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Abstract
This review synthesizes field research, textual analysis, and archaeometric data to 
evaluate different explanations for the spread of iron in the ancient Near East. Cur-
rent evidence supports an Anatolian origin for extractive iron metallurgy on a lim-
ited scale sometime in the early 2nd millennium BC. However, the first major expan-
sion of iron, both in Anatolia and across the wider Near East, occurred in the late 
second and early first millennium BC. Explanations that place iron adoption within 
its broader social context are favored over those that consider material or geological 
properties in isolation. A recurring theme is the importance of comparative analysis, 
both geographically and between the iron and bronze economies, to explore how 
social, political, and economic conditions affected adoption patterns.
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Introduction

In the middle of the second millennium BC, iron was a rare and valuable mate-
rial. A thousand years later, iron use had spread across large swaths of Eurasia. 
Though iron likely did not immediately transform societies that adopted it, over 
the long term it assumed an important role in warfare and agriculture. Because 
of the importance of iron and steel in modern industry, the origin of iron has 
attracted significant interest within the study of early innovations. Theories 
about the origins and impact of iron have a long history (e.g., Childe 1944, p. 20; 
Engels 1902, p. 197), and the view that iron technology “democratized” access to 
metal is a common refrain. Yet, an innovation’s consequences must not be con-
flated with the causes for its initial adoption. Though some earlier models saw 
iron technology and the invasion of iron-bearing peoples as a central cause of 
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sociopolitical changes at the end of the Bronze Age (Richardson 1934), those 
technologically deterministic explanations have long since been abandoned for 
more nuanced theories involving many factors (e.g., Knapp 2013, p. 447; Sher-
ratt 1998). In some parts of the Near East, widespread iron adoption is certainly 
connected with the collapse of Late Bronze Age empires and subsequent sociopo-
litical developments, though archaeologists now see iron innovation as a result of 
these developments rather than a cause (Mirau 1997; Sherratt 2000; Veldhuijzen 
2012).

The topic of iron innovation in the Near East merits a regional synthesis for sev-
eral reasons. Though a number of studies have considered iron innovation from the 
perspective of individual subregions (McConchie 2004; McNutt 1990; Nieling 
2009; Waldbaum 1999; Yahalom-Mack and Eliyahu-Behar 2015), it has been some 
time since this topic has seen a broad comparative treatment (e.g., Moorey 1999, 
pp. 278–292; Wertime and Muhly 1980). Secondly, a regional synthesis provides an 
opportunity to inject discussions about early iron into broader debates about invention, 
innovation, and technological change. Recent years have seen an increase in archaeo-
logical interest in this topic, often drawing on the innovation–diffusion literature in 
neighboring disciplines (e.g., Baldi and Roux 2016; Burmeister and Bernbeck 2017; 
Maran and Stockhammer 2017; Rogers 2003; Thér et al. 2017). Encouragingly, there 
has been a productive trend toward integrating archaeometallurgical research into 
these discussions (Charlton et al. 2010; Killick 2015; Lam 2014; Radivojević 2015; 
Roberts and Radivojević 2015; Thornton 2009a). Several studies of iron adoption have 
begun to engage with these broader theoretical issues, but these have largely focused 
on regions outside the Near East (Barceló et al. 2014; Kim 2001; Meyer 2017).

Depending on the region, the Bronze Age–Iron Age transition in the Near East 
(Fig. 1) is usually dated to 1200–1000 BC. As we shall see, however, transforma-
tions in iron use began before and continued long after this 200-year period. It is 
imperative, therefore, to distinguish between the chronological period termed the 
Iron Age, the origins of extractive iron metallurgy (i.e., smelting), and the periods 
in which iron achieved widespread usage. In many areas, these events took place at 
radically different times.

