUON
nH SOA ON i A WNIPIN-MOT] WNIPIN ON ON A ON ON ouoN 3Suons YeoM
nH SOA ON ON ON WNIPIN WNIPIN A SOA i QUON  Yeom YeoM
n) b b ON ON wnipsjN  YSIH-WnIpaN  ON ON b ON ON  ouoN 3Juons  Yeom
n) b ON ON ON WNIPAN-MOT  YSIH-WNIPIN  ON ON & SO & OUON  YEoM  YeOM
1A ON ON ON ON WNIPIA WNIPIA ON ON A ON A QUON  QUON QUON
nH SOA ON ON ON WNIPIN-MOT] WNIPIN ON ON A ON ON JuoN 3Suons JeoM
nH ON ON SOx A WNIPIN WNIPIN ON A ON ON ouoN Suong  Suong
nH ON ON A ON YSIH-wnIpa WNIPIN ON ON A ON ON ouoN Suons QUON
n) b ON ON b WNIPAN-MOT  YSIH-WNIPIN  ON ON b ON ON  OQUON  Yeapy  Yeom
¢ ON ON ON ON wnIpajA wnIpajn ON ON 1A ON ON QUON  QUON MBOM
nH SOA ON SOA ON YSIH-wnIpoA WNIPIA 1A ON i ON SOA ouoN Suong JUON
nH SOA ON ON ON WNIPIN WNIPIN ON ON A ON ON JuoN 3Suons YeoMm
no SOX ON ON A WNIPIN-MO] WnIPIN ON ON A ON A QUON  YeoM QUON
n)H SOX ON ON ON WNIPIA-MOT  WNIPIA-MOT ON ON PA ON ON QUON  YBom QUON
nH SOX ON ON i WNIPIN WNIPIN ON ON A SOX A ouoN Suong  Suong
IN 10Npold uonelusllQ  uonesisAind  Buliske]  syJewmold A1S02SINA azIS e1sk1y  €02eD  zoI1s (be)|]oH |19n4  dlweda) [[dwS ulels N ulels a4

293



b P T “‘
NPWMSI1 NPWMS2 NPWMS3
Pevg
o’a e
e 9
[ -— - E . =11 - Eme ——
NPWMS4 NPWMS5 NPWMS6
* "
T g =
NPWMS?7 - width ¢.15cm Lod - Y
[ W = m——— : - _—_
NPWMSK NPWMS9
L
*-. 'l‘"‘ -
ote e v
T >
NPWMSI10 NPWMSI11 NPWMS12

&

NPWMS13

£

NPWMS14

o

NPWMSI15

294



&

NPWMSI16

-E .
B

NPWMS17

NPWMSI8

NPWMSI19

.o E——

..

NPWMS20

NPWMS21

e

. .__- o - - - . -_ e —

NKHMSI1 NKHMS2 NKHMS3
®
&> E .3 oy

- JET— [ e m— - —

NKHMS4 NKHMS NKHMS6
¢ | <~ | w%
: L% @
= E—— B B

NKHMS7 NKHMSS8 NKHMS9



°0

2

| B . | EE— [ N N | - .. =
NKHMSI10 NKHMSI11 NKHMSI12
8 v 5 o
b, | 4
.. v | 8
-EEw — mEmm e -mam  —
NKHMSI13 NKHMS14 NKHMSI15

@

e
P

-m - - Em . u,—
NKHMSI16 NKHMS17 NKHMS18
e e | o W
- E . — - . — . “—
_ES— o] = 1 — )
NKHMS19 NKHMS20 NKHMS21

296



Appendix B

Compositional data

"POSIJRULIOU JOU BJR(] 'SOS

~
(o

-AJeUe S, I0YINE dY) 0} SIOJAI  JO), "PIHOdDI SJUOWD[O PAIOAIP [[B ‘SISATRUE [BOTAYD N[Nq TYX-AHA[d] S[ELIOIBIA 90USIOJOY POUII) AdMY IT°g d1qel,

8T°0- 200 €00 200 T¥O- 950- ¥0'0- €10 6T0- T2'8- 29T 8LT- TS0- LO/T0/9T SATRIDIQ 13D
LT0- 200 €00 200 O¥0- SS°0- ¥0'0- vT0 6T°0- ZT'8- 9GT 28T- 99°0- LO/10/PT dATRIDIQ UAD
9T'0- 200 ¥0'0 200 T¥O- ¥S0- ¥0'0- €10 6T0- /T8 65T V8T- LS0- LO/TO/ST OATIRIOIQ 19D
880 S00 YO0 Y00 LL0- L8T- 80°0- T00 60°0- 2.6~ 907 €92- 80°0 90/T1/60 FANE[AIQ 1D
820 Y00 €00 SO0 6.0- 20'Z- 0T0- T00 600- €'y~ 86T 2LZ- 200~ 90/T1/30 FABE[AIQ 1130
620 ¥0'0 ¥0'0 SO0 08°0- 202 0T0- T00 80°0- ¥S¥- 28T 9L2- 00 90/TI/LO PATRIDIQ UAd
U %Ly %IE %E %Ly %LT %T %0 %S %01 %T %E %91 %T %6 %E %S %01 %8 %L %98 %86 %It %S %l %01  %SI AD dO
°U €1 01> 01> 01> S€ 0> 01> 01> 01> 0I> 0> 9T LTO 100 000 200 IT0 S8L0 €00 000 LOO SO0 S8I'T TTO 6¥0 +E0 A3p PIS O
bS'16 BU LTSI €Tl 61 621 ST I6€ 1T €6 SEI 96 YOI LETI 910 00 €00 €I'T vI'0I SKO 000 LOO €10 69°€h LTSI L6V S6'1 ueauw JO ¢OAHE
8706 01> 6§ 61 1T1 LT €91 ST 16€ 0T ¥8 ¥EI +6 SLI TI'TI SI'0 €00 200 TET ¥801 80 000 €10 800 691F TI'ST S¥'S TLT L0/10/9¢ TaX-adld]
0106 01> 9¢ Iz 0Tl LT 91 ST T6E 1T S8 6£1 6 S6I €I'TL SI'0 €00 TO0 €€T SSOI 8%'0 000 ¥I'0 800 €LI¥ 90°ST I¥'S 9S'T  L0/10/bC 2dX-adld]
1706 01> 1 0T 8I1 8T S8SI ST ¥6€ TCT 93 6S1 €6 061 ¥ITI ST'0 +0°0 TO0 TET 9801 840 000 €10 800 €LT¥ 60°ST 6£S ST  L0/10/£T Tax-adld]
78°€6 01> 91 11 8TI ¢l L6 9T 16§ 1T ¥OI 9€I 101 8€I 89°CI 810 ¥00 v0'0 96T #S'6 ¥¥0 000 1000 ST'0 8I'9¥ 95°ST 09'v 0€T 90/21/60 AAX-adld]
vS'T6 01> SI 11 STI Ol S6 9T 16€ €C 101 LEL 66 Lyl 8STI LI'O €00 SO0 v6'1 8€6 THO 000 100 810 Ly'Sy S¥'ST IsH 07T 90/21/30 2dX-adld]
6776 01> ST 11 LTl 11 66 9T 68€ TC 101 Obl +6 SEI 65T LI'0 ¥00 SO0 €61 8€6 THO 000 100 61°0 9€'Sy T€ST Lby 97T 90/21/L0 IaX-adld]
02001 0827 €10 000 000 €L OV'TT 250 000 [20 066V 0SET €L 22T [eCIITEER)
¥0'0- 2v’0- T00- 2T°0- TT'0- Z¥'I- ¥T0 0ST- 96°0- 290- 66'0- S9°0 60/10/9T FALLIAIQ 13D
90°0- £'0- 20°0- ¢T°0- TI'0- 9¥'T- ST0 9%T- ¥0T- 99°0- 66°0- TL0 80/10/PT PAUEAIQ 1D
S0°0- €7°0- T00- €T°0- ZT'0- 6T ¥T0 0ST- 807T- 99°0- 66'0- 290 LO/10/STANRIAIQ 1D
%0 %T %l %l %S %01 TU %0 %E %I TU BU %6T %0 %0 %I %0 %l %0 %S %0 %I %0 %l %88 %I %L AD dO
0 0 0 T I T ®u Q0 0 0 ®U®U $T [00 000 000 000 000 +0'0 000 000 100 TOO 900 TO0 000 SO0 A3p PIS O
LOV6 8F 1T €¢ T0v 0T 91 '®U 9I¢ TI €1 'BU '®U 8 L6'8] €LT TELO T80 vTO ¥SLy SO0 000 T90 ITHT 9LL TO0 €00 990 uedw 4O 188598
61'v6 S8y 1 €T 86§ 0T LI 01> 9I€ TI €1 0> 01> ¥9 L6'8I ¥L'T TEO0 T80 ¥TO 8SLy SO0 000 190 0THI T8L SO0 ¥00 90 L0/10/9 JaxX-adld]
0I'v6 8% TC¢ T v 0T +tI 01> LIE TI €1 0> 01> III 96'81 €LT I1€0 T80 ¥T0 ¥SLy SO0 000 €90 €TvI vLL 100 €00 1L0 L0/10/+C 2dX-adld]
06€6 8F I € €0 61 LI 01> LIE TI €1 O0I> 01> LL L6'8T €L°T TEO 180 €0 ISLy ¥0°0 000 190 6I'vT ILL 100 €00 90 L0/10/£C 2ax-adld]
Sh'66 2067 9T'€ €€0 Y60 SE0 006V 8v'0 0LST 8.8 [90 €0T 000 [eCIITIER
% wdd wdd wdd wdd wdd wdd wdd wdd wdd wdd wdd wdd wdd 95IM 9IM 0HIM OHIM OHIM OHIM OHIM OHIM OHIM OpIM  OpIM  OpIM  OpIM  OpIM
selol PN 80 ®1 B QN JZ A IS BD UZ ND IN 0D ‘O%d OUN ‘00 “0°A “OIL 0D O 10 ‘os ‘0°d ‘ois ‘O°lv OBIN O%eN




“POSI[EULIOU JOU BJR(] "SOS

-Aeue s, Joyne oy} 0} SI9JaI . JO, "PAM0dal SYUSWI[ PIJOA}AP [[B ‘SIsA[eue [eorwayd qng J7YX-AH[d] S[etore 90udI1ajoy PaynIo) AdM (1119 91qeL

600 TO0 00 ¥0'0 950-€0°0- LZ'0- S0°0 T0'0-0Z°0T- 9€'Z- 900 SE'0 LO/10/9T PALTIdA @ 40
800 000 Y00 ¥0'0 S50-G0'0-GZ'0- 200 20°0-60°0T- ¥0'Z- 90°0 EV'0 90/T1/60 FANE[I @ 110
2000 TO0 00 ¥0'0 950-50'0-SZ'0- 200 20°0-£Z°0T- T0'Z- SO0 EV'0 90/T1/80 PAIL[I @ 110
800 000 Y00 ¥0'0 S50-G0'0-GZ'0- T0°0 20°0-T0'0T- €6'T- 00 €70 90/TI/LO FANE[I @ 1100
%T %T %l TU %9 %8 %E %E %l %l %0 %0 TU TU %L %UT %T %T %El %0 %6T %l %l %0 %S %l %0 %19 %t %0 %l %l %S ADdO
I 1 0 ®u $ € % [ € I 1 0 ®Tu=®E [ [ 0 I € 100000 000 000 100 100 100 000 10°0 000 TI'0 610 100 #0°0 AP p1s dO VOLLSIN
6I'L8 TE Sv 1T ®U L9 Th vEl TT $8€ TS 1€ Iy ®U BU IS S€ 8T 89 €2 891 100 $00 +00 L¥'1 LI'0 LOT 000 TO0 010 9L'¥y TY9E 850 870 ueawW 4O
7898 €6 9y 1T 01> €L Lb 6El €T ¥8€ IS TIE Iy 01> 01> IS SE 8T 69 LT 691 1000 ¥00 00 L¥'1 61°0 90T 000 SO0 110 OL'th ¥E9E 850 TH'0  L0/10/9T AUX-Adld]
I€L8 T€ p¥ 1T 01> ¥9 6€ TEl TC $8€ €S II€ It 01> 01> TS SE 6T 89 1T 891 000 $00 +0°0 81 LI'0 80T 000 00 010 I8k 99°9¢ 850 0S°0  90/T1/60 AUX-Adld]
IIL8 T€ b 1T 01> §9 € SEI €T I8¢ TS 0I€ It 01> 01> IS SE 8T 89 1T LY 1000 ¥00 +0°0 L¥'1 LI'0 80T 0000 TO0 010 €9°F 69°9€ LSO 050 90/21/80 AUX-Ad[d]
018 €€ S 1T 01> L9 OF OEl TT $8€ TS 1€ Iy 01> 01> 0S ¥E 8T 99 1T 89T 000 $0O $0°0 8’1 LI'0 80l 0000 100 010 68°Fh LL'E 650 050  90/21/L0 4uX-Adld]
666 09T 000 000 000 €07 220 €T 000 ZT°0 067§ 0L'8E 250 L0'0 PalIIE)
89°0 T0'0- T0'0 00°0- 80°0-9T°0- 700~ 0£°0- 20'0- 09'T- 89T VE0- LT'0 LO/10/9T PANTIdA Q 40
€20 T00- T0'0 T0'0- 80°0-T2'0- Y00 62°0- Y00~ 98'T- 8Y'T TE0- 02'0 LO/I0/PT PABL[AI Q 4190
8T°0 T0'0- T0'0 TO'0- 80°0-2Z°0-S0°0- 0£°0- ¥0'0- ¥8'T- L¥'T 820~ 8T'0 LO/I0/ET PANTIdA Q 10
TUCBU CBU %E %L %E %T BU %E %l %0 TU %t %t %8 %l TU %Il %9 %l %l %0 %l %l %l %l %0 %T %l %l %l %E %9 ADdO
TUOBUCBU €€ ¢ € BU L [ € BU | 6 1 T BU L € 8T0 000 000 0000 000 €00 000 000 1000 100 SI'0 TI'0 €00 200 AP PIS 4O ]
97’68 BU BU BU €] 69€ €61 SEI BU TTT 901 0101 BU ¢l $TT 11 1TE TU 95 €6€ ¥8'LY 8TO LOO €10 OFO0 TLE SSO 000 YEO 861 €091 9I'TL 9I'l LTO ueaw 4O FTEINEO3
6858 01> 01> 01> 011 L9€ €51 SEI $I 91T 801 €101 01> 1 ¥€T TI TTE 01 95 0¥ 9I'8% 8TO LO0 €10 140 SL'E S0 000 ¥E0 00T 0TII 67T €11 920  L0/10/97 AUX-Ad[d]
8678 01> 01> 01> $II 89¢ 8FI TEL 01> 0ET SOI 8001 01> ¥I 61T 11 TZE 01> T9 L9E ILLY 8TO LOO €10 0F0 IL'E S0 0000 SEO0 L6T ¥6'ST OI'TL LI'T 620 L0/10/4T A4X-adld]
1678 01> 01> 01> 911 TLE LST LEL 01> 61T 901 8001 01> €1 0TT 11 6I€ 01> 6F 60 99°Ly LTO LOO €10 0F'0 69°€ ¥S'0 000 ¥€0 861 96°'ST 60°TI 61'l LTO LO/10/£T 2X-Adld]
09°s8 87’y 8270 900 ¥T'0 870 Z6€ 650 ¥9'0 207 0821 2901 87'T 600 PalNIE0
%W wddwddwddwdd wdd wdd wdd wddwddwdd wdd wdd wdd wdd wdd wddwdd wdd wdd 9451m 9461M 961M 961M 061M O51M 051M 901N OH1M OHIM OHIM OpIM OHIM OpIM
[sre0L UL ad JH PN 8D BT G ON JZ A IS QY Jg SV B UZ nD IN 0D ‘040U ‘04D *0°A ‘01LOED OM 10 “0S ‘O°d ‘OIS “O°Iv OB O‘eN

298



"POSI[EULIOU JOU BJR(] "SOS

-A[eue s Joyne oY) 0} SIJAI  JO, "PAM0daI SHUSWIAS PoIO2IP [[& sesATeue [eorwoyd g JYX-Ad[d] S[ELeIeN 90u10Jay paynio) AdM (11T g 9[qeL

219 €8°0- T0°'0 20°0-20°0- T0'0 0T'0 TE0 ¥T°0- 0T'2- 9T'0 ¥0°0- ZZ'0 LO/10/9T FALE[AIQ 1100
1’9 T€0- T0'0 20°0-20°0-00°0- TT'0 8€°0 GT'0- 90'Z- 2T'0 80°0- £2°0 LO/T0/PT SANE[RIQ 13D
£8'9 98°0- T0'0 £0°0-60'0-20°0- TT0 60 GT'0- ¥2'2- 90°0 0T'0- ¥Z'0 LO/10/ST FABE[AI Q 1100
%T %0 %T %IT %E %1 %0 %T %0 %0 ®U %ST%LS %S BU BU %L %0 %l %T %ST %E %l %l %0 %Il %L %0 %l %6 %C ADdO
00 0 6 Il I ¥ T 0 0 ®U $ L [ "BU U L] 810 €00 000 000 10°0 200 10°0 000 SO0 100 0I'0 SO0 €00 00 A3p PIS O &G
prv0T T ¥ 01 €8 8PE 8011001 €01 I€1 LL BU €C 8 61 BU BU Ly 66'L9 0L'T 200 10°0 0 TH'T LO'T 000 0¥'0 O1°0 81T 1€L TEO +8°0 ugdw 4O Imo_m_m\msm
LEF0T 11 ¥1 01 06 19€ 801 666 SOI TEI LL OI> 81 01> SI 01> 01> ¥ET 08'L9 0L°C 200 10°0 €20 €¥'T 90°T 00°0 SE'0 11°0 L8'IT 9€'L SE0 980 L0/10/9T A4X-Adld]
vLY0T T ¥ 01 €L 8EE 601 S001 €01 T1€1 LL OI> ST 11 61 11 OI> 99 S1'89 TL'T 200 10°0 €20 TH'T LO'T 000 THO 010 1671 TEL 1€0 TS0  LO/10/4C JdX-adld]
€TPO1 TI ¥1 01 98 SPE LOT 866 001 IET 8L OI> 9T I 0T 01> 01> I¥T 1089 L9'T T0'0 00°0 TTO OF'T LO'T 000 €0 01°0 €L'1T 9T'L 6T0 €80 L0/10/€T A4X-Adld]
L8'66 89'T9 £0'€ TO'0 €00 0S0 Z¥'T 96°0 v0'0 SZ'0 L6'€Z 0ZL 6E0 650 .paaube,
€80 000 €00 £0°0 ZZ'0-Gv'0-0E0- ¥0°0 T0'0- 02'8- 86'T 8E£°0- ZE€'0- LO/10/9T SATRIDI Q 1D
SE'0 000 £0°0 20°0 TZ'0-9%°0-62°0- T0°0 T0'0- £0'8- 2T LE'0- ¥7°0- 90/T1/60 FANE[AIQ 1130
€80 000 €00 £0°0 ZZ'0-81°0-TE0- T0°0 TO'0- 62'8- 0T'Z GE'0- ¥¥'0- 90/T1/30 FALE[AI Q 1190
120 000 €0°0 £0°0 ZZ'0-1G'0-0€0- T0°0 TO'0- 99'8- £0°C €€°0- 8€°0- 90/T1/L0 FANE[AI Q 113D
VU %L BU BU %6 %S %l %T %UT %l %l BU %E %UT %S %9 %6 %0 %0 % %b %l %l %l %6 %69 %l %l %0 %T %SI AD dO
vU O] BUBTU € I v v 0 I 0 ®W I T T € 8 €00 000 000 0070 00°0 200 10°0 00°0 10°0 00°0 0S0 90°0 Z00 90°0 A3P PIS O
bL'88 BU G BU BU p€ €] 89F LLI OE II1 99 BU 81 69 ¥S € 06 0SL €10 €00 €0°0 950 06'T 99'T 10°0 TO0 LTO LI'SS 99T 6¥'1 60 ueaw JO OONEVS
05’88 01> 91 OI> 01> 8¢ €1 ILF ILT 0 IIT 99 OI> 81 69 TS S S8 ISL €10 €00 €0°0 950 T6'T 99°T 10°0 #0°0 LTO 06°LS 8E9T L¥'T L0  L0/10/9C TdX-adld]
91'68 01> ¥I 01> 01> 1€ Tl ILF LLT 1€ TIT S9 OI> 81 L9 €5 OF 66 €5L €10 €00 200 LS'0 ¢6'T 89'T 10°0 10°0 LTO €68 TSI 8¥'T SE0  90/21/60 AUX-Adld]
L8'88 01> I 01> 01> €€ €I L9% 6L1 0 111 99 01> 61 IL SS 9% #6 ISL €10 €00 €00 950 681 S9'T 10°0 10°0 LTO 1€85 0591 0S'T SE0  90/21/80 AUX-Adld]
vv'88 01> ¥I 01> 01> T€ ¥I €9% I81 0 IIT 99 OI> 81 69 SS Th T8 SHL €10 €00 €0°0 950 L8'T 99T 10°0 10°0 LTO ¥6'LS €91 TS'T T+'0  90/21/L0 AIX-adld]
v€96 8T, €10 000 000 8.0 L£T 96T 000 820 09°99 OV'¥T S8'T 6L°0 [eCIITNEER)
o\ wddwddwddwddwddwddwddwddwddwddwddwddwddwddwddwddwdd 051m 951N 06IM 061M 06IM GHIM OH1M OHIM OH1M OHIM OHIM OH1M OpIM OpIM
S[e10l YL dd JH PN 3D ®1 g JZ A JS OF SV BD UZ ND IN 0D ‘0%8d0OUN‘0ID°0°A‘OILOBD O 10 ‘0S °0°d ‘OIS “O°IV OBIN O%eN

299



"pasIfeuLIou J0U ee(] ‘Po3odal SJUSWD Pajodlap [[e {sosATeue [edrwoyo nq JYX-Ad[d] odwes [erourw AJM 2°d 9198L

ce8  0T> 8v¢ OTT ¥1 0T ¢ve 07> ¥¢ 01> 01> 07> G€ OT> 8TT /9T 89 96¢T OT'T 86'LE ¢T'0 /L8E€ ZT0 S€'6T TOO 6287 €00 LOO ¢<0¢C
84 S
98¢ 0I> 8¥C OIl +I O ¢vE OI> v 01> 01> OI> ¢S¢ OI> 8IT L9T 89 96CI OI'T 9¢¥S CTI'0 L8E TI'0 8EBY 100 6C8I €00 LOO <COT
616 0C 00C LLT €¢I Ol Ol OI> 0I> 0I> 0I> 0I> 0I> 01> II 91 8¥6 0f ¢€CTI 6¥¥8 LOO 01I'0 610 ¥#1'0 610 68¢ TOT 9¢0 OI'0
8L 01> OI> 0I> LI 0L 91 0I> 0I> 0I> €¢I 0I> 0I> 0I> 0I> &I 1ISC¢ 0S¢ 8¥'IC 85CC 1¥'0 610 LTO ¥0'0 LOO TO6ST 606 T9L LIO
§'66 € 8L 0L ¥I Ol 1v OI> 0I> O0I> 0I> 0I> ¢TI O0I> 0I> 0I> LIT 61 SI'0 6T96 LI'0O 600 LTO 0¢€0 000 ¢€CI L90O 910 010
€L8 98T 011 96 86 S8 8¢ 0I> 0I> ¥9C 1I¥ 81 8TE 0> 01> LT SE€I 11 9I'T 1€81 TTO 9¢81 0S50 100 8I'0 €€TE 68CI L¥'T LLO
€06 8L LST OFI CTI OI> <C 01> 98 O0I> 0I> 0I> 9C 0I> 0I> 0I> LOT €6 €S9 Sv'e 680 L90 SO0 SO0 ¥00 +O°LL 9L0 LOO 990
806 01> 00C €61 €I Ol 6¢£ OI> 0I> 0I> 01> OI> 9¥L 01> OI> O SPT LS ¢€€L LETI 800 LSL 800 100 600 10SS 0SL 0I'0 €50
$96 91 0I> 0I> €¢I 0I> €I 0> 0I> 0I> 0I> 0I> ¢S¥ O0I> 0I> OI> SIIT 0¢ SI'v 06%VL OI'0 SL'C 0CTO0 100 €I'0 SSL 1Ive T9T ¥S0
9C6 01> I8 €L €1 0I> 0S€ 0I> 0I> 0I> TL O0I> 10L €T OI> 0> 1S6 991 CI'CT L6'E 600 991 0TI 100 LI'0O $TC9 CS¥I STI 60°S
6'¢6 9¢ 6 <8 Il vI 9¢ 0OI> 0I> 0I> 0I> 0I> L9¢ OI> OI> ¥I 99T 05 <C0C €¥Cl 810 669 LOO 100 800 60L9 v6€ 1€0 CTLO
06 91 Lgl C6 <l 0OI> 91 OI> 0I> 0I> 0I> 0I> 0T O0I> 0> OI> TIIl LI 89C S¥'L 100 ¥T0 LOO €00 LOO I¥9L 6CCT 800 660
TSs6 19 L81 L91T €1 +I ST OI> O0I> 01> 01> 0I> 6.9 01> O0I> O0I> T1I8 91T SSL 00L 0TO0 L¥'S LOO 100 100 9789 +8S 800 IS0
€66  0I> 8L 0L 91 ¢TI LI OI> 0I> OI> LS TI S90I O[> OI> OI> 8S O0I> 9S1 6T8 LI'0 186 LOO 000 SO0 €99 1I'8 LOO 650
e 07> 0T> 01> €T OT> 06T OT> €91 OT> OT> OT> TET OT> /9 9¢¢T ¢0ST €T TT'9T 86'9T LT'0 ¢L'€ ¢00 69¢T €10 666E ¢60 SGEO0 6.0
EE| S
G8Il 01> 01> 0I> €I O0I> 061 OI> €91 0I> 0I> 0I> 1€l 0I> L9 9TCI TOSI €I 1191 0€¥C LI'0O CTL'E TOO0 CLIE €1'0 666¢ TO60 SE0 6L0
€10l 01> 01> OI> LI Ol LTI OI> 8¢ OI> 0I> 0I> €9¢ 01> €8 €I 6Iv OLI OLST 09°0C €10 S€9 610 88 010 L8Cr €9V LEO SLO
8001 S 0ST L€ LT 11 €9 01> 11 0I> LS OI> €€9 0I> 0l O0I> €¢Il ¥L 0TS L¥8 ¥I'0 9C9 0I'0 0ST <TI0 9vCL 68S 1¥0 LIO
001 ¢S 01T 001 €1 1T €T 01> 1T O0I> 0I> O0I> 88C OI> 91 LI 99L¢ T8 +vv'e 189 TI'0 €I't SO0 T8F 900 TEBL 60T L90O 0OF0
LC6 0 091 LvI €I II 1€ OI> OI> 0I> ¥6 LI 6S6 01> OI> 19 L¥C +¥9 T9¢ ¢S86 €10 ¥rL OI'0 100 900 €565 86L LSO 8I'I
€68  OI1 €€1 0Cl 8C SI #8S 01> 1T OI> L TC €911 OI> 11 OI> S€T 16 SI't ¥091 €90 6681 SO0 8F'v LOO €0CE 996 SSE€ 6£0
% wdd wdd wdd wdd wdd wdd wdd wdd wdd wdd wdd wdd wdd wdd wdd wdd wdd 95M 96IM 96IM 01N O6IM OIM OHIM  OIM O OHIM  OpIM
10l qd ®eL 44 9 ®1 eg US By ON JZ A IS QY 8S SV UZ IN OnD ‘O’ed OUWN OBD O ‘0S ‘O°d ‘OIS ‘O°Iv OB O%BN

ETNMAN

:Jusuodwod
2111Ad ay1 1UN0JE)
ojul Buiyer 1oj

ETWMdN
CTNMdN
TTNMdJN
OTIWMdN
6INMdN
8INMdN
LINMJN
9NMdN
SINMdN
YIWMdN
ENMAN
C¢INWM\dAN
TINMAN

9NHMIN

:Jusuodwod
anAd ay3 JunodE
o1 Buyel 10j

INHMN
SINHMN
YIWHMN
EWHMN
CINHMN
TINHXN

300



“pasIewIou J0u eje( "Po31odal SUSOO PP [[& (SosATeue [eorwoyo Ynq JYX-Ad[d] ordwes orwe1oo feoruyoe} AdM (€°d 91qeL

LE68 01> 0¢ ST Ll 0I> ¢S0E OI> ¥9 ¢ SI19 9T 0I> I S8 €9 €C0 TI'8 9I'0 8¥0 S6Fv SSO0 100 610 9I'SS S991 8¥'1  9TT | ETOLMAN
96'L8  0I>  S¢€ 6¢C €L 0> e 0I> LS €L L9¢  LEe  0I> 11 Y6 8¢ I€0 9L 9I'0 S¥0 T8F 9L0 100 SI'0 89%S 6191 6C1 0¥l [ CTOLMAN
LS68 01> ¥C [44 Sl 0I> 66C O0I> 8¢S €L LI9  1¥  0l> LI YL ¢S 810 06L LI'O 80 8LS II'T 100 1€0 9¥¥S 9v91 LTT 1€1 [ TTOLMAN
Sv'e6 01>  CC 0¢ 0Cc 0> €T 01> L9 4 B4 S B ) & i | 8L 8¢ vI'0 6LL 00 6v0 Co6¥ ¢t¥0 100 ¥I'0 ¥pbes 8E9l 0ST 681 [ 0TOLMAN
¢9'¢6 01> Ol 66 Sl or ¢ ¢l 9¢ vl 8¢S 91 91 4! 88 69 0I't <98 8I'0 IS0 €9% TS0 100 0TO0 SLPS 98LI VT IL'T | 60LMdN
89°¢6 01> €9 LS 0¢C 0r 861 0> 89 SL ¥S9 91 01> LI 78 Is 0I't 606 610 TS0 LOS S¥O 100 +¥C0 69¢s LEBT L¥T 0¥l | 80LMdN
L0C6 01> 61 91 Ll 01 IsT 01> 68 St Lt 91  0OI> ¢l 06 9¢ 0I'0 I¥L LI'O 6¥0 tvev €0 100 ¥I°0 8L6S OI'9L SI'T  LTT | LOLMdN
906 01> Iv (33 Cl I €81 01> €9 SILsys LT 01> 11 8¢ o ov0  TSL 910 IS0 98F% L¥FO 100 0CTO0 ¥¥09 w9l T 95T [ 9OLMJN
98’16 0> 9T €C vl 0> 91 01> 09 ST 00 91 OI> ¢l L8 65 610 €58 LI'O 950 6I'vt TS0 100 <¢C0 16¥%S ol'6l 081 8V | SOLMAN
y6'L8 01> 8¢ ye ¢ 0> 69 01> LS L sT9  €e 01> 91 SIr ¥9  v¥0  LSL TI'0O 6v'0 8SY T90 100 80 I8PS <TCo' Sl TSI €Tl | ¥OLMAN
0res 0> LT 61 91  0I> 08I 0I> ¥L st 9t 91  OI> 11 99 §¢ €I'0 LS8 0C0 IS0 T9Y e6ev0 100 600 8SES ¥oLI 8T IST | EOLMAN
88 01> SI €l €l or €cc o1> 79 ST v¢9 LI 0I> 0OC 86 ¥y 900 9¥'8 610 0S50 €6 o6v0 100 I€0 19¢S 8I'LL 9T ITT | ¢OLMdN
8y'c6 01> €T 1c 91  0I> ¢€0C o0I> <ol €1 ver ¥I  OI> 11 99 e 8I'0 €59 610 €0 o6I'v 9¢0 100 €I'0 CI'e9 98¢l L60 I¥T | TOLMAN

116 vl LT 9¢ Ll ¥l 661 O0I> 901 9T ¢€LI 9% 0OI> LI ILT ¥C  TTO L90I 0CTO0 T90 8ES 160 100 €TO0 LOTS 900C ¢€€0 +¥0 | €EOLHMN
8868 91 6C LT vl 0I> 6Ly OI> CoI 0C [I€C 69 OI> ICc 681 81 9CT0 S6'8 €0 IS0 €'t 0Tl 100 <C€0 90sS 808L 1€0 180 | ¢OLHMN
89°L8 ¥4 9C ¥C I 0> 9T 01> T0l 0T SSI 19 0I> LI 881 ¢ 610 TL6 610 +S0 ¢€o6¢ CE1 T00 8I'0 18IS €L8 1€0 S90 [ TOLHMN

%M wdd wdd wdd wdd wdd wdd wdd wdd wdd wdd wdd wdd wdd wdd wdd 9%HIM LM  OHIM  OHIM  OBIM  OHIM  OHIM  OHIM  OHIM  OpIM  OHIM  OpHIM
Il qd ®L 44 9 el eg By JzZ A IS g4 S sy uz IN Ono ‘0% OuN ‘ol 0ed O ‘os ‘Od ‘ois ‘OYv OB O%N

301




MgO ALO, SiO, SO, KO CaO TiO, MnO FeO CuO Total

wt%  wt% wt% wt% wt% wt% wit% wt% wi% wt% wt%
NPWTC1 0.4 1.8 16.2 0.0 0.1 23 0.9 0.0 66.2 0.5 88.5
NPWTC3 0.8 13 28.7 0.0 0.8 89 0.0 1.6 43.5 0.2 85.8
NPWTCS8 0.6 1.0 263 0.0 0.1 36 0.0 0.8 53.2 0.6 86.1
NKHTC4 0.3 5.4 28.5 1.0 1.6 85 0.3 0.7 37.0 0.1 83.4
NKHTC5 2.2 2.4 240 0.0 06 163 0.2 0.4 36.8 0.3 83.2
NKHTC6 0.4 6.3 28.5 0.0 0.5 158 0.1 0.4 30.1 1.0 83.1

Table B.4: KWPV crucible slag and slag-skin olivine crystal SEM-EDS phase
analyses. Data not normalised.

NPWTC3 primary
NPWTCS8 primary

NKHTCS residual
NKHTC6 residual
NKHTC6 primary

MgO ALO, SiO, SO, K,0 CaO TiO, MnO FeO CuO Total
wt% wt% wt% wt% wt% wt% wt% wit% wit% wit% wt%
0.3 0.5 0.8 00 00 04 0.0 0.5 885 05 0916
0.1 0.7 0.1 00 00 0.1 0.0 02 879 1.7 909
1.1 1.3 0.3 1.0 1.6 0.2 0.4 03 904 0.1 969
0.2 0.3 04 00 0.1 0.3 0.1 0.1 934 0.1 950
0.4 54 20 00 0.0 1.1 0.6 02 76,6 03 86.6

Table B.5: KWPYV crucible slag and slag-skin magnetite spinel SEM-EDS phase
analyses. Data not normalised.

NPWTC1
NPWTC3
NPWTC8

NKHTC4
NKHTC5
NKHTC6

MgO ALO, SiO, P,O, K,0 CaO TiO, MnO FeO CuO Total
wt% wit% wt% wt% wt% wt% wt% wt% wit% wt% wt%
1.4 43 386 00 02 131 1.0 0.0 219 07 81.1
1.7 2.1 342 00 01 157 0.0 1.1 278 0.1 82.8
0.2 26 351 05 03 119 0.0 0.5 323 02 83.4
2.3 46 319 00 -0.0 171 0.5 04 233 0.0 80.1
1.5 80 216 00 09 135 02 04 341 0.1 80.3
1.1 45 304 00 0.1 183 0.2 02 258 0.1 80.7

Table B.6: KWPYV crucible slag and slag-skin glass SEM-EDS phase analyses.
Data not normalised.

NPWTC1

NKHTC4
NKHTC5

S Fe Cu Sn  Total
wt% wt% wt% wt% wt%
0.0 34 993 0.0 102.7
174 575 34 0.0 78.3
0.0 14 998 0.0 101.2

Table B.7: KWPV crucible slag and slag-
skin prills SEM-EDS phase analyses. Data
not normalised.

302



MgO ALO, SO, PO, SO, KO CaO TiO, MnO FeO CuO Total

wt% wt% wt% wit% wt% wt%  wt% wt% wt% wt% wt% @ wit%

NPWTCI spectrum 1 1.1 4.1 37.1 0.0 0.0 0.3 8.8 1.0 0.0 29.8 4.1 86.2
NPWTCI spectrum 2 0.8 3.6 354 0.0 0.0 0.2 8.1 0.8 0.0 31.8 59 86.8
NPWTCI spectrum 3 1.2 4.3 37.4 0.0 0.0 0.2 8.9 1.3 0.0 28.2 4.1 85.5

NPWTC3 spectrum 1 1.1 1.9 329 0.0 0.0 0.3 14.1 0.0 1.2 30.6 0.8 82.9
NPWTC3 spectrum 2 0.9 22 314 0.0 0.0 0.4 12.9 0.0 1.3 335 1.5 84.0
NPWTC3 spectrum 3 1.1 1.4 333 0.0 0.0 0.3 14.2 0.0 1.2 30.7 0.6 82.7

NPWTCS spectrum 1 0.0 1.6 19.3 0.1 0.0 0.1 3.5 0.0 0.5 62.0 1.1 88.2
NPWTCS spectrum 2 0.0 1.9 229 0.5 0.0 0.2 4.9 0.0 0.4 55.7 1.3 87.7
NPWTCS spectrum 3 0.0 1.8 25.1 0.2 0.0 0.1 5.1 0.0 0.4 50.3 2.7 85.8

NKHTC4 spectrum 1 1.5 6.1 27.8 0.0 0.6 0.6 11.3 0.3 0.5 26.7 0.5 75.9
NKHTC4 spectrum 2 1.1 6.1 28.1 0.0 0.8 0.7 10.8 0.4 0.4 30.4 0.8 79.8
NKHTC4 spectrum 3 0.9 6.0 24.2 0.0 0.6 0.6 9.5 0.2 0.5 26.3 0.3 69.1

NKHTCS spectrum 1 1.8 6.2 20.0 0.0 0.0 0.6 11.9 0.4 0.3 41.5 1.0 83.7
NKHTCS spectrum 2 1.9 5.6 17.9 0.0 0.0 0.4 10.1 0.3 0.4 47.0 1.5 85.1
NKHTCS spectrum 3 1.7 6.4 19.7 0.0 0.0 0.6 11.3 0.3 0.5 41.8 1.0 83.0

NKHTC6 spectrum 1 0.6 4.8 239 0.5 0.0 0.6 9.4 0.0 0.4 34.1 2.8 77.1
NKHTC6 spectrum 2 0.7 5.5 21.7 0.5 0.0 0.3 9.8 0.0 0.4 39.5 2.1 80.4
NKHTC6 spectrum 3 0.6 5.5 242 0.2 0.0 0.4 9.0 0.0 0.4 273 3.9 71.6

Table B.8: KWPV crucible slag and slag-skin matrices SEM-EDS phase analyses. Data not normalised.
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NPWMS1
NPWMS2
NPWMS3
NPWMS5
NPWMS6
NPWMS7
NPWMS8
NPWMS12
NPWMS13
NPWMS14
NPWMS18
NPWMS19

NKHMS4

NKHMS5

NKHMS7
NKHMS13
NKHMS17

MgO ALO, SiO, K0 CaO TiO, MnO FeO CuO ZnO Total
wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt%
1.2 00 265 00 65 0.0 0.0 61.8 0.0 0.0 96.0
0.6 0.7 287 00 5.1 0.0 0.0 57.0 0.0 0.0 920
0.9 0.0 226 0.0 1.0 0.0 03 66.1 0.0 0.0 909
0.8 0.0 164 0.0 3.8 0.0 0.5 585 0.0 0.0 80.0
0.7 04 270 01 123 0.0 0.1 53.6 0.0 0.0 942
4.2 0.0 236 0.0 1.6 0.0 1.1 523 0.0 52  88.1
0.8 00 264 00 120 0.0 0.0 559 0.0 0.0 950
0.6 0.0 16.7 0.0 52 0.0 1.2 560 0.0 0.0 797
1.3 00 236 00 43 0.0 24 588 03 0.0 90.7
3.7 0.0 31.7 0.0 1.2 0.0 04 665 0.0 0.0 103.5
0.0 33 252 00 109 0.0 02 287 04 0.0 68.6
0.3 0.0 16.8 0.0 106 0.0 1.2 477 0.0 0.0 76.6
2.1 0.0 263 0.0 3.2 0.0 0.8 63.1 0.0 0.0 954
1.8 00 260 00 54 0.0 0.6 60.6 0.0 0.0 945
1.2 00 244 00 0.6 0.0 0.0 61.7 0.0 0.0 879
1.9 0.5 231 0.0 1.7 0.0 0.5 622 0.0 0.0 899
1.5 7.1 268 02 123 07 04 441 0.0 0.0 93.0

Table B.10: KWPV slag samples olivine crystal SEM-EDS phase analyses. Data

not normalised.

NPWMS1
NPWMS2
NPWMS5
NPWMS6
NPWMS7
NPWMS8
NPWMS12
NPWMS13
NPWMS14
NPWMS18
mean
std dev
CcVv

ALO, SiO, CaO TiO, FeO Total

wt% wt% wt% wit% wt% wt%
2.6 0.9 0.4 1.6 88.0 935
1.7 0.7 0.2 04 90.1 93.0
1.4 0.2 0.2 03 836 857
2.5 0.0 0.0 0.0 90.7 932
0.2 0.0 0.0 0.0 912 913
0.2 0.0 0.1 0.0 865 86.8
0.7 0.1 0.2 0.0 847 857
0.2 0.0 0.2 0.0 899 90.2
6.2 5.8 1.7 0.6 80.1 944
1.4 7.3 1.5 02 743 848
1.7 1.5 0.4 03 859 899
1.8 2.7 0.6 0.5 5.4

107% 179% 138% 162% 6%

Table B.11: KWPYV slag samples primary magnetite
SEM-EDS phase analyses. Data not normalised.
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NPWMS1

NPWMS6

NPWMS7
NPWMS13

NKHMS4
NKHMS5
NKHMS13
NKHMS18

ALO, SiO, SO, FeO CuO Total
wt% wt% wt% wt% wt% wt%
0.0 00 00 952 00 952
0.3 05 00 885 05 898
0.4 03 00 912 01 919
0.6 04 00 905 00 915
1.4 0.8 00 91.1 05 938
0.5 84 24 637 22 772
33 05 00 869 02 908
0.4 1.1 0.0 88.6 0.0 90.1

Table B.12: KWPV slag samples, residual
magnetite SEM-EDS phase analyses. Data not

normalised.

MgO ALO, SiO, PO, SO, KO CaO MnO FeO CuO ZnO Total

wt% wt% wit% wt% wt% wit% wt% wt% wit% wt% wt% wt%
NPWMS1 0.0 3.5 355 0.0 0.0 0.0 18.8 0.0 35.8 0.0 0.0 93.6
NPWMS2 0.0 3.5 37.4 0.0 0.0 0.0 18.7 0.0 31.7 0.0 00 914
NPWMS3 0.0 8.5 28.5 1.5 0.9 0.6 10.5 0.0 22.0 0.0 0.0 725
NPWMS5 0.0 5.0 21.9 0.9 0.0 0.0 14.1 0.0 242 0.0 0.0 66.1
NPWMS6 0.0 6.0 34.8 0.0 0.0 0.0  20.1 0.0 29.1 0.0 0.0  90.1
NPWMS7 2.7 2.5 34.8 0.0 0.0 0.0 18.1 0.0 212 0.0 23 81.7
NPWMS8 0.0 2.7 24.4 0.0 0.0 0.0 14.3 0.0 284 0.0 0.0  69.8
NPWMS12 0.0 2.5 23.4 0.0 0.0 0.0 14.5 0.0 29.1 0.0 0.0 69.5
NPWMS13 0.0 1.9 33.9 0.0 0.0 0.0 18.6 0.8 29.6 0.0 0.0 84.8
NPWMS14 0.0 11.1 433 0.7 0.0 0.0 17.2 0.0 29.7 0.0 0.0 101.9
NPWMS18 0.0 33 25.2 0.0 0.0 0.0 10.9 0.0 28.7 0.0 0.0 68.1
NPWMS19 1.6 1.7 25.3 0.0 0.0 0.0 15.2 0.0 229 0.0 0.0  66.8
NKHMS4 0.7 55 354 0.0 0.0 0.0 19.7 0.0 29.1 0.0 0.0 905
NKHMS5 0.0 6.1 33.7 0.0 0.9 0.7 18.2 0.0 31.3 0.0 0.0 90.9
NKHMS7 0.0 4.8 39.4 0.0 0.0 0.0 12.1 0.0 26.6 0.0 0.0 82.9
NKHMS13 0.0 7.7 30.4 0.6 1.8 0.9 13.0 0.0 27.5 0.0 0.0 81.9
NKHMS17 2.2 5.6 35.1 0.7 0.0 0.0 17.2 0.0 304 0.0 0.0 912

Table B.13: KWPV slag samples, glass phase SEM-EDS analyses. Data not normalised.