Research on the Levant has played a dominant role in the development of models 
of the organization of Near Eastern metal production and technological change (see 
Thornton 2009b). This is particularly true for the study of iron innovation. Indeed, 
the massive quantity of research on Late Bronze (LBA) and Early Iron Age (EIA) 
southern Levant (Fig. 2) has provided a rich and textured dataset that is unmatched 
elsewhere. Cyprus (Fig. 3) also has seen a wealth of research on Late Bronze and 
Early Iron Age metallurgy, though copper and its alloys have received more atten-
tion than iron. Research in other regions of the Near East, such as Anatolia (Fig. 4), 
the Caucasus (Fig.  5), and Iran, has the potential to test models of technological 
change in distinct yet adjacent regions. While I recognize the importance of Levan-
tine and eastern Mediterranean data to discussions of the origins of iron, my review 
also covers areas of the Near East, such as the Caucasus, that remained peripheral to 
these earlier discussions. A comparative examination of iron innovation in these dif-
ferent areas offers a series of relatively “controlled” case studies in which to exam-
ine the impact of varying social conditions on the adoption process.
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This review begins with an evaluation of the evidence for the adoption of iron 
in the Near East, from its earliest appearance through its widespread adoption by 
circa 600 BC. I discuss methods for distinguishing meteoritic and smelted iron, 
evaluate references to iron in ancient texts, and sketch regional trajectories of iron 
adoption. Anatolia has the most robust textual, archaeological, and analytical evi-
dence for early smelted iron, beginning a little after 2000 BC. In the second part of 
the review, I examine in detail various explanations for why iron use increased dra-
matically around the turn of the first millennium BC. Much scholarship has tried to 
identify what might be termed iron’s “competitive advantage”—namely, what char-
acteristics of iron or iron production systems might have made it more appealing 
than bronze. The material properties of early iron are considered in detail, as the 
perception that the relative hardness of iron drove adoption has influenced popular 
and scholarly investigations of the origins of iron (e.g., Muhly 2003, p. 180). In fact, 
there is little evidence for the contention that consistent carburization and quench-
ing, which are needed to make iron much harder than bronze, were driving factors 
in the initial surge of iron adoption. The relative geological distribution of iron, cop-
per, and tin ores, along with the associated economic implications for the spread of 
iron, is also a major consideration. A synthesis of existing scholarship shows that 
an exclusive focus on material or geological properties alone provides, at best, an 
incomplete understanding of this transformation. This section also charts evolving 
perspectives on various “shortage” hypotheses, which posit that a collapse in trade 

Fig. 1   Map of the Near East, showing sites mentioned in the text and the locations of maps in Figs. 2–5
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Fig. 2   Map of the southern Levant, showing sites mentioned in the text

Fig. 3   Map of the Cyprus, showing sites mentioned in the text
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Fig. 4   Map of Anatolia, the northern Levant, and part of Mesopotamia, showing sites mentioned in the 
text

Fig. 5   Map of the Caucasus, showing sites mentioned in the text
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networks supplying copper and tin caused the adoption of iron. While these “short-
age” models proved unsatisfactory, iron adoption in the eastern Mediterranean is 
still understood as a key part of the major economic and political realignments in the 
Early Iron Age.

To highlight the importance of assessing the social context of technologies 
in relation to their spread, the subsequent section examines what production sites 
reveal about the organization and practice of iron and copper alloy metallurgy dur-
ing the early periods of iron use. I contend that this technological transformation 
can be understood only by examining the social context of iron and copper alloy 
metallurgy in tandem. How were metalworkers organized, and what was their rela-
tionship with metal consumers, whether elite or nonelite? To what extent were metal 
economies administered from institutions of political control? A full discussion of 
these issues for all parts of the Near East is not possible within the limits of this 
review, but recent work has made an initial evaluation of the more intensively stud-
ied regions possible. A final section highlights the most promising areas for future 
work on early iron innovation, emphasizing close interaction between field and labo-
ratory research.

Tracking the Spread of Iron

Earliest Iron (c. 3300–1200 BC)

Before the second millennium BC, iron is reported only in small quantities. Wald-
baum (1980, pp. 69–70) identified 14 iron artifacts from Iran, Mesopotamia, and 
Egypt that supposedly date to before 3000 BC, but a number of these are likely 
intrusive or incorrectly identified as metallic iron (see Rehren et al. 2013, p. 4785 
and references therein). Nevertheless, some early artifacts have been confirmed as 
metallic iron by scientific analysis. Recent research on beads from Gerzeh, a Naqada 
period site in Egypt (c. 3400–3100 BC), showed that they were meteoritic iron 
(Johnson et al. 2013; Rehren et al. 2013). Iron has been found at a number of third-
millennium BC sites in Anatolia, such as Tarsus, Troy (Level II), and Alaca Höyük 
(Yalçin 1999, p. 178), but only a portion have been scientifically analyzed (e.g., 
Nakai et al. 2008).

Larger numbers of iron artifacts, too many to list individually, appeared in the 
second millennium BC. Waldbaum (1978, 1980, 1999) produced several early syn-
theses of available references to iron in the Bronze Age Mediterranean and parts of 
the Near East, totaling about 150 artifacts. The majority of these come from the Late 
Bronze Age (c. 1600–1200 BC). Moorey (1999, p. 278) provides a similar listing for 
Mesopotamia. Recently discovered iron artifacts at Kaman-Kalehöyük, one of which 
has been dated to the late third millennium BC, can now be added to earlier synthe-
ses of Bronze Age iron (Akanuma 2006, 2008).

Early iron artifacts come in a wide range of forms. Some examples, such as 
the (unanalyzed) iron studs associated with gold and lapis lazuli on an ivory box 
recovered at Acemhöyük (level III, c. 18th century BC) (Özgüç 1976), are used in 
a clearly decorative context. The close association between iron and other costly 
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materials strongly suggests that it was highly valued. A classic example is the gold 
and iron dagger in the 14th-century BC tomb of Tutankhamun in the Valley of the 
Kings (Comelli et  al. 2016). Old Assyrian trade colony texts found at Kultepe-
Kanesh support this interpretation, recording that iron was as much as 40 times 
more valuable than silver by weight (Dercksen 2005, p. 28; Muhly 1980, p. 36).

Two key issues complicate discussions of the earliest iron in the Near East: the 
identification of iron smelted from ores, and the challenges of correlating archaeo-
logical evidence and textual accounts. Metallic iron is found in meteorites, as well 
as in rare terrestrial deposits of native (telluric) metal, so determining the origin 
of early iron artifacts is of paramount importance for dating the beginnings of iron 
smelting. References to “sky-iron” in Hittite texts are read by some as meaning iron 
from meteorites, while others suggest it might refer to the color attributes of a par-
ticular type of smelted iron (Yalçin 1999, pp. 183–184). Telluric (naturally occur-
ring terrestrial metallic) iron is extremely rare and most deposits are very small; its 
exploitation seems to have been restricted to Inuit populations in Greenland (Buch-
wald 1992; Yalçin 1999, p. 184). There are geological reports of grains of telluric 
iron in the southern Levant (Britvin et al. 2015), but there is no evidence that this 
was ever exploited.

Analytically, there are several methods for distinguishing between meteoritic and 
smelted iron. High nickel content in the range of 6–20% is often flagged as indica-
tive of a meteoritic origin, based on comparisons with meteorite chemistry (Yalçin 
1999, pp. 180–181). Corrosion can affect the composition of iron, so measurements 
must be taken on uncorroded metal, or corrosion must be taken into account in 
when results are interpreted (Jambon 2017). Analyses show that many early iron 
artifacts contain nickel (Waldbaum 1980, pp. 69–74). In Anatolia, Yalçin (1999, p. 
184) notes that many early iron artifacts do contain nickel, but in concentrations 
that are usually less than 3%. The situation is complicated by the fact that some 
terrestrial iron ores, including some possible ore sources in Anatolia, do contain 
nickel, and archaeological evidence from Hellenistic Greece suggests that at least 
some ores of this type were exploited in antiquity (Moorey 1999, p. 279; Photos 
1989). Other scholars, however, doubt that nickel-rich terrestrial ores could explain 
the chemical composition of early iron artifacts (Jambon 2017, p. 51). The pres-
ence of other elements, such as germanium, as well as a Ni/Co ratio of about 18:1, 
has also been considered diagnostic (Comelli et  al. 2016, p. 1306; Jambon 2017; 
Rehren et al. 2013, p. 4790). Many of these more recent studies have developed non-
destructive approaches that take alteration into account, improving the accuracy of 
these determinations. Another feature of some iron meteorites is the Widmanstätten 
microstructure, consisting of alternating bands of nickel-rich kamacite and taenite, 
observable by examination of a polished sample under a microscope. Such micro-
structures have been identified in some early iron artifacts (Johnson et al. 2013), but 
not all meteorites have this structure, and forging at high temperatures can eliminate 
it (Photos 1989, pp. 404–407).