Elements
Sample
NPWMS1
NPWMS3
NPWMS6
NPWMS7
NPWMS13i
NPWMS13ii

NKHMS4
NKHMS5
NKHMS7i
NKHMS7ii
NKHMS13i
NKHMS13ii
NKHMS18i
NKHMS18ii

S Fe Ni Cu Zn  Total
wt% wt% wt% wt% wt% wt%
25.7 404 00 295 05 96.1
26.1 242 0.0 41.8 0.0 92.1
206 58 00 738 0.0 100.2
275 99 0.0 306 272 952

0.0 242 0.0 513 00 75.5

1.4 0.0 0.0 862 0.0 87.6
23.1 108 0.0 659 0.0 99.8
274 65 0.0 595 00 93.4
180 32 00 735 0.0 94.6
184 40 00 751 0.0 97.6
13,5 313 0.0 387 0.0 83.5
251 314 0.0 316 0.0 88.0

0.0 1.0 12 989 0.0 101.1
16.5 20 00 776 0.0 96.1

Table B.14: KWPV slag samples, copper-base prills

SEM-EDS phase analyses. Data not normalised.
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MgO ALO, SiO, PO, SO, KO CaO MnO FeO CuO ZnO Total

wt%  wt% wt% wt% wt% wit% wt% wt% wt% wt% wt%  wt%
NPWMSI spectrum 1 0.5 2.3 28.5 0.0 1.9 0.0 11.6 0.0 50.5 0.0 0.0 95.2
NPWMSI spectrum 2 0.0 2.0 26.6 0.0 1.7 0.0 10.3 0.0 50.8 0.6 0.0 92.0
NPWMSI spectrum 3 0.6 2.2 273 0.0 1.6 0.0 10.5 0.0 52.6 0.6 0.0 95.3
NPWMS2 spectrum 1 0.0 2.8 335 0.0 0.0 0.0 12.6 0.0 41.3 0.8 0.0 91.0
NPWMS2 spectrum 2 0.5 2.9 32.6 0.0 0.0 0.0 13.2 0.0 423 0.0 0.0 91.6
NPWMS?2 spectrum 3 0.4 2.9 32.6 0.0 0.0 0.0 13.1 0.0 41.4 1.0 0.0 91.4
NPWMS3 spectrum 1 0.4 2.5 19.5 0.3 0.9 0.1 14.1 0.3 51.5 1.0 0.0 90.5
NPWMS3 spectrum 2 0.4 32 22.9 0.4 1.1 0.2 12.9 0.0 57.7 1.4 0.0 100.1
NPWMS3 spectrum 3 0.4 3.0 20.5 0.5 0.8 0.2 14.2 0.0 535 0.7 0.0 93.7
NPWMSS5 spectrum 1 0.3 1.7 13.4 0.4 0.0 0.0 6.4 0.3 49.5 1.2 0.0 73.2
NPWMSS5 spectrum 2 0.3 2.0 15.6 0.4 0.2 0.0 6.2 0.0 47.4 1.8 0.0 73.9
NPWMSS5 spectrum 3 0.3 1.9 14.8 0.3 0.0 0.0 6.0 0.3 48.9 1.8 0.0 74.3
NPWMS6 spectrum 1 0.0 3.1 25.9 0.0 1.5 0.0 12.2 0.0 48.6 1.5 0.0 92.9
NPWMS6 spectrum 2 0.0 2.9 24.2 0.0 1.1 0.0 9.9 0.0 49.4 3.0 0.0 90.5
NPWMS6 spectrum 3 0.4 3.0 26.2 0.0 1.5 0.0 12.9 0.0 49.1 1.9 0.0 95.1
NPWMS7 spectrum 1 0.9 4.6 29.1 0.0 0.9 0.0 11.4 0.5 31.5 0.0 6.3 85.3
NPWMS?7 spectrum 2 0.9 4.1 27.5 0.0 1.5 0.2 10.7 0.6 31.6 0.0 6.6 83.7
NPWMS7 spectrum 3 0.9 44 29.6 0.0 1.1 0.2 11.3 0.6 31.6 0.0 7.3 87.0
NPWMSS spectrum 1 0.2 1.2 15.1 0.0 0.0 0.0 4.7 0.3 46.7 0.7 0.0 68.9
NPWMSS spectrum 2 0.2 14 17.3 0.0 0.0 0.0 53 0.0 48.0 0.5 0.0 72.9
NPWMSS spectrum 3 0.3 1.3 16.4 0.0 0.0 0.0 5.6 0.0 49.9 0.6 0.0 74.1
NPWMSI2 spectrum 1 0.3 1.3 16.3 0.0 0.0 0.1 7.2 0.6 443 0.9 0.0 70.9
NPWMSI12 spectrum 2 0.2 14 16.9 0.0 0.0 0.1 6.8 0.5 44.5 2.6 0.0 73.0
NPWMSI12 spectrum 3 0.2 14 18.0 0.0 0.0 0.0 6.7 0.6 45.0 2.4 0.0 74.4
NPWMSI13 spectrum 1 0.0 1.7 21.5 0.0 0.0 0.0 7.8 1.1 49.8 6.7 0.0 88.6
NPWMSI13 spectrum 2 0.0 1.4 23.1 0.0 0.0 0.0 5.7 0.7 53.8 6.1 0.0 90.8
NPWMSI13 spectrum 3 0.5 1.6 21.9 0.0 0.0 0.0 8.3 0.9 51.3 3.6 0.0 88.2
NPWMS14 spectrum 1 1.0 4.5 324 0.4 0.0 0.0 3.6 0.0 49.3 3.1 0.0 94.4
NPWMS14 spectrum 2 1.1 4.7 33.6 0.0 0.0 0.0 44 0.3 53.0 2.5 0.0 99.5
NPWMS 14 spectrum 3 1.2 4.6 33.6 0.0 0.0 0.0 4.2 0.0 52.9 2.3 0.0 98.8
NPWMSI8 spectrum 1 0.2 1.8 20.6 0.0 0.1 0.0 4.7 0.0 38.9 0.8 0.0 67.2
NPWMS18 spectrum 2 0.3 2.0 214 0.0 0.1 0.0 53 0.0 41.8 1.0 0.0 72.0
NPWMSI8 spectrum 3 0.3 2.1 21.9 0.0 0.2 0.0 5.7 0.0 42.6 1.6 0.0 74.4
NPWMSI19 spectrum 1 0.8 1.6 20.8 0.0 0.0 0.0 12.6 0.5 29.2 0.3 0.0 65.9
NPWMS19 spectrum 2 0.8 1.8 21.8 0.0 0.0 0.0 13.1 0.7 304 0.3 0.0 68.9
NPWMS19 spectrum 3 1.0 1.8 232 0.2 0.0 0.0 13.9 0.6 30.6 0.4 0.0 71.7
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NKHMS4 spectrum 1 0.9 4.6 30.3 0.7 1.0 0.4 10.3 0.0 43.5 0.6 0.0 922
NKHMS4 spectrum 2 0.6 4.8 30.6 0.6 0.8 0.4 9.7 0.4 423 0.0 0.0 90.2
NKHMS4 spectrum 3 0.5 4.9 315 0.0 0.9 0.5 11.2 0.5 42.0 0.6 0.0 92.7

NKHMSS spectrum 1 0.7 3.1 27.7 0.0 0.7 0.2 10.2 0.0 473 0.9 0.0 91.0
NKHMSS spectrum 2 0.9 3.5 28.1 0.0 0.6 0.4 10.8 0.5 48.9 0.9 0.0 94.6
NKHMSS spectrum 3 0.9 34 28.2 0.0 0.7 0.0 9.8 0.0 47.0 1.2 0.0 91.3

NKHMST7 spectrum 1 0.6 2.2 30.0 0.0 0.0 0.0 52 0.0 47.0 1.2 0.0 86.2
NKHMS?7 spectrum 2 0.7 2.5 30.7 0.0 0.0 0.0 5.6 0.0 47.2 1.0 0.0 87.7
NKHMST7 spectrum 3 0.5 2.4 30.0 0.0 0.5 0.0 52 0.0 45.9 0.8 0.0 85.1

NKHMS13 spectrum 1 0.5 4.9 26.6 0.0 1.1 0.4 7.0 0.0 44.1 0.6 0.0 85.3
NKHMSI13 spectrum 2 0.6 5.0 26.6 0.0 1.5 0.5 7.4 0.0 44.0 0.0 0.0 85.6
NKHMS13 spectrum 3 0.5 4.8 259 0.0 13 0.3 6.6 0.4 43.6 0.7 0.0 84.0

NKHMS17 spectrum 1 1.3 5.5 30.5 0.0 0.0 0.7 132 0.0 38.9 0.0 0.0 90.1
NKHMS17 spectrum 2 1.1 5.7 313 0.0 0.5 0.5 13.4 0.0 39.8 0.0 0.0 92.4
NKHMS17 spectrum 3 1.1 5.7 31.0 0.7 0.6 0.7 132 0.5 394 0.0 0.0 93.0

NKHMS18 spectrum 1 1.3 4.4 26.5 0.0 0.0 0.5 16.0 0.0 333 0.0 0.0 82.1
NKHMS18 spectrum 2 1.2 4.6 26.9 0.0 0.0 0.6 16.1 0.0 32.8 0.8 0.9 83.9
NKHMSI8 spectrum 3 1.2 4.7 26.6 0.0 0.0 0.5 16.3 0.0 338 0.6 0.0 83.9

Table B.15: KWPV slag matrices SEM-EDS phase analyses. Data not normalised.
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Appendix C

Fiave 2007 experimental data
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KWPV EXPERIMENTS: FIAVE, TRENTINO, ITALIA
operaTOR: () F pate: OB/0~[z00t
BURN: | PAGE: 1
PARAMETRES
OXYEGN/SULPHUR RATIO: L+ S
FUEL/CHARGE RATIO: |
REACTANTS MASS (kg) = PRODUCTS MASS (kg)
MAGNETITE |-6% [0-1% SLAG(fia 0 4%
CHALCOPYRITE \ 0}‘%; 017 COPPER g nnesn<ble
MALACHITE S MATTE :
LIME o- B4 fg-:}:\ OTHER o-1% MN’-CL‘-‘(T\‘ADJ
SILICA - 1% fo-1 | ~la¥
LR
ASPIRATION (DELETE): NATURAL Faﬁ"\ BELLOWS —
WINDSPEED (BACKGROUND) s
WINDSPEED (ARTIFICIAL) ~% g
ARVOTUME-(PER FUYERE)
PERFORATED FURNACE %
CRUCIBLE
_ FURNACE LINING YD
TIMED RECORD
TIME .}.CTlON DESCRIPTION
s L@x\?m\'\f{ KLL\ e MYSLALh
O"\S"l lﬁ."‘n\/\c;\[ | (}5 fL\!"'(m\ oo LLW
T-8ns-
1013 Gt | t
(0~ 13 L\ CL\cwa.x CohfL.lLf
s 1 dua oot Uy hreo
fac T4 oLn-) co duke
10 3 Yed chge 1y chaol il
1Y prebe 1[G-w _:A;{ \fnf el
(0. 46 gl pass ’ Cn
':}-S‘-’ ‘_})PJ cL\angl C-*‘f“fb'
10. 55 4. cLHr \* ﬁ-zl_m “-3
(v d Slag forr ! Iy dhoplat
1Y Frdoz 1 oy 5k £ 2
65 A, Ao e ppuk
e, 55 ¢Iu (,Ln{ Sy R g s ﬂ_,.,\.&_\
{155 L LLFI)& Caqrphidos cunfbl,(
o Aondon OL\,&)_ |
i'S.J‘LO ; Aj‘( I’-O !a"u. 3
17 1Y Mo rd~ shop

310



Burn 1

Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 Channel 6 Channel 7 Channel 8

Temperatures:
Time

Minutes °C
0 15.2
1 15.2
2 15.1
3 15.2
4 15.3
5 15.3
6 18.3
7 18.6
8 20.7
9 62.6
10 63.4
11 60.1
12 51.0
13 38.1
14 34.6
15 40.6
16 112.9
17 120.9
18 82.1
19 104.0
20 105.5
21 74.0
22 136.0
23 228.0
24 381.6
25 437.5
26 500.0
27 609.9
28 678.8
29 643.0
30 614.1
31 634.7
32 687.3
33 691.7
34 722.1
35 818.1
36 893.3
37 912.2
38 877.6
39 1011.2
40 1038.7
41 1008.2
42 948.7

°C

15.1
15.1
15.1
15.2
15.2
15.2
16.3
16.3
16.6
35.6
56.7
453
37.1
313
31.1
33.6
344
33.6
479
53.5
57.4
272.7
407.3
5213
647.2
705.1
807.6
813.0
826.0
850.6
778.6
741.2
825.6
861.5
846.7
863.1
823.3
833.8
840.9
895.2
858
819.6
803.5

°C

13.1
13.0
12.9
12.8
13.2
13.4
15.1
15.8
21.8
334
55.0
43.1
38.0
36.1
51.7
50.1
40.0
333
28.9
30.1
62.6
524.9
738.7
754.5
864.9
889.2
937.8
929.4
970.3
950.1
916.5
1000.1
1027.6
1009.0
1051.7
1044.7
1027.2
1051.4
1139.2
1165.4
1156.5
1021.3
953.1

°C

14.7
14.8
14.5
14.8
153
15.4
17.2
18.8
22.7
126.5
113.8
90.8
7.7
64.4
57.7
58.3
54.6
51.6
51.1
52.2
65.4
355.9
708.8
845.9
741.9
720.5
744.9
725.2
740.4
748.7
750.0
763.9
785.1
761.4
742.7
746.8
732.7
723.5
737.1
753.8
763.5
758.1
740.4

°C

15.1
15.0
15
14.9
15.0
15.1
18.1
18.6
19.3
73.2
45.7
54.0
39.7
34.7
39.8
49.6
76.1
99.4
82.7
117.1
153.8
171.2
259.9
322.6
369.4
338.2
334.4
425.1
591.6
612.8
569.6
547.9
558.9
554.6
565.4
613.7
625.7
693.6
758.6
895.8
916.6
885.1
837.6

°C

13.6
13.5
13.4
13.4
14.0
14.5
17.3
19.5
26.8
75.8
74.0
97.9
57.9
50.3
64.1
59.1
90.6
101.1
155.4
238.0
282.5
349.0
346.3
622.8
822.0
751.3
841.5
911.6
943.2
945.6
983.3
1028.4
1018
998.6
960.1
939.9
931.0
912.5
985.4
989.5
997.7
965.4
936.1

°C

14.5
14.4
14.3
14.3
14.4
14.4
15.8
15.9
17.6
34.0
38.7
43.0
36.8
34.1
37.1
36.9
33.1
33.5
334
39.1
76.4
335.7
399.0
617.0
709.7
711.7
750.5
776.4
837.1
864.9
801.3
814.6
872.1
848.5
796.6
763.6
756.4
757.5
816.3
841.1
843.0
817.7
762.7

°C

13.8
13.8
13.7
13.9
14.2
14.9
17.6
18.3
27.6
72.7
73.1
72.3
52.1
45.0
53.8
50.3
44 .4
40.5
46.8
77.8
149.4
731
726.6
894.3
891.7
783.3
832.0
890.3
974.1
943.1
9323
915.2
923.4
887.1
882.8
885.2
870.7
865.7
900.1
919.0
981.7
975.2
913.2
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43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

924.0
929.4
949.0
931.8
919.9
923.9
915.8
920.5
934.6
1008.5
1066.5
998.5
975.0
921.5
917.0
873.0
892.4
988.1
989.4
970.6
971.2
977.4
974.2
953.3
930.7
914.1
910.3
922.9
918.5
914.6
899.3
884.9
871
855.1
861.0
862.5
852.1
827.9
822.6
843.6
868.2
958.6
987.2
842.0
857.2
862.8
816.5
798.8

790.4
817.6
827.9
792.0
754.3
772.0
758.3
762.9
732.5
743.8
742.7
744.1
750.1
791.4
778.9
745.7
775.3
843.4
841.3
824.2
827.8
841.8
854.9
855.3
837.3
828.4
828.2
842.3
850.0
842.6
824.2
815.3
831.1
838.3
843.9
849.7
814.2
791.5
782.1
764.0
751.7
746.3
745.2
740
723.7
706.1
691.9
680.7

921.8
979.0
997.6
1049.0
988.3
917.7
894.2
865.3
858.2
840.8
821.8
813.0
806.6
801.1
792.7
782.5
782.7
790.9
792.5
790.3
788.7
790.8
788.4
785.4
777.0
770.1
763.8
759.0
751.3
756.1
755.7
751.5
750.4
748.9
749.5
749.1
748.1
746
737.8
731.8
732.9
737.6
737.8
738.0
781.4
821.3
763.9
749.8

728.3
717.3
713.1
710.8
706.8
707.8
713.3
714.7
707.3
708.3
706.7
700.8
696.6
697.5
694.0
692.6
683.7
723.2
733.7
730.0
723.0
721.3
723.0
712.4
707.5
706.0
708.7
716.7
713.7
722.0
718.0
716.4
722.9
741.5
749.2
741.1
738.2
730.6
719.4
711.3
705.4
703.4
699.6
703.8
710.1
700.5
691.5
685.3

812.9
834.5
843.5
867.6
932.8
902.4
958.1
1003.3
992.9
945.4
864.9
842.2
827.0
877.5
915.3
942.0
957.4
945.9
939.2
914.0
909.9
945.9
964.7
943
934.9
920.4
902.9
886.9
898.8
915.4
890.0
872.5
859.5
849.0
848.3
805.8
795.7
796.9
760.3
747.8
724.4
691.2
651.4
753.2
779.8
750.1
732.9
734.1

939.9
968.4
980.3
981.4
1020.8
981.1
910.9
891.8
933.9
977.4
896.6
872.9
866.4
851.4
851.2
847.6
861.3
869.5
861.6
841.0
820.7
810.9
806.6
806.3
802.5
794.6
789.7
790.5
780.5
776.5
772.7
768.5
766.5
769.2
782.2
786.0
793.7
797.5
805.1
799.3
812.3
817.9
831.4
821.1
799.9
786.9
759.8
757.4

734.4
723.7
720.5
717.8
712.2
718.7
717.6
708.7
706.2
705.9
692.2
679.2
670.3
659.3
651.2
639.7
635.4
678.6
721.6
718.2
708.1
717.3
728.8
714.3
700.4
693.6
687.7
690.3
698.6
721.4
730.4
727.2
723.8
722.6
731.8
728.8
726.9
722.0
715.8
702.6
704.2
710.9
709.3
712.3
701.6
688.1
672.3
664.1

914.1
893.1
896.5
903.4
909.4
923.0
905.9
954.4
994.7
933.7
876.9
854.3
845.7
837.6
827.7
817.0
806.3
818.9
842.4
842.2
819.1
823.7
839.0
833.2
814.1
800.1
789.4
790.3
814.2
827.7
833.7
825.4
833.2
833.1
833.9
844.6
847.7
831.6
818.5
822.2
846.4
858.9
855.3
853.2
855.6
844.9
829.3
807.2
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91

92

93

94

95

96

97

98

99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

788.7
775.5
780.1
787.0
805.6
802.8
747.3
686.7
654.0
632.7
617.8
609.9
583.2
555.8
532.7
511.3
535.0
554.1
536.3
520.9
500.2
484.2
470.9
459.1
4534
434.4
417.9
460.1
480.4
481.0
461.6
462.0
447.4
557.0
658.6
684.8
689.5
685.9
677.6
669.2
659.9
650.0
637.4
621.5
606.4
594.4
583.8
573.6

668.4
657.3
646.4
636.5
623.5
621.7
619.8
619.0
619.0
612.5
610.5
606.7
607.6
599.6
594.0
588.6
583.3
578.2
570.5
570.5
567.0
563
558.5
553.0
551.3
551.0
550.1
554.9
554.2
551.8
563.6
547.4
549.7
543.2
537.5
529.2
524.7
523.1
520.4
522.3
526.2
528.9
522.1
512
511.8
505.5
503.1
501.7

748.8
743.2
735.3
728.9
719.7
714.5
707.7
690.7
680.6
673.9
669.9
644.0
671.0
693.9
701.8
702.4
699.6
694.7
690
685.0
680.8
676.2
671.0
665.5
660
647.5
609.9
601.3
599.4
598.7
597.5
596.5
595.8
597.3
603.0
608.3
611.5
613.3
614.2
615.3
619.2
621.8
623.0
621.0
616.4
611.5
607.3
603.7

681.4
675.9
670.3
664.4
659.5
651.9
644.7
636.3
626.7
615
607.5
603.2
598.6
591.4
587.2
582.1
576.3
570.6
563.9
565.6
559.7
5533
547.8
543.0
543.2
542.0
540.6
544.9
543.1
539.7
538.5
531
530.6
532.2
531.7
524.9
520.1
518.5
5193
521.6
525.1
522.0
513.0
507.2
510.2
505.9
503.5
503.2

738.2
714.9
681.8
645.9
701.8
7323
731.5
715.0
695.5
669.3
667.4
677.3
673.7
656.8
629.5
601.8
583.5
576.8
569.9
562.9
548.4
539.0
527.2
512.9
507.8
462.1
469.8
584.8
540.4
491.3
462.8
459.0
437.1
446.0
613.0
635.1
614.9
601.2
589.8
568.5
551.2
535.9
522.4
508.6
491.2
477.1
465.1
448.8

743.8
733.6
724.4
725.3
734.7
745.3
738.8
731.8
741.1
752.9
7533
748.5
746.9
749.0
782.7
809.7
820.2
825.9
832.9
826.6
822.1
823.0
822.9
823.5
820.4
831.4
815.3
796.3
801.8
802.4
811.4
811.3
813.8
803.1
801.7
809.9
820.5
831.0
821.0
814.7
814.3
818.8
818.3
811.2
801.7
795.4
792.5
792.9

652.7
641.6
631.2
621.3
616.4
608.8
602.1
597.1
594.7
593.1
591.6
588.6
586.3
582.7
577.9
572.8
566.3
559.8
5533
550.0
545.5
540.8
536.6
532.4
528.9
526.6
525.6
523.6
520.4
517.9
517.0
5144
5134
513.8
514.6
512.6
509.8
506.7
504.3
502.6
502.3
502.6
502.1
500.7
499.7
498.4
497.2
496.2

796.6
787.3
779.3
771.8
762.6
756.3
749.4
740.0
731.2
721.8
712.1
703.4
693.6
696.5
701.0
697.1
690.6
683.3
675.3
667.0
660.5
653.6
646.1
638.6
631.6
626.8
636.7
633.9
617.8
606.7
600.1
598.5
598.1
599.8
600.6
600.4
598.4
595.9
592.7
590.7
590.2
589.6
586.3
580.3
574.1
567.9
562.0
557.4
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139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186

565.3
555.8
546.3
538.7
530.4
522.8
515.6
508.9
506.0
504.9
503.3
500.1
498.7
495.5
491.7
486.8
4717.1
468.7
456.0
448.5
436.1
424.1
411.9
400.4
389.2
378.9
369.5
361.4
354.0
348.0
341.1
342.0
359.1
375.4
384.3
385.8
384.0
381.2
376.1
370.3
366.4
367.9
403.7
437.4
454.7
465.2
469.5
468.8

495.5
494.1
494.2
487.7
489.3
489.2
488.0
494.3
504.4
505.2
509.0
5135
519.6
517.5
515.8
514.3
5111
515.0
507.5
506.3
500.1
495.6
490.4
488.2
485.7
482.1
480.3
476.5
473.4
468.7
468.1
466.3
460.3
470.8
473.8
462.1
456.6
451.9
445.0
438.6
437.0
432.6
424.4
408.5
403.2
398.4
394.7
390.0

600.7
597.3
594.2
591.7
588.8
586.6
585.0
583.3
582.3
581.5
578.9
576.7
575.5
574.8
574.1
573.4
572.1
570.6
569.9
569.5
570
570.7
571.1
571.4
571.6
571.9
572.1
572.7
573.5
574.4
575.2
579.2
584.1
584.6
583.9
583.1
582.0
580.6
579.3
5717.6
575.3
555.9
549.2
557.7
561.5
562.3
562.3
561.8

497.2
499.1
498.5
490.2
492.7
493.8
492.4
500.1
502.7
496.1
503.5
509.9
514.0
519.5
523.1
523.4
523.8
534.9
527.6
538.5
543.3
551.3
557.3
571.2
587.1
602.2
621.0
639.8
654.5
662.7
674.0
680.6
666.4
650.4
634.7
620.7
610.6
601.9
591.5
581.1
574.4
566.7
560.6
557
557.3
5553
551.9
547.9

436.6
4254
407.9
401.2
3933
374.6
365.7
3425
3194
313.4
310.8
292.5
282.9
276.4
272.5
2743
2717.0
266.9
285.4
285.2
275.8
267.5
258.8
247.0
233.4
225.3
217.1
210.2
207.1
209.2
201.7
194.9
218.8
229.4
223.7
219.9
215.2
208.8
207.9
213.4
210.8
205.6
233.0
262.1
287.2
302.2
306.2
303.6

796.2
794.1
798.9
803.6
803.3
810.2
814.1
818.6
834.7
851.1
852.5
879.6
898.2
907.8
905.9
896.2
894.2
905.2
879.3
871.3
876.8
885.1
894.7
909.2
924.7
951.9
989.1
1060.1
1101.2
1080.0
1105.0
1135.7
1079.4
1097.6
1037.9
966.3
863.2
787.5
748.5
706.3
637.1
607.9
696.0
809.4
798.6
780.5
760.7
751.0

495.6
4954
494.8
493.9
493.8
495.3
497.0
503.2
514.0
525.1
533.9
550.5
571.0
591.7
609.1
618.3
621.3
633.5
645.3
659.0
680.1
703.1
718.3
727.7
748.6
775.8
796.2
806.6
810.6
804.4
817.2
809.3
750.3
709.6
684.6
669.8
658.6
650.1
641.2
630.9
620.3
611
601.2
591.0
580.3
569.3
559.1
549.8

5523
546.8
542.7
537.7
532.7
5293
525.6
523.0
521.4
520.8
519.5
519.7
521.8
526.0
531.8
536.9
540.3
545.8
549.7
551.0
556.6
566.7
582.3
605.0
627.6
647.1
662.8
678.0
686.0
686.2
690.3
697.6
701.7
685.9
670.4
658.3
649.1
642.3
635.9
627.9
619.8
613.4
610.8
604.5
598.0
592.0
586.3
580.7
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187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209

465.4
460.3
453.6
444.2
434.6
4242
413.2
403.6
396.6
391.7
390.1
398.2
402.7
403.9
401.7
397.9
392.0
383.3
374.5
365.6
355.6
347.2
341.0

386.3
383.2
379.4
374.6
371.8
368.6
366.7
365.9
366.5
367
375.6
380.7
378.9
375.5
372.0
369.0
367.0
363.7
360.9
357.2
355
353.2
350.8

560.8
559.7
559.0
557.3
554.9
552.4
549.7
547.0
545.2
544.0
537.3
5343
531.9
530.8
530.5
530.4
530.4
530.4
530.2
530.1
530.1
529.2
525.0

543.8
539.0
533.5
527.7
523.4
517.4
511.3
504.5
498.3
492.5
486.5
480.8
475.1
469.7
465.7
461.8
456.9
454.5
451.3
446.0
443.5
444.0
4443

299.4
293.4
284.7
278.6
274.5
267.9
260.5
253.0
243.6
235.2
223.7
210.7
202.0
194.4
188.1
180.3
175.9
173.9
169.6
168.6
180.6
192.5
201.8

742.5
757.9
801.0
805.5
765.2
726.0
671.3
647.0
645.3
642.3
891.9
943.5
854.0
801.3
743.5
674.1
620.5
535.8
459.4
550.1
601.9
592.6
584.2

541.3
533.6
527.0
521.5
516.5
510.8
505.7
501.2
498.9
498.6
499.8
498.1
495.0
491.8
489.4
487.5
486.9
487.1
487.8
488.9
489.3
485.8
479.6

575.3
570.1
565.1
559.5
554.2
548.8
543.1
537.9
532.8
527.8
457.2
445
463.5
470.9
471.7
470.3
468.1
465.8
463.3
460.9
458.4
456.1
451.2
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Burn 2

Record sheet:
KWPV EXPERIMENTS: FIAVE, TRENTINO, ITALIA
operator: OV pATE: 05[04 (2007}
BURN: 7 PAGE: 1
PARAMETRES
OXYEGN/SULPHUR RATIO: L S
FUELUCHARGE RATIO: |
REACTANTS MASS (kq) PRODUCTS MASS (kq)
MAGNETITE 0-8% SLAG 1250
CHALCOPYRITE O-49 COPPER
MALACHITE . a9 MATTE .
LIME ?5‘ 19 OTHER i resched %OQ‘E‘*
SILICA o 51
g I
ASPIRATION (DELETE): NATURAL BELLOWS
WINDSPEED (BACKGROUND) ' a
WINDSPEED (ARTIFICIAL) AT
AIR
PERFORATED FURNACE N
CRUCIBLE N
FURNACE LINING YD
TIMED RECORD
TIME ACTION DESCRIPTION
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Burn 2

Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 Channel 6 Channel 7 Channel 8

Temperatures:
Time

Minutes °C
0 28.1
1 28.3
2 29.2
3 30.2
4 31.3
5 322
6 33.2
7 344.1
8 765.7
9 770.3
10 762.2
11 752.4
12 741.4
13 731.4
14 723.7
15 716.3
16 710.2
17 704.8
18 700.1
19 696.1
20 690.8
21 687.2
22 682.7
23 678.8
24 677.6
25 678.8
26 709.3
27 714.1
28 716.8
29 717.9
30 720.2
31 723.0
32 726.1
33 728.4
34 730.1
35 733.2
36 745.6
37 738.1
38 729.7
39 722.5
40 716.7
41 711.6
42 707.0

°C

40.9
41.1
42.0
42.6
429
43.2
43.0
265.6
773.5
785.5
771.5
759.1
750.5
742.9
734.9
729.5
725
721.1
718.4
715.7
713.1
709.8
707.4
705.0
701.4
696.7
701.7
691.5
677.8
665.5
654.7
644.4
634.8
626.3
639.8
655.3
670.0
664.3
658.6
653.7
649.6
646.7
644.7

°C

41.0
40.9
41.5
423
42.4
42.8
42.9
146.2
572.9
618.5
622.1
623.9
619.3
613.9
609.6
605.4
600.9
596.9
592.8
588.8
585.0
581.6
5779
574.7
572
580.7
608.2
613.6
615.0
615.4
615.6
615.1
614.9
614.2
616.2
625.7
637.7
639.8
639
636.8
633.5
630.2
627.1

°C

15.4
15.6
15.8
15.8
15.7
15.6
15.4
153
14.9
15.0
15
14.9
14.8
38.8
228.7
297.6
276.9
626.7
760.4
769.3
771.3
776.3
781.1
785.4
788.4
754.2
297.1
130.5
66.1
423
33.8
28.9
26.2
24.4
23.6
23.1
77.8
644.8
694.2
696
702.6
711.2
721.9

°C

13.0
13.0
13.1
13.0
13.0
12.9
12.9
13.0
12.8
13.0
13.0
13.1
13.2
13.1
13.1
13.1
13.1
13.3
13.4
13.2
133
13.4
13.4
13.5
13.6
13.7
13.7
13.7
13.6
13.6
13.9
14.1
14.1
14.0
13.7
13.9
13.9
14.0
14.1
13.9
13.9
13.8
13.9

°C

13.1
13.2
13.2
13.2
13.1
13.1
13.2
13.2
13.2
133
133
13.4
13.4
133
133
13.4
13.4
13.5
13.5
13.4
13.5
13.6
13.6
13.6
13.7
13.8
13.8
13.8
13.7
13.8
13.9
14.1
14.2
14.1
14.0
14.1
14.1
14.1
14.2
14.1
14.1
14.1
14.2

°C

13.4
13.5
13.7
13.6
13.6
13.5
13.6
13.6
13.5
13.7
13.6
13.8
13.8
13.6
13.6
13.6
13.6
13.8
13.9
13.7
13.8
13.9
13.9
13.9
14.0
14.1
14.2
14.2
14.1
14.1
14.4
14.6
14.5
14.5
14.2
14.3
14.3
14.4
14.4
14.2
14.2
14.1
14.3

°C

133
13.4
13.4
13.4
133
133
133
133
133
13.4
13.4
13.5
13.4
13.2
13.1
13.1
13.1
13.2
133
13.2
133
13.4
13.4
13.4
13.4
13.4
13.5
13.5
13.4
13.5
13.5
13.7
13.7
13.7
13.6
13.7
13.7
13.7
13.8
13.8
13.7
13.7
13.8
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43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

702.7
700.1
697.3
694.6
692.4
690.2
687.9
685.7
683.6
681.6
680.7
692.8
701.2
708.0
710.6
712.6
714.6
715.7
716.6
718.1
719.9
722.1
724.4
724.9
724.6
724.5
725.0
725.0
725.7
727.5
730.6
728.2
729.4
728.3
778.3
678.2
648.3
642.3
637.3
632.2
628.6
635.5
649.0
708.2
712.2
717.4
737.8
741.8

647.5
689.6
690.6
690.2
691.4
693.3
695.8
698.8
702.0
704.0
705.6
706.6
741.9
798.6
809.4
818.2
823.6
825.2
823.6
822.1
820.7
820.4
817.8
826.4
850
852.9
846.2
844.1
841.9
836.4
828.8
824.7
820.5
744.7
743.2
740.2
737.1
735.6
739.0
740.3
743.8
652.5
628.1
635.2
634.3
632.1
630.0
627.9

624.1
627.9
637.3
639.5
639.4
638.4
637.2
635.5
634
632.8
631.8
631.6
631.6
631.6
631.2
630.7
630.2
630.0
630.0
629.9
630
630.2
630.6
631.0
631.6
631.8
632.0
631.6
631.0
630.1
629.1
628.6
629.7
595.3
634.6
696.5
641.7
681.5
692.3
693.2
690.5
834.7
602.1
586.0
596.7
600.0
601.1
598.7

731.4
735.1
730
736.5
747.0
758.3
769.1
779.8
788.8
797.3
805.7
814.1
827.0
849.2
876.3
898.7
9143
930.3
941.4
951.6
955.4
953.7
936.7
921.2
927.1
930.3
928.3
927.2
9243
923.5
933.2
937.6
934.6
919.5
736.8
208.9
95.5
52.7
34.5
259
21.0
18.4
17.2
16.5
16.3
16.5
16.6
16.5

14.0
14.1
14.0
14.1
14.1
13.9
13.8
13.7
13.6
13.5
15.0
19.9
26.3
23.0
22.4
29.9
19.7
39.9
233.6
447.8
484.5
465.4
459.3
488.0
507.8
517.3
528.1
586.0
643.5
670.6
697.4
707.5
712.8
738.9
764.8
788.5
805.8
819.9
837.3
851.6
863.7
781.3
250.1
121.6
102.1
141.2
244.1
257.8

14.2
14.3
143
14.4
14.4
14.3
14.3
14.2
14.1
14.1
16.4
23.2
38.6
314
21.1
58.8
286.6
518.5
662.7
769.5
824.6
819.0
763.7
740.1
723.2
708.8
698.8
715.5
741.9
763
775.5
787.2
795.2
801.4
808.3
815.6
822.2
831.4
836.7
843.0
849.2
854.8
846
785.5
599.9
504.0
552.1
586.9

14.4
14.5
14.4
14.5
14.5
14.3
14.2
14.1
14.0
13.8
15.1
20.2
30.8
23.6
17.3
253
923
194.6
3379
453.3
547.1
5933
633.4
661.2
729.4
752.5
750.5
820.5
699.0
651.5
631.5
627.4
613.1
606.6
612.6
617.5
631.3
644.8
651.0
659.5
668.9
670.2
379.3
308.4
460.5
3393
291.1
302.2

13.8
13.9
13.9
14.0
14.0
13.9
13.9
13.8
13.7
13.6
17.1
35.7
54.2
47.7
28
124.3
595.1
1004.5
1157.3
1162.2
1208.8
1082.0
865.7
794.5
756.5
737.7
778.2
1099.9
1039.2
1057.4
1062.0
1056.3
1040.1
1035.9
1040.9
1055.2
1061.9
1082.3
1140
1195.5
1167.3
1120.9
906.4
748.6
682.6
574.4
601.6
606.1
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91

92

93

94

95

96

97

98

99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

732.4
727.1
724 4
720.9
665.9
430.0
599.8
611.2
613.0
606.6
607.8
609.4
618.1
605.3
258.6
127.9
70.1
36.9
24.8
17.8
14.6
14.1
13.5
12.2
10.5
10.5
1.1
10.3
8.7
8.6
9.1
10.4
13.2
344.4
738.4
7943
801.3
803.0
803.6
794.8
793.1
793.9
793.9
793.4
793.6
799.7
806.5
809.1

625.1
621.9
617.7
613.7
609.4
512.4
249.8
112.4
70.6
464.9
600.1
607.7
626.4
630.4
635.5
642.9
312.8
88.2
40.7
22.1
16.0
15.6
14.9
13.4
11.2
10.9
11.4
9.9
7.6
6.9
7.2
8.3
11.1
429.1
716.4
722.7
722.6
722.2
723.1
727.4
732.6
740.2
751.6
765.1
771.5
776.9
785.4
789.8

596.5
594.8
592.8
590.3
587.3
587.4
583.4
580.8
578.3
523.0
161.3
63.8
48.7
38.6
334
29.1
253
21.7
20.1
16.8
14.5
14.5
13.4
12.3
10.2
10.2
10.8
9.2
6.8
6.3
6.7
8.0
11.2
17.5
17.6
19.2
18.9
17.5
18.0
17.5
19.5
19.3
18.1
14.9
17.3
20.4
18.5
18.6

16.4
16.6
16.8
16.9
17.3
55.5
109.5
100.9
82.5
67.4
554
46.4
40.1
35.8
35.8
38.8
28.8
21.0
18.5
14.9
12.9
13.2
123
11.8
9.9
10.1
10.8
9.4
7.1
6.7
7.2
8.6
11.5
40.8
25.1
18.7
17.0
15.2
16.2
17.3
18.0
19.1
19.8
17.8
20.2
23.0
21.4
20.6

238.9
236.4
461.4
916.3
1153.3
1192.4
1199.6
1142.1
1189.9
985.3
1064.3
1102.8
1099.2
1120.5
1063.6
1203.5
1266.1
1268.0
1281.4
1251
1264.2
1242.4
1122.1
878.7
1044.2
1045.7
1011.1
1062.7
1088.6
1071.4
1039.9
1033.1
1049.9
1106.8
1121.4
1138.0
1100.5
1124.1
1200.9
1146.9
1119.8
1084.1
1045.0
1008.6
984.1
965.8
940.2
925.3

5833
680.1
660.5
672.9
717.4
782.2
824.5
829.9
840.4
841.1
846.2
856.2
861.2
862.7
861.9
859.5
858.5
852.2
849.0
849.6
849.1
849.1
846.2
840.8
840.2
838.7
833.2
829.7
827.0
825.0
821.9
819.3
818.8
820.6
818.9
817.3
817.2
817.9
818.8
819.5
820.2
820.4
819.6
817.9
817.4
817.3
816.1
814.3

270.1
325.0
649.2
967.4
1127.4
1106.4
1151.5
1185.8
1204.4
1023.6
1058.2
1111.9
1125.3
1155.8
1163.3
1101.8
1092.8
1076.4
1055.9
1065.1
1086.5
1110.4
1077.4
1003.5
993.5
989.7
977.1
976.1
977.8
988.2
985.0
976.3
964.4
953.4
955.5
958.6
963.0
969.5
970.3
969.4
970.5
976.9
982.5
979.1
982.1
1003.9
995.1
966.6

608.1

653.2

703.2

770.0

851.2

911.2

940.8

963.2

986.3

1025.9
1060.2
1081.0
1079.3
1062.0
1070.2
1082.0
1095.9
1096.6
1098.3
1109.9
1108.1
1111.5
1109.2
1071.0
1070.7
1084.1
1083.0
1085.1
1098.6
1123.8
1136.0
1150.3
1174.4
1201.5
1166.3
1144.7
1147.9
1134.5
1112.5
1098.2
1078.6
1061.0
1044.1
1026.1
1012.5
1004.1
993.2

982.0
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139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186

829.3
851.8
848.2
843.2
839.7
837.3
835.0
832.8
832.4
831.7
831.9
832.6
834.8
836.7
837.1
835.5
840.1
846.4
843.3
837.2
832.2
827.5
824.0
821.6
820.3
819.0
815.7
812.9
812.9
812.3
808.5
804.7
802.8
802.8
801.9
799.8
795.0
278.2
56.9
31.3
19.5
17.7
18.2
18.8
16.4
18.4
18.9
18.7

791.6
793.5
794.9
795.6
797.5
798.3
799.3
798.8
799.7
802.5
805.3
806.1
804.7
804.0
802.9
800.8
796.6
794.4
793.5
793.3
794.3
796.2
796.4
796.1
795.8
794.0
793.5
793.1
791.0
786.3
781.7
776.9
772.1
770.5
772.6
772.8
778.3
267.4
53.6
27.9
16.4
14.4
14.7
15.2
13.1
15.1
15.9
15.8

18.2
18.2
19.0
18.2
20.2
21.4
20.2
19.4
18.5
18.1
18.3
19.0
19.7
18.4
23.1
25.6
24.8
26.2
24.5
21.9
22.1
23.1
25.4
26.3
26.6
273
26.2
24.1
22.1
222
24
24.4
24.0
25.8
27.4
27.9
27.5
19.5
13.0
16.3
14.5
14.6
15.2
15.8
13.4
15.9
16.8
16.7

19.5
20.4
22.0
20.6
22.6
24.8
23.8
233
22.2
22.1
224
23.4
24.1
22.5
3253
803.2
728.6
218.7
67.5
31.7
23.5
21.4
222
23.1
23.7
23.5
223
21.2
19.7
19.4
20.7
21.3
20.6
22.8
24.1
24
232
17.2
12.3
15.5
143
14.6
15.0
15.7
13.7
15.7
16.5
16.5

913.1
902.0
891.8
882.3
879.2
888.9
920.5
947.9
976.1
986.3
984.2
943.2
923.4
901.1
884.7
904.3
894.5
886.5
888.2
897.3
895.2
895.4
878.7
865.2
853.2
844.5
837.8
836.0
835.4
829.1
827.5
833.3
858.1
900.0
921.3
883.3
938.0
946.6
949.9
944.0
929.5
907.0
857.9
863.7
861.5
858.7
860.8
846.6

813.4
812.7
810.5
808.9
807.2
804.5
801.9
798.7
795.6
794.2
792.2
790.1
788.1
786.8
785.8
783.6
782.2
781.6
782.0
781.9
782.3
781.9
779.5
776.7
774.6
772.9
772.0
771.5
770.9
770.6
768.8
767.3
765.9
765
767.0
766.3
765.3
765.0
764.6
764.8
763.9
763.9
762.4
759.5
758.3
757.6
756.9
756.4

979.7

988.5

975.3

992.5

993.9

982.8

968.4

989.6

1014.0
1041.7
1091.0
1136.9
1141.0
1118.8
1095.5
1145.2
1168.2
1196.4
1203.9
1144.8
1084.4
1077.7
1072.1
1061.8
1055.4
1040.9
1006.7
1005.9
1011.7
990.8

987.1

1008.4
1026.4
1041.6
1057.0
1063.8
1074.1
1075.5
1070.5
1069.5
1059.1
1049.9
1043.3
1031.8
1022.3
1015.5
1013.5
1011.6

974.3
966.8
960.5
956.9
953.4
947.8
942.9
937.8
933.2
929.3
927.3
924.6
916.1
902.8
886.7
872.2
854.4
836
813.4
790.8
772.9
767.4
767.8
765.7
760.9
751.0
737.9
725.7
713.0
697.0
687.3
679.1
669.6
662.1
652.3
639.3
637.3
631.6
621.3
613.7
603.1
592.4
580.7
571.0
562.4
553.7
545.3
540.2

320



187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227

17.3
17.4
16.7
16.4
15.7
16.4
18.0
17.0
17.3
20.1
222
19.5
16.9
19.4
19.7
17.1
16.8
16.1
17.0
18.2
19.2
18.2
17.6
17.4
16.6
16.4
17.2
16.9
18.9
19.7
18.8
18.3
18.1
21.3
21.7
20.2
20.1
18.6
21.4
21.7
21.2

14.6
14.7
14.0
13.9
13.4
14.3
15.9
153
15.5
17.7
19.6
17.3
15.1
17.0
16.8
14.7
14.4
13.7
14.5
15.5
16.4
15.9
15.7
15.5
15.0
14.9
15.6
15.7
17.5
18.1
17.4
17.1
16.9
19.4
19.5
18.1
17.8
16.5
18.9
18.8
18.1

15.1
15.0
14.3
14.2
13.6
14.7
16.6
15.7
16.1
18.9
21.0
17.8
15.3
17.8
17.8
15.4
15.2
14.1
15.0
16.1
17.1
16.3
16.0
15.9
15.3
15.3
17.8
471.4
136.5
433
23.8
18.7
17.4
19.9
20.1
18.5
18.4
17.1
19.6
19.7
19.3

14.8
14.7
14.1
13.9
133
14.2
15.8
15.1
15.4
17.9
20.1
17.5
15.0
17.1
17.3
15.2
15.0
14.1
14.7
15.6
16.6
16.2
15.8
15.6
15.0
14.9
15.6
15.6
17.2
18.0
17.4
17.3
17.1
19.6
19.8
18.6
18.3
16.9
19.5
19.3
18.9

809.6
803.0
829.5
835.6
834.7
844.4
849.6
838.5
835.4
824.3
815.4
774.2
791.2
788.3
770.4
751.1
736.0
719.3
699.6
704.0
701.5
695.0
677.8
657.5
656.7
647.1
639.3
633.6
630.8
633.2
635.9
641.4
653.7
654.2
655.7
659.6
658.2
654.3
650.6
649.6
649.0

756.1
754.2
753.6
753.2
752.1
751.4
751.9
752.0
752.1
752.6
753.3
750.5
749.3
750.1
749.1
745.1
742.8
742.3
742.1
741.0
740.3
740.4
740.8
742.2
743.1
744.0
744.6
744.7
745.7
746.7
748.1
749.6
750.2
750.2
749.7
749.7
749.3
750.0
749.5
748.9
749.1

983.2
975.2
967.6
965.1
961.1
961.7
966.2
963.8
950.9
941.5
941.0
995.4
995.1
987.5
968.0
990.9
1013.6
1002.5
1015.0
1037.2
1047.7
1051.1
1050.9
1035.6
1029.4
1058.6
1064.6
1040.6
1043.7
1064.6
1079.9
1055.1
1033.5
1032.8
1024.5
1014.7
1007.7
977.8
967.0
960.4
957.6