Nevertheless, a suite of recent analyses that address earlier analytical issues 
strongly suggests that meteorites were used to fashion early iron objects. The mete-
oritic iron beads from Gerzeh have already been mentioned above (Johnson et  al. 
2013; Rehren et al. 2013), while new chemical analysis supports a meteoritic origin 
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for the Tutankhamun dagger (Comelli et al. 2016), an ax made of iron, bronze, and 
gold from Ugarit, and other Bronze Age iron artifacts (Jambon 2017). These recent 
studies have simultaneously strengthened the case for meteoritic iron and weakened 
evidence for smelted iron at this early stage. Some ambiguities remain, for instance, 
concerning various iron objects from Early Bronze Age Alaca Höyük (Jambon 2017, 
supplementary material; Nakai et  al. 2008; Yalçin 1999, p. 180). Metallographic 
studies of Late Bronze Age iron from Alaca Höyük show slag inclusions typical of 
smelted iron (Muhly et al. 1985), though at least one of the authors later suggested 
that those inclusions might have been introduced during smithing (see Yalçin 1999, 
p. 185). More recent analysis of iron artifacts from Kaman-Kalehöyük also shows 
slag inclusions in iron artifacts from the Old Assyrian Colony period (Level IIIc, 
20th–18th centuries BC) and possibly in one heavily corroded iron object from the 
Early Bronze Age (Level IVa, 22nd–20th centuries BC), though the angular mor-
phology of one putative slag inclusion in the latter artifact is odd (Akanuma 2003, 
2008). Though the heavy corrosion necessitates caution, chemical compositions (Ni/
Co and Ni/Fe ratios) of the artifacts are outside the ranges for meteoritic iron defined 
by Jambon (2017).

There is no substantial evidence of iron smelting (furnaces or slag) in the Middle 
East prior to 1000 BC. One early possibility, a pyrotechnological installation at Tel 
Yin’am dating to the 13th century BC (Liebowitz 1981, pp. 83–84), has been refuted 
on the grounds of low iron content, the mineralogical content of the slag, and other 
lines of evidence (Pigott 2003). Another possibility, excavated at 13th-century BC 
Kamid el-Loz, is also doubtful (Veldhuijzen and Rehren 2007, p. 190). The exca-
vations at Kaman-Kalehöyük yielded a possible piece of ore dating to the Hittite 
period, but the iron-bearing mineral may have been used as pigment rather than for 
smelting (Akanuma 2006, pp. 216, 219–220). The earliest piece of iron production 
debris at this site, and indeed anywhere, is a heavily corroded lump about 3 cm wide, 
originally dated to the Old Hittite period (Stratum IIIb), but later assigned to the Old 
Assyrian Colony period (Stratum IIIc) (Akanuma 2007, pp. 125–127). The heavily 
corroded microstructure of the lump consists of dendrites of what is either corroded 
iron metal or wüstite, along with silicate laths that might be fayalite. The identifica-
tion of iron metallurgical debris seems fairly secure, though iron oxide dendrites and 
metallic iron can occur in copper production slags. Based on published evidence, it 
is not possible say whether this slag fragment came from a smelting or a smithing 
operation. Regardless, if the dating is correct, this would be the earliest example of 
iron metallurgical debris of any kind.

Textual evidence, especially from Anatolia, is an important source of evidence 
on the beginning of iron use. Iron is referred to using several different terms. In 
the early second-millennium BC Kültepe-Kanesh texts, šaduānum (most likely 
hematite), parzillum, KÙ.AN, amūtum, and ašium are commonly mentioned, while 
Hittites referred to iron using AN.BAR or AN.BAR GE6, among others (Dercksen 
2005, pp. 27–28; Košak 1986; Maxwell-Hyslop 1972; Muhly et  al. 1985; Yalçin 
1999, pp. 182–184). Scholars have attempted to map these ancient terms onto mod-
ern categories of metallic iron (e.g., smelted, meteoritic) and iron-bearing minerals 
(e.g., hematite, magnetite, and goethite) with varying degrees of certainty (Dercksen 
2005). Unfortunately, ancient Mesopotamian and Anatolian categorizations of iron 
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may not match modern terminology, which poses some problems for identifying the 
origins of iron smelting. Nevertheless, contextual clues—for instance, the phrase 
AN.BAR ŠA GUNNI (iron straight from the furnace) in Hittite texts—do suggest 
that some of these words do refer to smelted iron (Yalçin 1999, p. 184).