532.5
526.7
520.8
515.2
508.2
502.0
496.1
491.9
487.0
482.1
477.9
474.1
469.3
464.7
460.7
457.6
456.6
456.9
454.9
450.7
446.1
442.0
438.6
435.5
432.2
428.3
424.9
421.8
418.1
414.8
411.4
409.0
409.7
408.3
406.2
404.2
402.4
399.0
396.6
395.7
394.2
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Bumns3 & 4
Record sheets:

KWPV EXPERIMENTS: FIAVE, TRENTINO, ITALIA
OPERATOR: of DATE: 06/ o)k
BURN: 3 PAGE: 1
PARAMETRES
OXYEGN/SULPHUR RATIO: L+ <
FUEL/CHARGE RATIO:
REACTANTS MASS_[KQ) PRODUCTS MASS (ka)
MAGNETITE & 58 SLAG 1510
CHALCOPYRITE ? r:S : COPPER e
MALACHITE ' MATTE
LIME ot OTHER wrrended © 1
SILICA O-43
(;‘\_
ASPIRATION (DELETE): NATURAL FAN BEHOWS—
WINDSPEED (BACKGROUND)
WINDSPEED (ARTIFICIAL) g PROL
AIR VOLUME (PER TUYERE)
PERFORATED FURNACE (N
CRUCIBLE
FURNACE LINING Y
TIMED RECORD
TIME ACTION DESCRIPTION
(Q.’U w 2 ‘Lﬂ\o{ L"DS"‘} Corr—2nte)
1936 lbf\l\m L&"""’}/ \LLDCL\M-*A
!OS“L Q“el L('\-v\z‘ \ Lﬂ {:'L.v: n~\
I|'!So @M ciancezO
oharcoal
:yw(ctum e
1 VL ?1 ‘?
1
R SN Lﬁ o
1 sy (: LJT‘ - b
17.61 M =5 EC
1G: Tt F/\ {- ﬁfm c L.:LJ
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KWPV EXPERIMENTS: FIAVE, TRENTINO, ITALIA
pate: 06[04 (07}

OPERATOR: OP

BURN: L(_

PAGE: 1

PARAMETRES

OXYEGN/SULPHUR RATIO: "2 ° S
FUEL/CHARGE RATIO:

REACTANTS MASS (kg) PRODUCTS MASS (kg)
MAGNETITE O-4L SLAG 0 R4
CHALCOPYRITE ?'29;_ COPPER -
MALACHITE ¢ MATTE  _
LIME ey OTHER wedid 60
SILICA O-31
74
ASPIRATION (DELETE): NAHIRAL @ —BECTOWS
WINDSPEED (BACKGROUND) e
WINDSPEED (ARTIFICIAL) B
AIRMOLUME (PER FUYERE)
PERFORATED FURNACE %}
CRUCIBLE
FURNACE LINING YA
TIMED RECORD
TIME AGTION DESCRIPTION
(465 ‘5"‘""’"\ “‘j °L“'ﬂ
(554 Tndehr fl fards ol
($$3 Eh Loy o s
b .[1 SLL\ DL\J7 = fe
& b! GO 6 ]/L\ S — -~
(T vs R N . S
1343 ci. s ?29%,/ 4o

1419 [ {#
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Bumns3 & 4

Temperatures: consecutive experiments (data from channels 2 and 4 reflect ongoing

probe failure)

Time

Minutes

O 0 N N L kWD = O

AR W W W W W W W W W W KR N N DD DD DD N NN — = = = e s e
— O 0O 0 N N R WD = O O 0NN R WD = O 0 0N W NN~ O

Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 Channel 6 Channel 7 Channel 8

°C

10.5
10.4
10.1
10.1
10.1
10.4
10.5
10.5
10.5
10.9
11.1
11.4
11.6
11.8
12.1
12.2
13.0
13.0
12.9
13.0
13.1
13.3
13.6
13.8
12.4
11.0
11.3
10.9
11
11.2
11.2
11.2
11.3
11.4
11.7
11.7
11.6
11.3
11.3
11.6
11.3
11.2

°C

11.6
10.9
10.0
10.1
10.3
10.5
10.6
10.6
10.6
10.9
11.0
11.4
11.7
11.8
12.0
12.3
13.1
13.1
13.0
13.0
13.0
13.2
13.4
13.6
12.7
11.6
11.5
1.1
11.1
11.3
11.3
11.2
11.3
11.4
11.7
11.7
11.6
11.3
11.4
11.7
11.4
11.4

°C

10.6
10.5
10.2
10.2
10.1
10.4
10.5
10.5
10.5
10.8
11.0
11.3
11.6
11.7
12.0
12.2
12.9
12.8
12.6
12.7
12.8
12.8
13.0
13.2
11.9
8.4
7.8
7.8
9.3
10.8
1.1
11.1
11.3
11.4
11.7
11.6
11.5
11.2
11.3
11.6
11.2
11.2

°C

10.4
10.3
10.0
10.0
10.0
10.2
10.3
10.4
10.3
10.7
10.8
1.1
11.3
11.5
11.7
11.9
12.7
13.1
133
13.2
13.2
13.4
13.7
13.8
12.8
12.2
11.6
10.9
10.6
10.6
10.6
10.6
10.8
10.9
11.3
11.3
11.2
11.0
11.2
11.4
11.1
11.1

°C

12.6
12.5
12.0
11.8
11.9
12.1
12.4
12.3
12.0
12.2
12.3
12.5
12.6
12.8
12.9
12.9
13.0
12.9
12.9
13.0
13.5
13.9
38.9
40.2
56.2
32.1
15.9
28.3
39.9
42.6
45.6
53.1
56.6
58.4
72.8
153.3
310.1
466.8
543.8
577.5
589.9
632.1

°C

13.4
13.4
13.2
13
13.1
13.2
13.2
13.2
13
13.2
13.2
13.4
13.6
13.9
13.9
13.9
14.0
13.4
12.8
13.0
133
223
51.6
68.3
83.8
87.1
131.5
170.4
184.3
209.1
234.4
291.0
370.4
457.7
546.8
644.4
716.5
734.7
797.3
807.3
804.1
800.6

°C

13.1
13.1
12.8
12.7
12.9
13.0
13.1
13.0
12.8
12.9
13.0
13.4
13.6
13.9
13.9
14.1
14.1
13.3
133
45.7
59.1
59.2
63.4
53.8
76.2
244.6
674.4
448.8
343.0
339.8
341.6
377.7
388.2
428.1
487.5
545.9
581.9
610.7
625.8
645.9
649.5
662.6

°C

12.9
12.9
12.6
12.3
12.5
12.5
12.7
12.7
12.6
12.6
12.6
12.9
13.2
13.4
13.5
13.6
13.9
36.2
174.6
351.4
426.8
442.5
409.4
244.5
189.1
234.8
790.3
648.7
574.7
555.5
545.4
542.8
532.1
542.4
587.2
614.1
632.0
638.8
645.1
712.8
715.3
730.5
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4
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89

11.4
12.0
12.6
13.0
13.2
13.0
455.8
817.4
854.4
863.6
885.2
899.9
859.0
834.7
929.1
977.9
1042.7
1059.5
1030.1
1019.9
992.8
942.9
927.0
975.5
972.4
981.9
1002.3
1023.1
1035.1
1008.3
988.1
982.8
986.6
987.8
979.5
992.4
1018.0
1025.9
1036.8
1053.5
1090.2
1108.9
1107.5
1115.8
1110.3
1105.3
1091.0
1073.0

11.5
12.2
12.8
133
13.5
13.0
75.7
737.3
791.7
810.1
775.1
761.4
781.6
894.6
1030.0
1030.4
1052.0
1061.4
982.8
976.4
990.7
1004.3
1053.8
970.2
968.2
1012.8
1038.4
1062.8
1081.2
1088.0
1096.4
1082.5
1070.7
1032.7
985.5
881.9
909.4
927.6
938.1
950.5
963.3
966.4
968.0
970.0
973.5
977.2
977.8
967.6

11.3
12.0
12.6
13.1
133
12.8
143.3
722.7
913.7
903.7
918.3
916.2
918.9
971.7
1027.5
999.3
1031.8
1037.7
1003.8
988.5
997.5
1014.3
1008.4
950.7
948.5
973.3
999.1
1003.3
1017.9
1036.4
1043.1
1055.7
1059.2
1043.0
875.6
752.2
901.6
908.2
912.7
918.3
930.1
932.7
935.2
938
940.7
940.4
938.0
932.5

11.2
11.8
123
12.9
13.2
12.5
13.4
14.4
15.0
15.8
14.9
13.9
16.1
16.9
16.4
16.2
15.9
17.2
20.3
22.6
23.1
21.9
21.2
20.3
20.7
21.6
20.3
19.8
20.4
21.8
23.2
24.0
22.5
184.1
480.1
559.1
553.0
558.3
583.2
595.0
592.2
571.8
449.7
426.6
399.4
406.5
432.9
408.3

664.5
678.1
669.4
693.4
709.5
709.3
704.1
723.9
727.5
723.9
726.3
739.3
755.1
737.6
717.6
736.9
753.7
765.5
775.5
788.3
792.4
792.5
810.7
835.9
837.8
851.5
867.5
884.7
874.8
884.7
869.8
896.3
934.9
915.9
900.0
899.6
900.4
907.1
904.5
898.8
902.2
899.9
897.9
897.3
886.6
879.3
884.3
875.9

812.0
838.3
839.9
850.1
871.6
891.2
893.0
907.2
893.8
863.1
869.9
8353
860.7
864.8
864.5
856.3
872.9
864.7
874.1
890.9
938.5
941.4
948.4
954.0
947.6
942.8
946.9
945.3
925.9
945.6
947.8
962.5
963.8
966.1
9423
9233
931.2
956.4
960.6
964.8
961.2
959.6
953.2
958.3
954.3
941.6
940.9
938.6

681.5
688.3
689.9
687.9
767.8
776.0
772.9
795.7
794.7
806.6
832.3
838.5
824.7
821.6
826.7
814.0
814.7
813.0
818.4
823.3
832.9
838.1
836.3
834.6
836.3
826.1
817.5
822.7
8323
840.6
851.8
842.5
844.5
853.9
862.2
865.6
866.9
864.4
866.7
857.4
867.5
884.5
887.4
889.5
888.4
883.4
882.7
877.7

732.5
752.8
767.2
767.4
772.6
740.4
736.4
734.1
726.4
728.4
735
750.1
762.4
769.3
756.5
752.4
750.6
743.0
752.1
767.7
775.2
792.4
790.7
794.0
793.8
806.1
803.5
804.0
813.9
819.9
834.5
849.1
858.5
853.2
871.7
875.5
873.4
882.4
878.7
869.1
868.7
849.1
850.4
846.9
831.1
826.2
829.4
837.6
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90

91

92

93

94

95

96

97

98

99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137

1065.9
1059.6
1048.7
1043.0
1025.1
1009.3
994.7
986.0
981.9
978.8
972.5
958.3
924.5
901.5
889.2
887.1
892.0
901.2
911.8
925.2
939.7
960.8
976.0
989.4
1000.8
1007.3
994.4
960.5
922.1
901.9
895.6
901.4
917.6
935.8
952.5
967.6
979.8
980.8
981.2
989.0
998.6
1005.8
1007.3
1009.7
1010.9
1004.9
996.5
991.3

955.5
947.3
941
936.0
930.4
919.7
910.1
905.7
903.5
900.2
894.6
878.3
854.6
845.8
845.2
844.6
841.2
839.3
841.2
844.5
848.9
854.2
858.3
860.7
862.9
865.8
869.1
909.7
957.6
959.9
707.5
953.3
997.8
1028.2
1051.7
1073.7
1077.4
1011.1
1046.3
1050.2
1054.6
1039.0
1011.5
1011.7
1024.7
1021.5
1014.5
1008.0

928.6
925.8
922.6
919.4
916.2
912.7
909.8
907.4
907.0
907.9
906.7
906.9
895.3
881.2
868.3
858.8
852.5
848.9
848.4
849.4
851.1
855.5
858.5
863.4
868.5
873.6
877.9
886.6
876.8
863.4
854.5
849.8
849.3
852.2
857.5
864.5
861.1
848.6
852.2
856.3
862.4
868.8
873.5
877.5
880.6
882.6
883.8
883.8

395.0
3793
365.6
356.9
339.1
333.9
2253
112.1
64.3
42.4
32.6
27.3
24.5
22.7
21.9
21.6
21.2
21.1
20.8
20.7
20.7
20.8
20.8
20.8
20.7
20.7
21.1
21.1
21.1
20.9
20.8
20.7
20.3
20.1
20.5
21
21.3
21.8
22.1
224
224
22.6
22.8
22.8
22.8
22.8
22.8
22.9

867.8
896.5
896.5
887.3
877.5
883.3
869.6
873.6
869.8
867.6
869.9
889.8
933.9
954.9
954.5
947.8
951.4
949.1
957.3
957.9
1099.3
1169.8
1142.6
1054.8
836.9
897.4
1038.7
1152.8
1123.0
1032.1
968.7
912.1
832.7
854.2
982.1
892.4
838.5
900.8
940.6
855.4
795.7
849.9
783.2
671.8
583.3
521.4
470.8
477.2

931.6
950.2
947.1
938.7
936.7
936.7
943.3
944.6
948.9
949.8
955.2
957.6
969.3
977.6
982.1
977.2
972.9
976.6
983.3
1015.5
976.5
987.1
1067.0
1066.8
1101.7
1117.7
1023.8
1122.0
1047.7
1001.4
1016.7
1060.1
1031.0
1000.3
974.8
1008.4
1006.6
985.5
1013.3
1043.1
972.7
927.9
924.2
943.6
944.0
934.1
942.1
915.1

871.6
877.5
880.9
874.7
874.2
865.4
867.1
856.4
815.7
803.6
786.3
784.2
787.6
793.5
749.8
707.4
701.7
721.8
810.5
840.7
997.6
1122.6
1095.2
1097.5
1128.5
1143.9
1067.2
1071.7
1109.6
1164.9
1094.4
1068.7
1092.4
1082.1
1068.9
1076.3
1070.1
1076.3
1071.7
1100.2
1038.3
1017.8
1057.2
1082.9
1093.0
1088.3
1088.0
1037.5

830.9
862.0
861.4
845.0
843.1
839.2
839.4
838.2
844.7
849.9
860.8
868.3
872.9
867.4
859.7
856.1
859.3
867.0
884.5
900.3
1155.8
1205.8
1148.2
1011.7
1090.6
1075.2
887.9
1001.8
1083.9
1050.0
1030.9
1009.5
992.5
975.3
988.1
1029.6
1027.4
1061.3
1033.8
993.9
1001.0
935.4
908.1
898.9
915.0
928.2
914.8
876.8
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138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185

987.9

985.3

981.7

969.2

891.5

1028.5
1041.8
1054.1
1053.9
1068.4
1080.9
1089.6
1097.2
1065.1
1073.5
1061.2
1048.8
628.9

976.5

989.5

983.2

986.6

994.3

1013.3
1021.4
1035.4
1051.4
1078.2
1071.8
1075.9
1082.6
1109.3
1114.4
1114.8
1092.8
1084.8
1089.2
1083.3
1077.8
1071.5
1070.2
1074.8
1073.4
1075.3
1068.6
1056.4
1067.1
1072.5

1001.4
1002.6
993.0
865.6
877.9
968.9
973.6
994.3
978.4
1028.9
1006.8
1015.1
1059.5
1115.8
1105.6
1043.1
828.0
1001.2
1025.7
1028.7
1012.1
994.8
974.5
955.7
949.1
960.3
1037.1
1022.6
991.0
963.7
951.9
945.2
982.0
1004.6
927.1
868.0
859.3
869.2
863.0
841.6
826.5
809.5
795.7
784.4
777.5
784.5
781.1
783.8

883.8
884.1
885.4
816.5
1072.9
1061.7
1102.9
1093.3
1104.8
1103.7
1107.9
1126.6
1121.1
1087.6
1093.6
839.7
904.3
1084.5
1114.1
1134.1
1148.9
1149.6
1135.3
1087.9
1090.4
1102.0
1096.7
1103.0
1111.5
1087.7
1086.4
1075.3
1072.0
1063.2
1094.4
1061.2
1062.9
1072.8
1077.7
1071
1098.6
1109.2
1099.4
1075.5
1116.7
11153
1123.2
1102.4

23.2
23.4
22.1
22.4
234
23.5
25.5
25.0
244
24.0
23.6
233
23.0
22.9
22.6
229
24.8
27.9
27.9
27.2
26.6
26.3
26.5
26.5
26.2
26.0
26.3
25.1
24.4
242
243
242
24.6
24.9
24.7
24.9
24.8
25.1
25.8
26.4
26.2
26.0
259
25.8
26.0
259
25
25.5

540.2
598.6
618.3
670.8
689.5
662.1
332.1
666.9
905.0
827.7
631.8
515.0
4224
608.5
813.3
928.8
909.6
838.5
674.4
630.1
579.5
564.5
531.6
484.8
4254
350.8
467.8
445.4
298.6
386.3
403.3
450.0
389.6
361.8
441.2
453.5
438.7
396.8
310.1
266.5
259.1
242.2
224.9
210.7
241.2
2299
203.8
170.1

902.7
920.8
933.8
908.6
924.7
9523
977.7
950.8
961.7
955.9
959.6
964.9
959.9
952.4
902.5
849.2
847.3
857.2
874.6
884.8
878.9
870.2
878.6
892.4
897.6
895.9
901.2
904.1
884.7
860.1
881.8
878.6
880.9
882.6
894.5
917.8
917.6
914.6
931.9
916.0
914.5
911.5
904.4
910.0
912.2
916.8
935.3
936.1

1010.2
1030.5
1049.3
1018.4
1016.7
1007.3
989.1
963.1
960.1
971.9
985.9
981.2
976.6
973.8
972.1
954.0
961.9
966.2
975.3
978.3
972.1
967.8
960
961.5
959.6
954.7
965.7
974.2
944.6
919.2
935.6
950.7
952.0
939.2
940.4
942.3
935.7
925.2
930.7
935.6
938.6
943.7
941.4
942.6
946
947.3
952.2
958.7

846.1
831.5
825.6
815.5
829.0
894.3
884.1
862.8
852.7
850.6
860.1
870.4
882.7
884.6
869.8
839.9
853.2
873.5
926.1
947.1
924.0
901.8
890.2
870.7
847.2
822.5
796.1
767.4
741.0
730.8
744.8
694.8
648.6
629.5
628.4
602.5
570.6
572.9
559.6
531.5
505.8
485.0
490.4
486.8
464.1
439.5
411.4
382.8
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186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233

1067.5
1066.9
1063.9
1044.3
963.3
941.3
944.8
828.8
276.5
114.2
62.0
36.2
28
23.0
20.4
19.1
18.7
18.9
19.4
20.0
20.1
20.4
20.9
20.5
19.4
18.6
18.8
19.1
19.3
19.3
19.8
20.7
21.7
22.6
23.4
23.7
23.7
22.8
22.4
314.0
1015.7
978.6
1004.8
1023.3
1079.6
1053.4
1016.2
996.3

785.1
797.4
808.4
818.2
841.2
558.0
948.4
917.7
906.1
919.2
953.2
969.1
984.1
1000.1
1019.6
999.3
937.1
917.3
915.4
911
894.4
896.1
905.1
909.3
910.1
914.4
920.5
681.3
952.6
948.5
862.8
821.5
810.2
767.3
770.3
777
745.4
758.1
795.1
758.4
334.6
857.2
882.6
886.8
901.3
897.4
906.2
904.3

1086.9
1042.5
1012.2
1001.7
977.4
9153
806.5
624.8
861.1
896.7
945.3
983.1
997.7
1009.1
1023.9
1043.9
1020.3
1038.6
1040.3
1026.8
997.5
979.8
974.3
971.8
970.8
971.0
971.4
970.8
973.2
974.3
971.5
960.0
964.6
967.2
970.3
974.4
968.8
957.9
965.8
983.9
991.6
958.9
1017.1
1043.9
1057.4
1045.0
1034.0
1031.8

25.5
25.1
24.9
24.6
244
24.7
243
24.1
24.1
783.4
1020.1
1024.7
1028.6
1006.4
988.5
1020.1
1046.4
1062.4
1097.4
1014.4
921.8
901.8
909.6
893.6
879.8
872.1
870.8
918.0
9193
945.6
963.0
970.0
991.3
1000.8
1024.3
1043.0
1016.4
736.8
177.4
72.9
45.8
32.7
26.4
23.7
22.5
22.5
22.7
22.6

133.2
112.3
104.6
102.0
93.8
88.2
83.6
79.6
76.7
74.0
70.7
79.4
81.9
83.4
90.6
87.8
88.3
89.3
89.9
98.0
189.5
175.1
144.8
95.0
61.7
49.5
59.6
91.8
102.8
97.5
186.8
3193
3272
155.5
89.5
66.2
53.5
46.4
37.8
39.4
40.2
36.2
33.5
32.6
29.1
28.1
27.0
26.2

928.6
915.1
887.7
860.5
840.1
805.1
763.5
703.6
658.2
612.6
571.1
722.4
783.3
792.6
772.1
768.5
751.9
750.7
771.2
763.3
730.6
701.7
686.3
654.5
620.0
594.9
592.6
574.3
614.6
618.2
575.3
535.9
518.1
515.2
496.2
483.3
474.1
467.1
4433
426.4
411.7
396.9
375.7
356.9
354.1
373.6
354.7
329.1

966.6
966.6
971.2
970.4
971.6
972
968.6
965.1
962.4
954.8
947.8
914.9
900.8
893.8
882.5
881.2
883.3
887.8
889.5
890.1
895.6
897.7
899.8
900.9
904.8
911.0
914.8
927.0
960.0
975.0
906.8
854.5
847.4
903.2
954.4
980.5
990.8
999.2
1001.2
1000.7
1006.1
1010.6
1011.1
1008.0
1002.7
991.7
989.2
990.3

358.1
342.2
3333
322.5
306.0
287.6
269.4
250.2
230.3
212.5
195.9
194.9
199.1
194.1
202.1
240.2
297.6
317.2
315.5
324.5
3293
345.4
367.9
363.4
347.6
322.5
301.7
297.9
286.1
272.5
285.1
2993
311.1
318.7
314.6
300.8
301.9
286.5
262.8
239.5
225.5
214.5
205.6
196.3
188.3
183.8
179.7
172.4
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234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281

1007.2
1001.4
968.9
957.6
953.2
949.5
947.5
956.3
955.8
936.9
958.1
397.6
563.9
1067.5
1062.9
1038.2
964.2
999.3
1061.2
1069.4
1078.4
1064.5
1026.0
1033.5
1051.7
1065.1
1066.2
1069.0
1072.9
1062.0
1045.7
1045.0
1043.9
1068.2
1074.2
1075.5
1022.6
980.6
950.4
931.7
920.9
915.9
909.6
901.3
894.9
890.8
888.6
887.4

906.4
898.0
896.8
903.8
907.1
906.9
905.9
661.7
490.4
959.2
988.7
1008.4
953.8
963.3
977.2
983.0
981.7
992.2
1000.5
1007.7
1007.4
1012.0
1019.3
1024.5
1027.6
1031.7
1036.6
1039.8
1058.6
1071.2
1075.3
1069.2
1067.3
1073.9
1036.7
1024.5
1033.2
486.9
1020.7
1039.4
1055.8
1050.9
1072.1
1070.5
1080.5
1089.6
1089.3
1088.8

1017.9
982.2
954.1
949.5
944.0
9323
908.8
904.1
894.5
926.6
944.4
982.2
953.8
942.9
944.8
957.6
949.4
949.1
946.5
944.3
996.9
1055.3
1037.9
1039.5
1047.6
1049.9
1057.5
1064.1
1065.0
1054.1
1050.1
1057.4
1070.3
1082.7
1100.1
1117.1
1083.0
1087.7
1068.5
1090.8
1092.9
1084.0
1083.1
1084.9
1110.9
1125.5
1136.7
1133.6

21.8
20.0
18.8
18.4
18.7
19.3
19.8
20.2
20.7
21.1
21.9
22.1
22.1
22.2
22.4
229
23.2
23.0
22.6
22.6
22.8
22.7
22.8
22.9
23.4
23.7
232
22.6
22.2
21.9
21.7
21.7
213
21.0
21.0
21.1
20.9
20.9
21.2
21.5
21.3
19.6
18.9
20.1
22.9
26.9
28.5
34.7

26.4
253
24
22.2
39.1
64.8
85.2
103.5
121.9
138.0
150.7
90.4
47.6
31.7
24.9
22.7
21.8
21.0
20.9
20.7
20.7
20.4
19.8
19.9
20.7
20.9
20.6
20.0
19.2
18.1
18.3
325
37
44.4
52.7
554
54.7
56.2
65.4
54.8
87.0
199.4
536.7
906.1
1026.1
1080.5
1081.1
1118.2

319.8
312.9
304.6
298.4
295.1
293.7
293.5
292.6
292.1
291.5
290.1
177.1
84.4
51.8
36.6
30.1
27.6
26.1
253
24.8
24.4
23.9
23.6
233
23.7
23.9
23.7
234
232
23.4
233
38.8
55.8
62.8
64.4
65.3
65.4
67.5
75.6
66.4
73.1
163.1
460.8
690.3
736.2
775.4
790.8
774.5

989.5
987.4
984.7
980.5
908.4
845.1
810.4
786.2
768.8
754.6
7223
316.2
139.1
77.9
50.5
38.0
33.6
30.9
29.1
27.9
26.7
26.2
25.5
25.5
26.7
27.5
27.5
26.6
26.4
25.8
25.6
40.2
61.2
68.4
72.0
71.8
70.8
71.5
78.0
70.6
72.8
62.9
64.9
127.2
403.4
609.8
742.0
713.7

165.5
160.0
156.4
154.1
152
157.4
164.3
170.5
175.4
179.6
173.1
91.5
51.2
34.6
27.3
24.4
22.7
21.5
20.3
19.9
19.9
20.0
19.6
19.7
20.1
20.4
19.9
19.3
19.6
19.3
18.4
20.8
41.0
53.7
59.5
63.8
65.6
68.0
78.0
64.0
74.7
144.9
395.6
677.9
896.7
1066.5
1085.4
1055.4
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282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329

887.4
888.8
891.0
895.1
898.9
901.9
904.7
907.3
909.1
913.0
916.8
919.0
9243
922.1
914.5
908.2
904.1
901.8
900.5
898.9
897.2
895.8
894.9
893.4
891.2
889
886.7
883.3
880.0
878.4
878.2
878.1
877.4
876.7
880.3
879.6
879.4
880.9
884.0
888.4
888.0
884.7
882.3
880.6
880.7
884.0
888.2
892.3

1086.4
1086.5
1089.2
1093.7
1095.8
1095.1
1098.2
1091.8
1103.8
1103.3
1103.2
1100.2
1090.9
1061.5
1059.7
1061.1
1057.2
1053.5
1053.7
1053.2
998.3
975.2
992.8
993.3
979.0
972.2
986.5
1004.8
972.7
965.4
969.6
977.2
1014.5
1003.9
997.1
989.0
986.5
987.8
990.2
993.8
998.9
1003.7
1009.0
1010.4
1019.4
1029.7
1041.0
1049.2

1126.8
1117.2
I111.5
1108.4
1105.0
1098.0
1089.9
1080.1
1064.2
1060.9
1053.0
1076.9
1071.6
1079.9
1089.7
1060.6
1053.4
1041.8
1029.0
1026.7
1045.4
1065.9
1072.2
1063.3
1071.3
1075.6
1072.3
1062.4
1065.2
1068.3
1064.8
1057.2
1025.7
1006.2
987.8
975

969.6

967.8

967.5

968.5

971.1

973.2

974.5

975.5

978.0

984.7

991.0

996.7

313
29.9
30.4
29.2
27.4
27.6
27.5
29.6
29.5
30.4
34.1
32.6
30.8
30.0
29.5
30.0
30.9
314
313
30.4
29.7
27.4
26.6
25.6
25.5
25.6
25.2
27.2
30.3
31.2
31.2
29
324
355
343
32.1
28.0
25.6
25.0
25.2
259
27.9
30.6
333
34.6
34.1
34
33.6

1119.1
1125.5
1149.4
1113.6
1115.9
1168.3
1159.7
1206.7
1217.6
1138.2
1149.9
1123.7
943.1
890.1
1004.2
1065.2
1122.0
1133.7
1127.5
1112.0
1082.2
1135.0
1077.2
1048.7
1059.9
1076.1
1070.4
1065.0
1058.2
1003.2
959.2
948.4
940.2
921.3
918.9
888.3
859.8
868.2
954.7
930.8
829.4
742.0
670.4
623.2
583.7
491.7
453.0
454.3

782.6
812.4
813.2
808.8
815.7
853.1
901.0
9423
909.9
883.9
908.8
906.9
894.3
887.5
855.8
846.6
840.7
824.7
812.8
805.8
826.3
810.8
799.0
791.5
789.4
794.7
801.0
800.8
799.1
787.1
768.1
758.3
750.9
741.1
736.4
732.4
732.1
730.4
728.3
724.3
724.7
725.8
725.4
722.0
719.9
721.8
725.4
728.8

717.2
781.8
813.7
838.2
847.0
867.7
835.4
844.6
883.2
868.7
855.8
870.5
884.2
895.8
843.4
806.4
809.3
811.5
815.1
821.8
827.9
816.3
818.1
817.0
810.9
811.1
811.3
809.8
794.7
798.2
811.2
807.7
786.8
781.9
778.4
766.2
767.4
763.0
756.0
752.1
756.2
762.3
762.7
762.8
760.1
765.2
783.3
802.3

1206.8
1210.8
962.4

1017.9
973.2

951.5

945.4

974.2

953.0

968.5

1015.5
1091.7
1059.6
1062.5
1051.1
1100.9
1136.4
1120.6
1150.3
1132.6
1145.2
1192.5
1137.6
1149.6
1178.8
1254.6
1216.6
1137.8
1153.3
1134.1
1206.2
1221.4
1219.8
1222.1
12333
1213.8
1184.7
1128.9
1070.6
1070.4
1144.2
1109.8
1173.9
1176.3
1139.7
1118.4
1089.8
1114.3
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330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377

896.3
899.8
902.7
905.6
907.1
905.4
900.1
893.3
885.3
877.2
870.3
864.5
859.8
856.1
853.7
851.4
849.4
848.4
848.0
847.8
847.4
847.7
848.4
849.0
849.5
850.0
851.2
853.2
854.8
856.0
858.2
860.7
863.1
763.7
235.1
593.0
1069.0
1102.5
1041.2
971.6
961.7
958.0
955.5
953.1
950.8
956.1
958.9
949.5

1061.3
1071.8
1076.2
1080.2
1069.5
1061.6
1062.9
1067.8
1067.6
1071.6
1074.3
1075.1
1071.0
1072.5
1076.3
1078.1
1076.9
1085.9
1095.5
1097.5
1101.9
1101.4
1097.0
1099.8
1100.2
1096.1
1084.6
1077.6
1081.6
1077.3
1079.1
1072.5
skokskoskokosk
845.1
757.4
755.2
765.4
819.1
864.7
883.2
867.1
858.8
858.6
871.7
893.8
902.8
972.7
456

1002.4
1009.6
1014.7
1018.9
1018.8
1004.8
1018.6
1043.4
1051.3
1058.1
1060.9
1064.4
1059.7
1060.1
1069.6
1079.6
1083.4
1087.6
1088.0
1078.7
1049.8
1045.7
1039.9
1036.4
1021.7
1016.6
1021.0
1068.3
1062.6
1060.2
1057.9
1027.9
980.0
934.1
928.2
968.2
985.9
991.3
986.2
961.8
947.8
938.2
932.8
928.9
926.4
922.4
920.8
913.4

32.8
30.5
31.7
303
28.0
26.3
25.2
24.2
25.1
254
25.6
25.8
25.8
253
24.4
242
23.8
25.6
25.7
23.8
233
232
22.4
23.6
23.3
22.1
20.7
20.7
22.4
24.5
26.5
26
26.9
28.1
29.2
28.2
27.3
27.2
27.6
294
29.1
26.6
26.1
26.6
254
24.9
26.0
26.7

533.2
565.3
727.2
1108.0
1125.2
1119.0
1089.2
1018.9
970.0
952.0
941.0
959.1
979.9
1071.1
1094.3
1075.4
1028.6
1007.2
1001.6
973.5
952.4
922.7
937.5
947.2
930.9
897.3
895.9
883.8
879.6
875.9
864.3
849.7
845.9
850.9
831.5
799.3
839.0
864.9
872.3
885.7
889.9
856.5
891.3
927.8
915.9
875.9
906.5
897.7

727.2
735.8
738.5
739.5
733.0
726.9
719.8
704.4
694.2
688.1
684.7
681.8
678.8
676.3
676.1
677.7
682.6
680.5
679
678.6
678.0
679.4
685.2
683.7
679.6
677.2
679.1
676.1
672.2
668.0
663.9
660.1
656.2
652.5
649.5
647.2
646.0
644.4
642.3
639.7
636.7
634.0
632.9
629.9
628.1
627.9
627.7
626.9

788.5
793.4
805.4
823.2
804.0
808.6
812.5
811.6
812.6
804.7
796.7
788.1
781.9
777.0
773.5
780.8
806.0
831.1
829.2
823.8
807.5
800.8
799.0
805.3
799.1
789.6
780.6
772.9
761.7
747.5
736.2
727.3
717.4
707.9
702.7
698.1
686.9
687.5
682.1
674.8
668.8
660.8
655.8
659.1
664.5
658.7
651.4
638.6

979.9
1002.7
1048.0
1060.8
1157.2
1239.7
EEE T
1241.9
1193.9
1160.8
1157.8
1181.2
1085.1
1062.4
1050.8
1054.8
1020.0
1048.5
1093.1
1156.3
1164.1
1173.2
1106.1
1080.0
1078.9
1048.4
1023.3
996.2
990.4
998.3
1045.9
1069.1
1058.8
1037.3
1023.1
1021.3
1001.0
1058.9
1108.7
1104.5
1128.3
1098.0
1074.1
1099.7
1086.4
1058.6
1054.1
1017.8
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378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425

916.4
889.2
875.5
842.0
825.9
812.4
798.1
788.2
781.1
785.7
794.5
438.5
102.7
354
21.7
19.4
18.2
17.7
17.8
17.8
18.0
17.1
16.2
16.2
15.8
16.1
14.9
13.9
13.1
12.8
12.9
11.7
11.3
10.7
12.3
12.9
12.8
13.9
13.7
133
13.2
13.6
13.4
77.9
186.0
150.8
71.1
39.4

s skoskoskoskook

816.8
sk ok
799.4
722.0
1029.4
1077.8
1124.7
856.8
811.4
TTITT
300.2
24.3
13.9
-17.7
25.4
26.6
ok ok
4.8
-90.2
36.4
-175.2
-129.9
31.0
-29.2
-129.9
-110.4
91.1
-119.8
-124.4
-104.1
359
29.2
29.0
29.2
31.1
325
34.1
36.6
41.5
48.8
48.0
50.5
ETI T
119.0
sk ok
ok

skskoskokokok

902.9
728.9
214.8
755.5
813.8
811.7
801.0
792.2
786.0
782.5
782.0
466.1
105.7
353
23.2
21.1
19.9
19.4
19.3
18.4
19.2
19.1
18.7
19.0
18.7
19.3
18.9
18.5
17.9
17.7
18.0
16.0
14.4
12.9
13.7
13.8
13.5
14.2
13.8
13.4
133
13.4
13.1
14.2
16.5
17.1
16.5
15.8

27.7
26.3
25.2
26.3
26.7
26.0
25.1
25.2
25.8
25.9
26.0
24.4
19.7
16.7
16.9
17.4
17.1
17.3
17.6
17.0
18.1
18.2
18.0
18.5
18.3
19.1
18.7
18.4
18.0
18.1
18.6
17.1
15.5
13.8
14.5
14.4
13.9
14.4
13.9
133
13.1
13.2
12.9
13.9
16.0
16.8
16.6
16.1

909.4
899.4
925.9
953.7
962.0
958.9
949.7
951.5
980.2
984.4
970.2
951.3
935.7
973.7
985.0
996.5
986.3
958.0
925.3
900.5
871.3
814.9
595.6
445.8
390.5
513.7
587.4
638.6
657.0
629.9
600.6
533.0
490.4
544.2
592.8
605.3
613.7
543.9
497.6
453.2
510.1
489.5
486.7
529.6
545.9
548.6
540.9
529.0

626.0
626.0
627.5
626.8
625.5
623.7
622.0
620.5
619.4
618.3
617.2
616.6
616.3
617.2
617.3
616.9
616.4
616.0
615.8
614.9
614.1
612.9
617.1
625.5
635.9
640.3
637.0
630.5
625.3
623.2
622.1
621.6
621.5
622.5
623.7
625.9
627.7
629.3
631
631.9
632.7
642.1
641.7
634.4
625.9
617.7
610.0
602.9

628.0
638.7
636.9
641
637.0
636.9
632.1
624.1
626.8
621.8
611.2
607.7
601.0
594.4
596.3
590.9
587.1
589.7
584.5
577.0
574.8
571.9
578.5
569.2
564.7
553.6
543.8
536.5
533.6
533.8
532.2
528.8
530.5
528.9
519.5
518.2
515.5
515.8
512.0
512.1
524
687.6
689.1
680.3
673.5
667.7
661.1
654.1

1003.9
990.3
960.9
956.4
948.9
9433
939.3
935.6
922.0
914.4
917.1
914.1
890.9
883.9
878.2
878.3
880.9
893.1
909.1
904.1
900.9
897.8
872.6
852.5
838.8
809.0
787.2
807.2
822.4
829.1
832.5
838.8
846.8
846.4
860.1
862.5
867.2
869.2
867.9
867.1
875.7
891.2
891.4
914.1
933.1
946.7
955.4
954.5
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426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474

26.1
20.2
17.7
16.1
15.1
14.4
14.3
14.3
14.2
14.4
14.6
14.8
14.7
14.5
14.5
14.6
14.7
14.5
14.4
14.4
14.2
14.1
14
14.2
15.2
15.9
16.3
16.4
16.5
16.5
16.6
16.6
16.6
16.6
16.6
16.7
16.8
16.7
16.7
16.7
16.7
16.7
16.3
15.6
15.1
14.6
14.3
14.1
13.8

sk kK kK
sk kkkk
sokkdokok
seokkdokok
ook kK ok
sk kK kK
sk kkkok
seokkdokok
seokskdokok
ook kK kK
sk kK kK
sk kkokk
seokkdokok
seokskgokok
ok kK kK

sk kK kk

31.2
868.6

seokskgokok
$ok kK kK
sk kkk ok
sokkkokok
seokkgokok
ook koK ok
ok kK kK
sk kkkk
sokkdokk
seokskdokok
EETET T
$ok kK k
sokkkok ok
seokkdokok
seokskdokok
ok kK kK
sk kK kK
sk kkokk
seokkgokok
seokskgokok
ok gk kK
sk kk ok k
sokkkokk
seokkdokok
seokskgokok
$ok kK kK
$okkkkk
sokkdokok

sfeskeoskoskoskok

800.0
1229.3

15.3
15.2
15.5
15.7
15.7
15.5
15.4
15.6
15.4
15.5
15.8
15.9
15.9
15.8
15.8
15.7
15.6
15.6
15.5
15.6
15.6
15.5
15.5
15.6
15.9
16.1
16.3
16.4
16.4
16.5
16.6
16.6
16.7
16.8
16.8
16.8
16.9
16.9
16.9
17.0
17
17.0
16.6
15.5
14.9
14.4
14.2
14.1
13.9

15.8
15.8
15.8
15.4
15.2
15.2
153
15.4
153
15.4
15.4
153
15.4
15.2
15.1
15.0
14.9
14.7
14.8
14.9
14.7
14.8
14.8
14.8
14.8
14.8
14.8
14.6
14.5
14.4
14.3
143
14.2
14.2
14.1
14.0
13.8
13.6
13.5
13.7
13.7
13.7
14
13.8
13.7
13.4
13.1
13.0
13.0

510.3
485.1
450.4
454.0
453.0
430.1
398.7
366.4
340.4
3103
280.9
256.2
245.0
229.0
207.6
232.1
273.3
284.1
298.4
306.7
297.1
278.9
272.5
265.6
253.4
243.8
257.1
260.2
253.6
243.7
230.2
217.8
189.1
178.2
190.4
199.7
195.2
206.1
205.6
197.0
193.9
186.5
176.2
169.0
161.6
149.4
138.9
149.0
183.0

596.9
592.0
588.1
586.0
584.2
582.2
580.3
578.5
577.0
575.9
575.2
574.7
573.8
572.9
572.2
572.6
573.8
568.0
562.8
566.5
566.3
565.8
565.6
566.0
566.6
569.8
576.4
583.9
593.1
603.1
614
624.5
635.6
641.9
646.6
659.8
673.6
678.8
687.1
694.5
699.2
707.1
716.5
722.8
726.7
736.1
751.1
739.7
689.9

647.9
647.1
647.1
651.1
660.6
665.5
667.4
668.9
670.6
675.5
673.2
668.1
664.9
660.3
656.0
668.5
668.9
639.6
610.2
619.9
623.7
625.2
638.0
638.1
628.1
635.4
677.0
682.2
680.4
681.6
678.5
679.0
680.1
674.7
662.8
653.5
650.0
642.3
639.8
640.3
639.8
643.4
647.6
650.2
653.1
661.3
666.4
670.1
628.1

941.1
921.8
905.0
921.2
938.2
933.2
925.1
909.2
894.4
882.7
878.6
882.6
888.2
894.3
899.8
876.7
836.9
795.5
749.5
745.3
747.7
753.0
755.4
753.3
754.6
756.1
759.0
760.8
761.6
762.9
767.3
775.2
777.0
775.2
760.6
749.5
744.2
741.4
740.5
740.6
743.5
747.1
748.9
750.1
752.4
753.4
754.2
746.7
705.4
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Burns 5 & 6
Record sheets:

KWPV EXPERIMENTS: FIAVE, TRENTINO, ITALIA
pare: ©OF]oaf0h

operator: O
BURN: < PAGE: 1
PARAMETRES
OXYEGN/SULPHUR RATIO: LS
FUELICHARGE RATIO:
REACTANTS MASS (kg) PRODUCTS MASS (kq)
MAGNETITE 0-3% SLAG C
CHALCOPYRITE o-an COPPER S i 5,
MALACHITE .a MATTE
LIME 7;,11 OTHER 0.0 Foet BRI
SILICA 062
<
ASPIRATION (DELETE): NATURAL @ BELLOWS
WINDSPEED (BACKGROUND)  * .
WINDSPEED (ARTIFICIAL) g g ot
AIR VOLUME (RER-TUYERE)]
PERFORATED FURNACE @
CRUCIBLE N
FURNACE LINING )
TIMED RECORD
TIME ACTION DESCRIPTION
10 €1 {0{;3 5 on
(s (s oot [ ky Juoreeh [
(- a9 ’LA} \/Lj { {L, .
& p/{ 1 [ 598 b
Bz L
" 51 4{‘{ My - -
i1+
1o Fw\ e ﬂfme covkad
1L
A (G ol sl u) Aoa-als
17:2¢ ! Poducil
1 - =
1:3% 6l
L s> 0 A ;
S ¥ - s “
i3]
ﬂs. f.“ ﬁ“lt‘ ) = -
Iy A
(6 M 235 [ 395

[y 05

;41;5"‘ F" o/‘f
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KWPV EXPERIMENTS:
oPeraTOR: () ()

FIAVE, TRENTINO, ITALIA
pate: O ¥/ 09 /O']‘

BURN: 6 PAGE: 1
PARAMETRES
OXYEGN/SULPHUR RATIO: |
FUEL/CHARGE RATIO: |
REACTANTS MASS (kg) PRODUCTS MASS (kg)
MAGNETITE SLAG
CHALCOPYRITE COPPER(
MALACHITE MATTE
LIME OTHER 7
SILICA
ASPIRATION (DELETE): NATURAL ~ (FAN)  BELLOWS
WINDSPEED (BACKGROUND) —%
WINDSPEED (ARTIFICIAL) EVz: B
AIR VOLUME (PER TUYERE)
PERFORATED FURNACE %)
CRUCIBLE Y
FURNACE LINING fa
TIMED RECORD
TIME ACTION DESCRIPTION
\g'}f’n %r\)\-«\ \ g ols~s/l
[$:%3 ’{,\.( vLu> g
”‘,S( fSr\O( “’{"\T =
0 ool e[ st
15095 Sl = i h
. ik - X3/

[}
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Burns 5 & 6

Temperatures: consecutive experiments

Time

Minutes

O© 0 9 O i B W NN~ O

DA A LW LW W LW W W WL WL NN NN N NN — = — — e e
N = O VW 0 QAN DE WK = O VI BB WRN — O OV 0w JQo0 L b WK — O

Channel 1 Channel 4 Channel 5 Channel 6 Channel 7 Channel 8

°C

13.5
13.7
13.9
13.9
14.2
14.4
14.7
15.1
13.9
13.2
13.4
14.1
14.7
15.0
15.3
15.4
16
15.6
15
14.7
14.8
14.8
14.3
14.3
15
15.8
17.4
17.3
17.4
17.8
17.5
18.1
20.4
20.6
19.8
19.1
19.5
19.9
19.1
17.5
17.1
17.1
17.1

°C

13.3
13.4
13.5
13.6
13.8
13.9
142
14.5
13.2
12.6
12.7
13.4
14.0
14.3
14.6
14.6
15.3
14.8
14.3
13.9
14
14
13.5
13.5
14.0
14.7
15.9
15.8
15.8
16.3
16
16.5
18.4
18.5
17.9
17.2
17.7
18.0
17.5
16.3
16.0
16.0
15.9

°C

10.0
10.0
10.0
10.0
10.0
10.0
10.4
10.4
10.4
12.3
12.6
12.3
15.1
28.0
33.9
41.1
52.0
50.6
45.0
63.5
71.7
87.9
96.3
98.9
104.8
112.4
117.5
122.2
129.3
1394
157.4
174
190.9
222.8
235.6
234.1
238.2
243.8
2593
279.2
293.6
281.3
271.6