The texts provide a supplementary picture of iron metallurgy in the early-mid 
second millennium BC, when iron artifacts are rare. In the Old Assyrian period texts 
(early second millennium BC), iron is clearly highly valued, traded in small quanti-
ties, and often difficult to obtain (Dercksen 2005; Larsen 2015, pp. 118, 219; Veen-
hof 2016). Some of the many terms used for iron may refer to meteoritic iron or 
even iron-bearing minerals (e.g., hematite). Some readings have also been revised. 
An 18th-century BC text from Alalakh that mentions 400 iron weapons is occasion-
ally mentioned in the literature (Yalçin 1999, p. 182), but the reading of the word 
iron is due to a speculative, and ultimately unlikely, reconstruction of a broken sec-
tion of tablet (Brinkman 1987; Moorey 1999, p. 288). In the same note, Brinkman 
also corrects an erroneous mention of iron scale armor from Late Bronze Age Nuzi. 
On the other hand, Hittite texts (mostly from the late Empire period) mention an 
iron throne, a scepter, and a 45-kg iron basin that presumably represent a fairly large 
quantity of metal (Košak 1986; Muhly et al. 1985, pp. 73–74; Yalçin 1999, pp. 182, 
184).

Old Kingdom Hittite records mention ironworkers in a text associated with reli-
gious festivals, but the most famous reference to iron in the Bronze Age occurred in 
a 13th-century BC letter from the Hittite King Hattušili III to an Assyrian king: “…
concerning the good iron which you mentioned in your letter, the store in Kizzu-
watna has run out of good iron. I wrote to you that it is not a suitable time to produce 
iron. They will produce iron but they have not finished yet. When they have finished 
I will send it to you. Now I am sending you an iron (sword/dagger) point…” (Sie-
gelova 1984, p. 156; as reported in Yalçin 1999, p. 183). This brief missive has been 
heavily discussed by scholars. Older theories of Hittite state monopoly on iron that 
aided their military dominance have been convincingly rejected (Košak 1986; Wald-
baum 1999, p. 32). A more modest and reasonable interpretation is that the Hittite 
state was involved in the production of iron, potentially more so than its neighbors 
to the south but certainly not to the level of a strategic monopoly (Burney 2004, pp. 
135–136; McNutt 1990, p. 140; Muhly 2003, p. 180; Snodgrass 1980, p. 357; Wald-
baum 1980, p. 81).

These twin challenges—the difficulties of assessing textual references and ana-
lytically distinguishing smelted and meteoritic iron—hinder efforts to draw definite 
conclusions about the earliest iron smelting. Still, recent research has caused the 
various strands of evidence to coalesce into an increasingly coherent picture. Most 
of the recent high-quality analyses of iron artifacts have shown that iron artifacts 
dating to before 2000 BC are made from meteoritic iron (Jambon 2017; Johnson 
et al. 2013; Rehren et al. 2013). Both textual (Dercksen 2005, p. 27) and analytical 
evidence (Akanuma 2003) from Anatolia suggest that small quantities of iron were 
smelted in the early second millennium BC. There was a noticeable increase in ref-
erences to iron in texts of the late Hittite Empire period (especially during and after 
the 13th century BC) (Yalçin 1999, p. 184), but that may be due to differences in the 
kinds of written records that are preserved from different parts of the Hittite period 
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(Cordani 2016; Košak 1986). The degree to which the expansion of iron in later 
periods can be linked to Hittite-period technical innovations remains unclear.

In sum, although different lines of evidence point to Anatolia as the origin of 
extractive iron metallurgy, the overall picture might yet change because of the dearth 
of analytical work on early iron artifacts and the possibility that certain isolated 
early artifacts may be later intrusions (e.g., Eliyahu-Behar and Yahalom-Mack 2018, 
p. 460; Rehren et al. 2013, p. 4785). The reasons for the nearly thousand-year delay 
between the first smelted iron and its wide adoption are unclear. Either technologi-
cal, sociocultural, or economic conditions prevented its consistent production until 
the end of the second millennium BC. A possible, though still unproven explana-
tion is that early smelted iron was an accidental byproduct of other metallurgical 
processes (see Merkel and Barrett 2000; Wertime 1973, pp. 878, 885 and discussion 
below). Yet another possibility is that very early iron-smelting technology yielded 
only small “mini-blooms” that were subsequently forged together, limiting the scale 
of production (Pigott 1981, pp. 82–84). Technological limitations on consistent pro-
duction are likely factors, given how much iron was valued.