°C

10.5
10.6
10.7
10.7
10.8
10.9
11.6
11.6
11.5
12.5
12.7
11.9
19.8
339
314
30.2
29.4
29.5
30.6
339
34.1
353
37.2
41.7
49.0
57.0
63.9
74.2
88.5
105.3
132.2
157.5
175.0
190.6
202.0
209.3
217.9
228.1
237.1
246.5
257.7
271.1
285.8

°C

10.7
10.7
10.8
10.8
10.9
11.5
15.5
15.2
15.0
18.5
16.1
14.6
23.7
38.7
37.2
34.7
335
36.4
38.9
45.0
49.1
51.5
52.5
53.5
56.6
58.8
62.5
64.7
65.9
67.4
66.3
69.5
69.5
72.9
76.6
71.7
80.5
82.7
89.6
97.1
102.5
107.6
115.1

°C

10.6
10.7
10.8
10.8
10.9
11.0
12.3
12.6
12.3
13.9
13.6
12.9
18.7
29.8
35.6
37.6
38.2
37.1
38.2
44.0
47.1
48.1
47.6
50.2
51.7
53.1
55
57.2
61.7
69.1
73.7
78.2
83.4
93.5
100.4
107.8
116.2
121.9
125.6
130.1
135.7
141.8
149.8
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43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

16.6
16.1
16.0
16.3
16.3
16.5
16.9
17.5
17.6
17.5
17.5
17.8
18.0
18.2
17.9
17.6
17.7
18.3
18
17.2
17.1
17.1
17.0
17.8
18.1
18.0
17.1
16.6
16.5
16.2
15.8
15.9
16.0
16.3
16.4
16.4
16.1
16.4
16.8
16.7
17.0
17.4
17.3
17.8
17.3
17.3
17.1
17.0

15.6
15.2
15.2
153
15.4
15.5
15.8
16.4
16.5
16.5
16.5
16.8
17.0
17.3
17.0
16.7
16.9
17.5
17.2
16.4
16.3
16.2
16.2
17.1
17.1
17.0
16.1
15.7
15.6
153
15.0
15.0
15.2
15.5
15.5
15.4
15.1
153
15.7
15.7
16.0
16.4
16.3
16.8
16.3
16.4
16.2
16.0

280.1
292.6
302
307.5
315.1
319.5
323.1
327.8
3333
340.3
349.0
360.6
370.7
381.3
392.5
403.0
411.7
420.7
433.2
450.6
459.0
464
467.7
474.7
474.4
476.0
479.6
484
487.9
492.6
499.1
507.0
524.0
540.7
550.6
561.1
571.3
575.9
577.4
588.1
592.0
596.9
595.5
595.9
598.8
603.5
607.5
612.5

302.5
320.9
339.9
358.6
378.9
398.7
417.2
438.9
457.6
473.6
485.8
494.5
503.6
512.9
523.0
535.1
546.4
556.1
560.7
566.6
571.7
571.9
569.8
569.1
570.0
572.6
576.6
580.9
584.5
588.1
592.7
598.1
601.5
605.4
609.5
612.5
615.1
617.9
619.4
621.2
623.5
624.9
627.9
630.3
633.9
636
637.5
639.9

125.3
136.0
148.3
161.4
171.0
183.0
196.1
206.6
221.6
239.5
245.6
254.2
267.7
277.3
280.8
285.8
291.8
298.1
310.0
322.7
326.9
326.2
326.8
326.1
3253
324.0
3229
3232
325.1
328.7
334.7
340.5
346.5
3533
361.7
370.2
380.8
390.7
399.4
411.3
423.8
435.7
446.1
458.5
480.6
494.8
503.2
509.9

158.7
167.9
179.6
183.4
187.4
193.1
201.2
210.3
221.2
233.4
245.8
254.4
260.9
268.4
282.3
299.9
317.4
330.5
337.9
346.7
356.9
360.4
371.3
379.8
387.8
399.9
408.1
416.2
421.1
426.6
432.6
437.7
444.2
450.4
457.3
464.1
470.8
476.4
478.9
484.5
486.7
489.1
4923
495.0
501.6
504.9
507.6
513.6
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91

92

93

94

95

96

97

98

99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

16.9
16.8
16.7
17.2
17.5
17.4
17.3
17.7
17.6
17.1
17.0
17.0
17.1
16.9
16.6
16.7
16.5
16.7
16.7
16.6
16.6
16.6
16.6
16.8
16.9
17.1
17.7
18.2
17.8
17.6
17.7
17.7
17.9
17.3
17.0
17.3
17.6
17.4
17.6
17.6
17.4
17.4
17.9
17.7
17.1
17.0
17.6
18.0

16.0
15.9
15.8
16.2
16.5
16.4
16.4
16.8
16.7
16.2
16.1
16.2
16.3
16.1
15.7
15.8
15.4
15.7
15.7
15.7
15.9
15.9
15.8
15.9
16.1
16.3
16.9
17.1
16.7
16.4
16.5
16.5
16.6
15.9
15.6
15.9
16.3
16.2
16.3
16.4
16.3
16.3
16.8
16.6
16.0
15.9
16.5
16.8

617.8
648.2
709.6
760.9
798.3
848.7
888.4
937.1
918.8
931.6
949.0
970.9
978.0
951.6
966.4
972.9
986.1
1016.3
1005.5
1007.9
1030.1
1007.7
982.1
960.4
949.4
946.2
943.2
941
946.5
959.9
971.7
976.3
982.2
993.3
1014.7
1047.4
1071.8
1074.3
1058.1
1050
1044.6
1043.0
1037.4
1023.3
1020.5
1020.8
1010.0
994.8

642.2
648.1
659.7
685.7
707.6
722.3
735.8
757.6
765.2
786.6
795.2
802.8
812.9
822.4
824.4
822.5
829.9
833.9
836.2
834.8
835.1
838.7
835.7
834.8
830.6
825.9
821.7
815.2
812.1
806.1
802.1
799
795.1
795.0
796.1
796.7
793.3
793.9
787.7
784.5
779.8
775.1
770.9
768.1
772.7
777.5
771.6
770.0

516.3
542.6
588.4
628.3
675.9
703
726.2
745.9
741.3
751.7
767.3
775.0
757.7
737.7
743.5
746.1
731.8
726.0
725.6
727.8
733.1
739.8
737.1
740.4
738.6
739.1
739.7
738.5
739.5
743.0
752.2
761.9
772.8
794.2
784.0
764.7
754.3
750.5
736.7
730.0
721.3
715.0
710.4
707.3
706.4
703.5
702.2
702.4

519.5
549.1
642.7
687.5
738.7
790.9
814.1
828.1
811.1
822.0
836.3
852.7
834.8
815.5
817.7
821.2
824.6
821.4
813.8
814.8
837.8
837.9
811.1
837.0
844.1
863.5
870.0
878.1
883.7
886.2
892.2
902.5
912.6
917.6
9173
908.3
903.7
888.6
856.7
829.0
807.4
799.2
803.6
806.3
794.0
777.9
769.8
779.7
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139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186

18.1
18.3
18.3
18.2
18.2
17.9
18.2
18.1
17.8
17.8
17.6
17.5
17.4
17.1
17.0
17.2
16.8
16.6
16.4
16.2
16.2
16.3
16.6
17.0
17.2
17.3
17.5
17.5
17.1
16.8
17.0
17.2
17.2
17.1
17.1
17.1
17.1
17.3
17.2
17.0
16.5
16.3
16.3
16.3
16.4
16.9
17.1
17.1

16.9
17.1
16.9
17.0
16.9
16.6
16.9
16.8
16.4
16.5
16.3
16.3
16.2
16
16.0
16.1
15.8
15.7
15.5
153
15.2
153
15.5
16.0
16.1
16.2
16.4
16.3
16.0
15.7
15.9
16.1
16.1
16.0
16.0
16.0
16
16.2
16.2
16.0
15.5
15.4
15.5
15.5
15.6
16.0
16.2
16.1

983.3
976.4
970.3
966.9
962.6
957.6
952.5
949.5
946.6
940.0
930.7
920.6
908.5
895.9
883.7
872.8
863.6
856.0
849.2
842.6
836.1
830.5
826.2
821.5
817.1
813.4
811.0
808.9
806.0
802.6
800.2
797.9
794.5
789.9
785.6
781.2
776.3
771.2
766.8
762.7
758.8
754.7
750.8
748.0
746.2
745.2
743.6
740.2

787.1
791.0
790.8
787.3
782.6
777.6
771.1
766.9
773.4
768.4
769.9
801.9
809.8
812.0
812.2
808.8
803.3
797.7
789.3
789.5
787.8
787.2
785.5
780.5
773.5
764.5
752.9
743.9
737.5
737.6
756.0
767.6
747.8
720.1
701.7
687.8
676.9
668.6
662.7
658.9
656.0
653.0
650.1
647.4
644.7
642.3
640.4
636.8

702.8
702.7
702.5
702.3
702.8
703.4
703.8
704.7
703.1
698.3
694.5
698.0
712.6
722.0
724.6
720.8
719.7
724.4
719.9
709.7
703.5
698.2
693.4
688.4
683.9
681.6
680.5
679.4
678.5
681.2
684.6
688.1
690.0
685.2
682.5
679.5
670.2
660.5
652.3
646.1
640.4
635.2
631.1
627.7
624.6
623.3
635.2
646.7

789.4
791.5
800.1
806.4
805.7
806.3
811.4
821.9
834.9
814.9
808.4
806.2
783.0
770.1
762.0
766.4
781.8
784.9
772.0
757.6
746.7
738.1
733.0
732.4
734.4
737.5
740.8
745.1
752.1
766.2
779.4
791.0
792.7
789.5
788.1
781.7
777.7
779.2
783.4
789.3
793.5
801.5
811.2
822.8
837.7
834.2
812.1
813.3
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187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234

16.9
16.8
17.0
16.6
16.3
16.2
16.3
16.3
16.4
16.4
16.3
16.4
16.5
16.7
17.1
17.4
17.2
17
16.8
16.8
16.8
17.0
17.1
17.1
17.3
17.3
17.4
17.3
17.4
17.6
17.7
17.0
16.9
17
17.2
17.3
17.1
16.7
16.9
16.9
16.7
16.6
16.8
16.9
17.0
16.6
16.5
16.5

16
16.0
16.2
15.7
15.5
15.5
15.5
15.5
15.6
15.5
153
15.4
15.5
15.7
16.1
16.4
23.8
323
22.7
18.6
17.2
16.8
16.6
16.5
16.6
16.5
16.6
16.5
65.5

660.1
195.4
81.6
43.8
28.9
22.7
19.9
18.6
18.0
17.6
17.4
17.0
16.7
16.5
16.4
16.2
15.8
15.6
15.4

736.4
731.3
725.5
720.0
715.3
710.6
705.8
701.1
696.4
691.5
685
677.8
670.0
662.5
655.7
649.2
643.6
638.4
633.9
629.8
625.9
622.2
618.4
614.2
610.3
606.4
602.3
597.9
593.8
589.4
585.1
581.0
577.2
5733
569.1
564.9
560.5
556.2
551.7
546.8
541.4
535.6
530.2
523.4
514.7
505.9
497.6
489.9

631.0
624.5
618.7
613.3
608.3
603.6
598.7
594.0
589.3
584.7
579.6
574.7
570.3
565.8
561.6
557.4
553.4
549.5
545.5
541.7
537.9
534.1
530.1
525.9
521.8
517.6
5133
509.1
504.9
500.6
496.3
492.0
488.0
483.2
477.9
472.8
467.9
463.1
458.7
454.3
450.2
446.5
442.6
437.8
432.4
426.6
421.0
415.6

652.8
657.0
655.3
654.7
655.8
657.9
661.8
672.5
689.7
698.1
692.6
684.0
675.7
669.6
665.5
663.0
661.5
661.1
660.8
660.4
659.7
658.6
656.6
654.2
652.3
651.6
651.8
653.4
655.9
656.2
656.0
656.7
663.4
674.0
682.7
690.4
700.4
713.5
718.8
719.4
714.0
703.1
686.2
664.2
644.9
627.2
608.1
591.5

842.4
857.9
869.7
880.1
893.2
902.7
907.5
913.0
908.2
888.7
874.6
867.0
856.8
851.5
854.5
861.9
865.0
864.0
860.5
856.3
851.4
848.6
847.9
846.7
844.5
840.9
836.3
831.3
826.9
821.1
813.8
794.7
778.8
768.5
761.8
757.5
755.0
754.7
753.8
749.3
746.9
745.9
730.9
711.1
694.8
679.0
663.7
647.0

340



235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282

16.6
16.6
16.7
16.7
17.9
18.4
17.4
16.7
16.5
17.2
17.7
17.8
17.8
17.7
17.7
17.9
18.2
18.1
18.0
17.8
17.8
17.9
17.9
17.9
17.9
17.6
17.6
17.7
17.8
17.7
17.4
17.2
17.2
17.4
18.2
18.4
18.4
18.3
18.4
18.4
18.3
18.1
17.9
17.9
17.6
17.6
17.8
17.8

15.3
15.4
15.6
15.8
16.0
16.3
16.4
16.3
16.5
17.1
17.4
17.6
17.5
17.5
17.8
18.0
18.2
18.1
18.0
17.9
17.9
17.9
18.0
18.1
17.9
17.9
17.9
17.8
17.6
17.4
17.2
17.1
17.0
16.8
16.4
16.0
16.2
16.4
16.3
16.3
16.7
16.6
16.6
16.3
16.6
16.9
16.9
16.7

482.3
475.5
468.8
462.8
457.0
451.8
447.0
442.7
438.9
436.2
433.9
18.8
5.1
12.7
15.9
17.0
17.7
18.0
18.4
18.3
18.3
18.4
18.5
18.4
18.4
18.6
211.2
18
18.4
18.7
19.7
22.1
24.5
18.1
19.6
19.7
32.0
32.6
33.0
333
334
32.7
32.7
31.7
323
355
41.9
47.1

410.3
405.4
400.5
396
390.6
377.3
361.7
347.1
331.6
322.8
313.6
299.2
287.2
276.2
264.4
253.6
244.7
236.9
229.6
221.5
214.1
208.3
201.4
193.0
185.5
178.7
172.4
166.8
161.3
155.8
151.6
147.8
143.8
139.6
136.3
133.0
129.8
127.2
124.2
121.5
118.9
116.4
113.7
109.1
107.5
122.5
167.6
173.1

576.5
564.2
5534
5343
507.5
481.8
455.3
433.2
413.0
398.5
382.0
360.5
3422
326.5
311.5
297.6
284.6
272.9
263.2
253.1
244.1
235.7
228.3
221.5
213.6
206.0
199.0
193.2
187.8
181.4
175.6
171.3
167.4
163.4
159.9
156.0
151.8
148.0
145.1
142.1
139.0
136.1
132.9
127.4
125.6
152.4
177.2
182.1

632.2
618
604.5
591.6
579.5
556.7
527.6
501.4
473.9
451.4
426.7
402.5
380.6
360.8
342.6
325.7
310.3
295.9
282.3
269.0
256.8
245.2
233.2
226.5
216.1
205.9
196.6
188.2
180.6
173.0
165.7
158.8
152.7
146.9
141.4
136.4
131.9
128.0
124.9
121.6
118.5
1153
112.2
108.2
104.5
102.1
100.9
101.4
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283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330

17.7
17.6
17.5
17.6
17.6
17.5
17.2
17.2
17.2
17.2
17.3
17.2
17.2
17.0
16.9
17.0
16.9
16.8
16.8
16.9
17.2
17.3
17.1
17.1
17.3
17.2
17.2
17.1
17.0
16.7
16.8
16.8
16.8
16.8
16.8
16.7
16.8
16.9
16.7
16.7
16.6
16.5
16.5
16.4
16.5
16.5
16.5
16.4

16.8
16.9
17.0
16.9
17.1
17.3
17.4
17.5
17.7
17.6
17.6
17.6
17.5
17.3
17.1
17.0
17.3
17.4
17.3
17.5
17.5
17.1
17.0
17.0
16.7
16.3
15.9
15.8
15.8
15.8
15.9
16.2
16.3
16.4
16.5
16.3
16.3
16.1
16.3
16.4
16.2
16.0
15.8
15.8
15.9
15.9
16.2
16.5

40.5
35.8
40.6
39.8
31.4
423
129.2
207.2
325.6
438.1
509.8
559.5
569.9
575.5
604.9
627.2
667.5
661.0
679.2
681.1
728.0
692.2
710.7
743.0
716.0
716.8
736.2
718.8
749.1
750.0
763.7
767.7
787.2
752.1
760.2
777.2
759.9
632.0
522.5
491.1
531.0
497.5
443.5
410.5
376.8
348.0
341.9
353.2

166.3
157.1
150.3
150.1
149.5
165.2
236.5
295.7
340.9
404.7
450.3
457.5
485.2
505.0
521.4
553.9
570.9
593.1
610.8
616.0
630.3
646.3
656.7
671.9
671.2
671.8
672.0
670.2
668.8
668.6
670.6
671.3
672.1
674.3
677.0
676.8
677.6
680.4
682.0
683.6
686.5
686.5
686.1
686.1
685.5
684.2
683.9
685.3

186.4
168.4
154.3
157.6
172.7
222.6
3324
447.7
533.5
587.2
644.5
679.5
716.8
704.4
649.7
645.5
667.9
676.3
689.0
709.3
760.7
781.5
788.2
780.8
746.2
714.8
703.9
703.2
708.7
726.2
749.8
775.6
794.6
813.8
823.8
818.9
817.9
821.8
824.1
830.0
826.3
790.3
765.2
748.7
736.4
728.8
724.2
729.0

105.0
108.3
108.1
109.5
117.6
138.7
175.8
222.8
267.1
308.1
348.5
395.2
441.9
480.4
504.6
540.9
581.4
611.5
635.2
652
661.6
669.7
675.7
681.2
675.4
674.0
684.4
698.7
711.8
721.3
726.9
727.1
727.2
729.1
729.3
727.0
723.7
718.9
714.0
707.6
705.3
699.7
699.7
703.2
707.1
710.8
717.1
710.7
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331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370

16.4
16.3
16.3
16.2
16.2
16.1
16.0
16.2
16
16.1
16.2
16.3
16.4
16.3
16.3
16.2
16.3
16.2
16.3
16.1
16.1
16.2
16.2
15.9
16.2
16.2
16.0
15.9
15.9
15.6
15.6
15.6
15.7
15.6
15.5
15.6
15.4
15.5
15.5
15.6

16.7
16.9
17.0
17.0
16.7
16.3
16.2
16.1
16.3
16.4
16.5
16.8
16.9
17.0
16.9
16.6
16.4
16.4
16.5
16.7
16.8
16.7
16.8
16.8
16.9
16.9
16.9
17.0
17.0
16.9
16.5
16.0
15.8
15.8
15.8
16.0
16.3
16.5
16.6
16.7

344.9
330.9
320.5
307.5
293.6
281.1
276.4
301.3
278.1
260.9
246.9
236.7
227.0
220.9
212.1
204.9
197.8
197.3
190.8
182.7
175.5
169.8
164.8
159.2
152.5
145.4
139.0
132.9
127.5
122.4
118.4
115.8
113.5
108.6
104.9
100.2
96.0
93.2
107.2
120.8

684.1
682.8
681.6
680.7
681.2
682.5
684.9
687.8
687.5
687.5
687.5
689.4
694.2
697.0
699.8
702.6
704.8
705.6
703.6
700.8
699.1
697.4
695
692.8
691.3
690.7
691.4
691.1
691.1
692.3
694.2
691.9
691.0
692.6
699.2
706.6
712.5
716.6
713.9
700.7

742.3
752.7
757.8
761.2
772.1
785.9
792.8
778.2
752.8
738.3
731.5
733.7
733.0
734.2
736.5
737.9
745.8
772.4
796.5
809.0
817.9
825.8
825.0
820.4
816.7
820.8
823.2
816.4
806.7
796.3
785.5
751.2
718.2
690.5
667.6
649.0
630.8
618.7
615.7
604.4

697.5
688.0
683.3
681.3
680.6
677.8
674.5
672.5
668.6
666.2
667.8
670.5
669.7
668.8
668.0
665.4
660.8
656.9
655.2
654.0
654.5
655.1
654.0
652.1
650.8
650.6
651.4
652.6
652.3
650.2
648.5
646.5
642.9
635.4
626.6
619.9
615.2
611.6
608.5
598.8
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Burn 7

Record sheet:
KWPV EXPERIMENTS: FIAVE, TRENTINO, ITALIA
OPERATOR: OP pate: 09 / 04 / 01
BURN: -1 PAGE:
PARAMETRES

OXYEGN/SULPHUR RATIO: 7. §
FUELICHARGE RATIO: |

REACTANTS MASS PRODUCTS MASS (kg)
MAGNETITE o-53 SLAG
CHALCOPYRITE o ".? copPER \_ 1-¢S
MALACHITE 2- R MATTE
LIME o - 1 OTHER
SILICA o-CL

ASPIRATION (DELETE): NATURAL @ ~—BELLOWS
WINDSPEED (BACKGROUND)

WINDSPEED (ARTIFICIAL) "A s I
AIRVOEIMEPER TUYERE)
PERFORATED FURNACE
CRUCIBLE
FURNACE LINING
TIMED RECORD
TIME ACTION DESCR!PTION
1.% : w (A~ Lw- t h,) Q

v M\A h@ PR

Iy ot A LL c Ei‘—*

14:YU Jvugr

q 3¢ \
70% 02 ",\}L tﬁ? >

9015 D ¢ b »
1: 45 Tl chy i by
07 (oln Cb o .
Al. A Lt ¢ Yo / o2
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Burn 7

Channel 1 Channel 2 Channel 3

Temperatures:
Time
Minutes °C
0 16.4
1 16.3
2 16.3
3 16.0
4 15.7
5 15.8
6 15.9
7 15.9
8 15.8
9 15.9
10 15.5
11 15.3
12 15.2
13 15.0
14 15.0
15 15.0
16 15.0
17 15.3
18 17.0
19 19.9
20 46.8
21 79.9
22 94.8
23 111.9
24 151.6
25 197.6
26 238.8
27 278.4
28 307.1
29 330.5
30 353.6
31 3833
32 420.3
33 459.9
34 509.8
35 566.9
36 618.1
37 646.0
38 656.4
39 653.9
40 658.4
41 674.5
42 664.4

°C

17.1
17.1
16.9
16.5
16.1
16
15.9
15.8
16.0
16.8
19.4
21.6
23.0
23.7
24.6
24.2
18.9
19.8
204
20.8
21.9
25.5
32.0
43.1
69.2
116.3
193.1
240.0
297.4
340.4
353.7
387.0
423.0
452.5
468.0
482.9
498.7
523.0
551.7
576.4
604.6
631.7
629

°C

17.1
17.1
17.0
16.9
16.8
16.6
16.5
16.7
17.4
17.4
16.6
16.4
16.2
16.0
16.2
16.4
17.3
17.9
17.6
18.6
19.3
19.2
18.9
20.0
223
26.6
53.9
106.1
201.4
278.5
311.6
380.9
428.5
467.9
485.8
511.5
533.2
5543
586.5
610.1
604.4
594.9
544.2
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43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

648.6
663.1
686.5
679.4
648.0
642.6
680.6
681.0
669.0
659.9
650.1
646.3
646.7
648.3
656.3
669.3
676.4
676
675.3
678.8
681.7
684.8
691.5
702.7
709.0
720.1
724.3
726.9
726.0
750.1
762.5
754.2
754.5
751.1
745.5
740.4
742.8
754.8
764.8
765.8
758.5
761.3
769.3
782.4
797.4
802.8
803.4
799.2

614.8
609.2
596.9
570.0
546.0
531.9
5335
538.0
560.7
597.4
630.2
667.4
699.6
712.0
728.7
750.4
773.2
761.3
721.7
733.1
740.1
719.1
703.6
694.9
686.3
681.7
679.0
679.3
678.1
683.6
677.7
672.3
665.8
662.6
662.8
663.5
662.2
662.0
663.9
663.6
658.9
655.0
651.4
649.8
650.1
651.5
652.2
653.5

537.2
549.5
560.4
557.0
542.6
530.1
536.2
549.1
609.3
621.8
621.9
611.7
624.3
658.7
672.2
664.8
657.4
650.7
636.0
616.3
617.5
635.9
649.5
663.6
685.7
706.3
711.3
717.3
721.4
718.9
743.9
774.7
769.3
761.0
758.8
753.8
751.9
751.1
744.7
732.2
719.5
732.3
739.0
746.6
757.6
758.2
769.5
767.8

346



91

92

93

94

95

96

97

98

99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

810.0
807.9
799.0
803.1
799.1
788.9
781.7
778.0
771.2
771.2
788.0
801.5
782.5
762.6
748.0
734.2
724.6
723.5
718.9
714.3
719.8
735.3
747.3
768.7
777.2
773.6
767.7
763.3
790.1
806.9
819.2
826.0
862.7
893.8
9233
940.4
940.1
953.2
905.3
885.7
890.7
911.1
924.4
926.0
926.2
966.2
1002.2
996.4

659.2
664.0
660.0
658.5
651.4
642.4
635.3
629.9
625.9
622.8
620.4
618.3
618.4
620.5
616.0
613.1
611.1
608.8
606.0
602.9
599.6
596.8
594.2
592.2
590.5
589.0
588.4
587.9
587.4
586.8
586.2
597.7
706.4
794.1
858.9
904.8
929.3
935.5
880.8
910.7
954.2
974.0
977.7
990.0
1019.6
1029.8
1034.1
1034.9

773.5
803.9
796.5
794.9
801.2
803.7
807.9
810.7
813.3
817.7
828.9
835.4
829.2
816.0
802.0
796.9
793.9
793.3
811.2
834.0
825.1
802.0
774.5
772.5
779.1
769.1
761.2
744.6
745.3
746.0
741.1
728.2
729.6
725.5
714.2
714.1
707.9
691.2
669.2
649.9
629.8
612.2
604.4
608.8
619.1
622.6
623.8
638.5

347



139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186

992.1
996.1
1008.3
1016.0
1014.7
1022.2
1032.4
1024.7
1008.8
983.8
955.9
928.3
919.4
908.7
905.2
899.2
893.3
888.1
888.4
889.3
881.5
870.9
861.1
853.1
841.8
825.8
808.0
791.6
777.4
767.2
763.8
777.0
791.9
791.2
786.0
781.7
775.5
774.9
780.3
787.7
792.8
788.3
779.2
765.0
753.9
748.5
747.0
749.0

1031.6
1026.9
1017.1
1033.3
1038.3
1033.2
1025.6
1034.7
1034.6
1041.8
1056.9
1053.6
999.5

1006.6
1034.0
1072.8
1095.6
1125.0
1106.3
1111.5
1136.2
1105.5
1084.4
1061.8
1042.3
1046.3
1035.4
1049.4
1055.9
1047.7
1054.4
1064.8
1034.6
1062.8
1079.4
1077.4
1057.4
1044.9
1056.3
1053.6
1059.1
1069.3
1070.1
1037.1
1042.8
1024.7
999.4

988.0

645.6
642.6
642.2
644.2
682.9
732.8
728.2
732.9
719.1
697.9
678.1
662.2
690.7
719.3
737.3
733.1
736.3
744.5
750.8
753.4
750.4
754.4
759.7
761.6
754.3
733.6
717.8
693.6
667.2
634.2
598.1
601.2
660.2
655.5
645.6
639.0
632.7
628.1
624.4
624.9
625.7
628.8
643.5
687.4
715.2
718.9
715.8
727.5

348



187
188
189
190
191
192
193
194
195
196
197
198
199
200
201

749.5
741.7
738.8
734.1
727.1
719.4
716.6
712.4
705.4
697.0
688.4
685.5
681.9
676.8
670.3

997.9

1011.6
1008.1
1021.1
1041.5
1048.0
1047.4
1047.8
1049.7
1044.1
1023.9
1017.3
1027.9
1038.5
1032.5

736.7
742.0
742.7
740.9
739.9
737.6
728.3
728.0
718.3
713.1
728.0
737.7
736.7
736.7
751.1

349



Burn &
Record sheet:

KWPV EXPERIMENTS:

operator: O
BURN:  §

FIAVE, TRENTINO, ITALIA

DATE: O"'I/O"\/ﬂ’\.

PAGE: 1

PARAMETRES

OXYEGN/SULPHUR RATIO: |
FUEL/CHARGE RATIO; |

REACTANTS MASS (ka) PRODUCTS MASS (ka)
MAGNETITE 0T SLAG
CHALCOPYRITE - §Y COPPER g (2 |
MALACHITE 1oat MATTE "
LIME oy OTHER
SILICA
o0-1c
< 1
ASPIRATION (DELETE): NARORAL  CFAND BELLOWS
WINDSPEED (BACKGROUND) Varal
WINDSPEED (ARTIFICIAL) P
AIR VOLUME (PER TUYERE)
PERFORATED FURNACE (9N \
CRUCIBLE Y
FURNACE LINING @GN
TIMED RECORD
TIME ACTION DESCRIPTION
103y ) r{y\"rw‘\' Zl'j cl\oﬁmﬁ
t'l',u %I"JM l Lﬁ L‘L_l’f--*"(
obi- Y . Lo, 15
] 0'5 1(4 eAn | [l?c[\rtoml/lz\z?.ﬂNJD
Nl s
- o [
(1 ol . :
i S [

Al
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Burn 8

Channel 1 Channel 2 Channel 3

Temperatures:
Time
Minutes °C
0 18.9
1 19.0
2 19.5
3 20.2
4 21.0
5 21.1
6 19.0
7 17.8
8 17.1
9 17.0
10 17.1
11 17.2
12 18.1
13 204
14 26.0
15 325
16 48.7
17 72.8
18 94.2
19 101.7
20 133.7
21 174.7
22 173.3
23 189.3
24 2129
25 236.2
26 255.0
27 271.1
28 283.0
29 296
30 317.6
31 331.6
32 335
33 3349
34 3349
35 331.7
36 329.5
37 329.8
38 262.2
39 237.2
40 271.2
41 317.2
42 373.2

°C

18.1
18.3
18.6
19.1
19.3
19.3
17.0
153
14.6
14.6
14.6
14.2
14.2
14.2
14.6
15.2
16.2
17.7
19.5
21.4
24.5
28.9
322
36
40.6
46.5
53.1
62.1
76.2
92.6
109.9
170.7
243.1
293.2
3143
3213
325.8
329.7
293.1
292.5
338.9
4259
469.3

°C

20.5
20.6
20.8
21.2
21.4
213
19.5
17.6
16.8
16.6
16.5
16.2
15.8
15.6
15.7
16.7
18.5
27.9
51.1
79.0
110.1
139.7
204.7
256.2
284.2
305.6
3239
334.0
3435
350.3
3583
368.4
380.5
388.7
383.1
369.7
356.5
345.0
3334
330.3
369.1
403.3
447.2
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43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

421.0
4534
479.6
496.1
507.2
509.2
514.8
517.0
512.4
505.7
500.7
486.9
476.4
468.9
461.4
452.3
442.1
409.2
404.8
456.8
503.9
536.3
563.7
584.4
597.3
606.3
589.7
602.3
628.3
662.3
685.9
707.1
730.6
746.9
773.7
787.4
796.9
815.9
826.9
828.8
828.5
786.2
752.0
746.2
747.1
750.6
746
740.8

468.3
473.4
487.7
503.5
500.3
498.7
504.7
512.0
504.1
505.5
501.4
503.6
501.4
495.3
509.0
505.1
497.6
489.5
525.2
575.2
609.8
636.8
649.9
643.2
643.0
646.7
661.8
676.9
694.9
719.3
728.1
741.2
758
760.3
766.5
777.4
825.0
847.7
843.5
844.6
839.5
803.8
795.7
812.1
817.3
814.0
812.6
808.8

507.2
536.2
5243
511.9
508.9
507.4
500.9
490.9
478.9
469.2
460.2
451.5
443.8
436.5
434.3
428.4
417.7
3722
302.0
263.4
278.7
331.0
375.2
453.6
507.1
535.9
557.1
642.9
689.5
724.2
734.3
742.3
743.8
727.6
687.7
663.3
652.3
638.9
620.4
602
582.8
555.2
465.6
427.8
449.1
525.8
597.6
622.7
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91

92

93

94

95

96

97

98

99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

739.8
743.4
754.0
757.3
749.9
749.3
768.6
783.9
789.5
790.5
793.8
766.0
705.5
647.2
641.7
661.5
686.4
709.6
726.4
737.8
748.9
757.5
765.5
768.4
759.6
760.4
765.8
769.8
769.6
771.3
773.7
761.8
748.5
740.1
733.8
727.7
721.5
717.7
713.5
709.5
708.1
706.8
704.9
702.6
700.7
710.0
719.9
707.9

813.0
823.0
830.8
829.8
796.3
775.0
768.6
768.1
764.0
762.7
764.5
763.5
755.9
737.2
714.0
703.3
699.2
697.8
698.6
698.7
699.8
701.1
704.0
707.3
707.4
706.6
706.1
705.4
704.4
705.7
707.3
708.6
707.9
704.8
701.5
699.1
697.1
695.7
694.5
693.5
693.7
692.3
691.0
690.4
688.2
685.2
681.1
676.1

651.9
670.9
687.0
702.8
722.5
719.9
715.2
664.6
611.4
563.7
522.7
502.7
461.3
436.7
430.0
407.5
389.1
377.3
371.2
369.0
378.1
384.4
380.8
379.6
399.8
416.7
427.5
431.9
438.8
455.0
488.9
551.7
612.7
661.2
688.3
706.3
717.6
724.9
728.3
726.7
718.6
699.4
672.9
651.7
630.4
623.8
622.5
626.7
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139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186

684.5
672.7
668.1
666.6
664.9
663.8
664.1
664.4
665.9
669.4
673.3
677.5
681.6
684.9
686.9
688.9
691.1
691.2
690.7
686.4
680.7
678.0
684.2
689.3
693.1
691.6
681.3
670.7
661.7
653.3
645.8
639.1
628.7
619.7
613.8
610.5
609.7
611.8
618.7
625.8
634.3
634.7
630.4
630.2
632.5
634.1
635.2
636.3

673.4
666.3
657.9
649.0
640.7
633.2
624.6
616.8
609.7
603.1
596.8
591.2
586.4
581.6
576.3
571.5
567.6
564.1
561.1
557.6
555.1
551.4
549.6
551.6
554.2
555.9
557.2
558.0
558.4
559.0
558.7
558.2
557.9
556.6
555.6
554.1
552.7
551.2
549.3
546.9
544.5
543.1
541.1
538.3
535.2
532.2
529.2
526.5

586.6
569.8
559.1
556.9
547.5
536.6
527.0
527.7
526.4
521.5
513.7
499.1
492.7
482.6
464.4
454.2
454.6
4584
465.7
476.4
489.8
509.9
523.7
512.4
501.4
526.4
500.7
481.4
466.3
455.2
447.0
441.1
436.0
430.6
426.0
422.6
417.5
411.0
404.5
398.2
389.7
394
416.1
4354
444.6
435.5
4239
409.5
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187
188
189
190
191
192
193
194
195
196
196

636.0
634.6
632.8
631.0
630.1
629.9
629.0
623.3
613.4
603.2
596.4

523.9
521.6
519.1
517.2
5153
513.6
511.8
509.3
507.5
505.5
504.0

394.2
380.7
367.3
355.0
342.8
329.6
321.2
339.0
352.0
359.9
363.4
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Burns 9
Record sheet:

KWPV EXPERIMENTS:

OPERATOR: O{)
BURN: o\

FIAVE, TRENTINO, ITALIA
DATE: |0 I o [0

PAGE:

PARAMETRES

OXYEGN/SULPHUR RATIO: L° S
FUEL/CHARGE RATIO: 7

REACTANTS

PRODUCTS MASS (kg)

MAGNETITE 0 SLAG 4
CHALCOPYRITE 3. CoPPER 5y <
MALACHITE 1-48 MATTE
LIME o-78 OTHER
SILICA ool 61
; ’9
ASPIRATION (DELETE): NATURAL _ BETLOWS
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Burns 9

Channel 6 Channel 7 Channel 8

Temperatures:
Time
Minutes °C
0 609.6
1 622.7
2 583.6
3 552.5
4 528.6
5 519.4
6 520.5
7 518.2
8 5233
9 534.8
10 549.1
11 566.8
12 5717.6
13 563.4
14 533.8
15 506.6
16 504.5
17 473.2
18 377.5
19 389.9
20 478.6
21 559.2
22 615.8
23 608.7
24 578.1
25 576.8
26 632.7
27 682.6
28 780.5
29 814.5
30 876.7
31 936.9
32 931.1
33 914.9
34 895.0
35 902.1
36 918.7
37 912.0
38 929.1
39 954.0
40 1015.1
41 1026.5
42 1002.7

°C

151.7
163.5
193.7
229.5
256.9
272.0
275.5
273.7
287.9
326.3
357.7
389.9
412.4
438.3
466.8
487.6
499.7
507.3
512.1
532.4
551.9
569.1
587.1
603.5
614.5
614.3
608.4
601.2
605.4
621.4
637.1
647.7
659.7
683.5
696.4
695.0
696.5
703.7
716.7
721.0
728.1
738.5
746.1

°C

22.9
22.8
22.8
22.9
22.6
21.8
21.0
20.3
20.0
20.1
20.1
19.8
19.5
19.3
19.1
18.9
18.8
18.6
18.5
18.5
18.6
18.8
19.1
19.5
20.1
20.5
20.5
20.8
20.7
20.4
19.9
19.7
19.9
20.1
20.0
20.0
20.2
19.8
19.4
19.2
19.2
19.1
19.2
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43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

980.1

967.5

1015.5
1023.7
1038.7
1119.8
1163.4
1166.4
1158.1
1149.3
1157.2
1134.3
1071.7
1042.4
1015.2
945.8

999.8

1063.4
1095.4
1106.3
1092.6
1106.1
1091.3
1136.1
1187.2
1196.9
1189.5
1184.2
1172.4
1159.4
1158.5
1166.4
1214.1
1177.8
1099.5
1044.9
1039.0
1068.2
1086.4
1103.2
1091.0
1084.5
1079.7
1094.9
1131.4
1144.5
1131.7
1125.2

743.8
749.5
759.8
775.7
779.2
778.4
798.0
787.3
778.4
778.6
786.6
792.2
802.1
819.2
814.8
792.1
794.1
798.6
800.5
801.2
803.7
805.2
801.3
811.2
824.1
832.5
845.1
862.4
881.2
886.8
892
903.1
908.5
909.4
924.0
932.5
941.0
957.8
942.3
956.2
980.3
977.6
985.2
1011.1
1036.1
1046.8
1038.7
1008.4

19.4
19.7
20.8
21.0
21.7
222
21.6
20.8
20.3
20.1
20.0
20.0
20.1
20.2
20.3
20.6
20.2
20.2
20.5
20.6
20.6
21.1
21.6
21.3
223
25.7
239
22.5
22
21.9
21.8
21.7
22.0
223
22.6
22.8
22.9
233
23.9
243
242
24.6
25.4
26.2
26.8
26.7
26.5
26.1
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91

92

93

94

95

96

97

98

99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

1142.6
1137.1
1123.9
1084.5
1022.9
985

971.1

986.1

983.0

990.9

983.0

935.7

1002.1
1085.3
1127.3
1143.9
1212.1
1227.4
1222.1
1194.2
1188.0
1184.1
1186.7
1227.9
1180.1
1178.3
1226.5
1249.9
1231.1

sk kx ko
sk kxdok

sfeskeoskeoskeoskosk

1279.2
1277.4
1247.9
1234.6

sfesfesieskeoskosk

skoskok skoskok

1277.8
1221.0
1139.8
1173.0
1127.7
1049.2
975.8
981.7
869.2
856.1

1015.3
1032.4
1053.0
1064.3
1073.6
1081.0
1086.2
1093.4
1097.7
1096.1
1100.7
1103.9
1093.0
1086.9
1076.2
1041.7
1017.3
1021.5
1033.7
1050.8
1066.3
1068.9
1072.3
1085.5
1095.3
1107.0
1118.3
1121.7
1124.4
1126.1
1137.5
1139.5
1136.8
1136.3
1126.8
1105.8
1124.1
1128.7
1127.3
1129.3
1134.4
1141.7
1142.4
1145.4
1147.4
1112.5
1112.9
1120.4

26.5
26.8
27.0
27.4
27.7
27.7
28.4
28.8
29.2
29.4
30.1
29.4
29.7
29.8
30.0
293
293
29.6
29.7
30.3
30.5
30.2
29.5
29.4
29.6
29.8
30.5
30.9
31.3
30.2
30.2
30.8
30.6
30.3
29.9
30.2
30.5
30.1
30.5
30.4
30.6
30.9
322
32.5
322
32.1
31.8
32.0
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139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186

830.5
792
841.3
899.3
899.4
864.7
879.7
933.2
929.8
918.2
994.8
1016.5
965.7
904.6
835.0
796.9
755.8
720.6
760.0
814.3
887.2
907.6
837.9
915.3
944.9
1027.0
1051.2
1044.4
973.7
900.1
849.3
801.7
802.9
817.9
920.5
887.3
786.1
761.2
803.0
948.4
967.6
968.5
963.2
917.1
886.5
862.4
800.3
745.2

1118.8
1124.6
1124.8
1121.2
1115.7
1116.3
1107.7
1090.9
1071.8
1049.4
1025.4
1008.2
996.4
987.7
980.0
973.7
968.7
964.7
961.8
960.4
960.3
960.4
962.6
970.4
993.5
1024
1045.2
1053.3
1059.0
1060.7
1056.4
1050.7
1045.7
1041.3
1037.0
1032.0
1028.4
1027.3
1024.4
1005.0
996.3
994.7
990.0
986.6
984.1
983.4
969.8
943.7

31.2
30.9
314
313
31.2
31.6
313
31.0
30.8
30.8
30.8
30.7
31.2
313
31.0
30.6
31.2
314
30.2
30.3
30.5
30.1
30.1
29.9
30.1
30.5
30.3
30.2
30.1
29.3
28.5
28.4
28.4
28.3
28.5
28.8
28.4
28.2
27.9
28.0
27.9
27.2
26.8
26.5
26.6
26.9
26.6
26.1
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Burns 10

Channel 6 Channel 7

Temperatures:
Time
Minutes °C
0 22.5
1 22.8
2 233
3 23.6
4 23.7
5 27.9
6 36.3
7 34.0
8 61.9
9 218.6
10 307.1
11 325.0
12 258.2
13 242.0
14 238.1
15 242.5
16 248.3
17 246.5
18 2359
19 232.6
20 240.8
21 245.1
22 2393
23 248.3
24 247.1
25 303.6
26 453.2
27 509.7
28 593.6
29 682.7
30 587.3
31 583.7
32 702.2
33 789.1
34 832.9
35 862.7
36 766.8
37 763.2
38 870.3
39 932.7
40 9233
41 858.9
42 805.3

°C

29.1
29.5
30.2
30.2
30.3
30.3
28.9
27.8
27.4
28.0
29.7
314
31.6
31.5
324
33.1
33.0
32.7
33.1
34.0
34.4
344
35.1
35.6
36.2
40.1
56.6
1.7
89.0
99.5
104.1
111.9
123.1
139.2
161.4
192.1
2423
276.4
299.0
3243
344.4
369.8
389.7
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43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

828.8
850.9
836.7
821.5
788.8
884.9
925.8
940.9
859.7
806.5
774.6
800.7
856.0
935.7
886.3
949.1
1001.3
1032.8
1030.6
1047.5
1063.8
1052.9
1044.3
1023.4
987.1
931.3
922
910.9
852.0
902.2
789.1
894.5
1032.2
983.7
1019.1
1067.8
1038.5
983.7
993.0
1007.0
1011.5
1033.2
998.1
1012.8
1077.9
1105.5
1142.7
1106.4

403.3
419.3
440.0
458.7
481.6
503.6
5193
535.1
529.6
506.1
518.5
543.6
568.9
583.2
577.2
578.0
580.6
587.9
602.6
620.0
642.6
679.9
702.8
720.5
739.3
751.9
765.5
776.4
793.1
775.4
756.0
745.4
739.0
728.5
725.7
724.9
727.7
732.0
730.1
717.2
705.3
700.3
699.4
701.9
705.0
709.7
715.2
719.6
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91

92

93

94

95

96

97

98

99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

1109.1
1093.7
1052.5
1100.0
1109.7
1141.4
1168.3
1169.3
1174.6
1165.0
1159.5
1152.6
1125
1105.6
1070.7
1100.5
1177.5
1210.0
1178.3
1158.4
1135.5
1122.1
1123.8
1118.1
1101.3
1085.5
1072.6
1055.9
1034.4
1016.1
997.6
977.7
970.5
957.8
9354
904.3
868.5
836.6
802.7
775.2
751.1
723.3
697.2
676.5
679.8
693.0
709.9
720.3

724
726.8
729.8
729.3
723.0
719.1
716.9
716.5
716.7
716.9
716.7
716.3
716.8
716.7
714.7
708.4
703.9
700.9
698.9
697.2
695.6
693.9
691.7
689.4
687.0
684.9
683.2
681.7
680.5
679.4
678.6
677.8
677.2
676.6

676
675.3
674.8
674.7
674.9
675.2
675.7
676.5
677.2
678.4
680.4
682.1
684.2
686.5
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139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177

714.3
699.3
688.5
674.3
655.3
636.8
648.9
672.3
675.8
681.4
682.7
679.3
679.1
673.7
654.1
648.8
645.9
641.8
632.5
619.3
606.6
593.2
579.4
562.4
544.0
524.5
504.6
486.5
469.8
453.3
441.4
434.9
428.6
422.1
415.1
405.7
393.7
380.2
364.7

688.8
690.9
691.4
692.1
692.4
693.2
693.2
685.6
679.7
677.9
678.3
679.9
681.8
683.8
686.1
686.6
685.2
684
682.9
682.0
681.7
681.7
681.2
680.6
679.7
678.8
677.9
677
676.1
675.1
674.5
674.3
673.8
672.8
671.5
669.8
668.0
665.8
663.4
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