Iron in the Iron Age (1200–600 BC)

Iron artifacts appear more regularly in archaeological contexts after 1200 BC, but 
there is significant variability from region to region. Many important syntheses of 
patterns of adoption in various regions of the Near East are decades old (Pigott 1980; 
Snodgrass 1980; Waldbaum 1980, 1999). In discussing iron innovation, I consider the 
centuries-long adoption process following the first appearance in a region, a period 
that often extended well into the first millennium BC. The assessment of iron use pat-
terns in this section is organized by region, with special attention given to areas, such 
as the South Caucasus, that have been underemphasized in previous syntheses.

Levant, Eastern Mediterranean, and Egypt

In the eastern Mediterranean, iron artifacts appear with growing frequency in 12th 
and 11th-century BC contexts. Bimetallic or polymetallic objects, such as a 12th-
century BC iron dagger with copper alloy rivets from Kition (Snodgrass 1982, p. 
286), are regularly found, though they are by no means exclusive to the initial peri-
ods of iron use (Waldbaum 1982). Additional iron blades, sometimes with decora-
tions of gold and silver, have also been found in the 11th-century BC cemetery of 
Kouklia-Skales (sometimes called Paleopaphos-Skales) (Karageorghis 1982, 1983). 
Often, iron artifacts repeat forms seen in bronze (Karageorghis and Raptou 2016, 
pp. 91–92; Snodgrass 1982, p. 286). In an admirable early attempt at quantitative 
comparisons between regions, Snodgrass (1982, pp. 287–288) identified Cyprus, 
followed closely by the southern Levant, as early adopters.

Unfortunately, cross-regional comparisons are hindered by the unevenness of 
archaeological research. One also must acknowledge that, here and elsewhere, cul-
tural traditions may affect the selection of artifacts for placement in burials and pos-
sibly distort the overall picture of the relative abundance of bronze and iron in these 
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societies (Morris 1989). As a result, early quantitative syntheses should be consid-
ered only a rough approximation of usage patterns (Rothenberg 1982, p. 295; Stech-
Wheeler et al. 1981, p. 246; Yahalom-Mack et al. 2017, p. 66). Newer syntheses of 
iron adoption in the southern Levant (Gottlieb 2010; Yahalom-Mack and Eliyahu-
Behar 2015), which take into account more recent chronological adjustments to key 
assemblages, reveal a significant expansion in iron use during the Iron IIA period 
(10th–ninth century BC), though there are some interesting geographical hetero-
geneities in adoption patterns. These more recent studies illustrate the potential for 
applying quantitative approaches to studying iron adoption in geographically con-
strained regions. Given that recent work in the southern Levant has challenged the 
dating of some early iron finds (Eliyahu-Behar and Yahalom-Mack 2018, p. 460), it 
would be interesting to see whether a reevaluation of early Cypriot iron finds would 
lead to similar adjustments.

Accompanying the increasing number of iron artifacts, we begin to see a sig-
nificant expansion in iron production debris, mostly dating to the Iron IIA period 
or later, across a number of sites, including Ashkelon, Hazor, Tel Beth Shemesh, 
Megiddo, Tell Hammeh, Tell es-Safi, and Tell Tayinat, to name just a few (Eliyahu-
Behar et  al. 2008; Erb-Satullo and Walton 2017; Roames 2011; Veldhuijzen and 
Rehren 2007; Yahalom-Mack et  al. 2014a, 2017). Levantine iron workshops and 
their implications for the organization of production are discussed further below, but 
the increase in production debris is worth noting here, as it indicated a new period in 
the trajectory of iron adoption.

The importance of Cyprus and the Levant in the expansion of iron metallurgy 
cannot be underestimated. These regions contain some of the best-documented iron 
assemblages c. 1200–1000 BC, and the evidence of iron production after 1000 BC 
is substantial. Maritime trade, spearheaded by the Phoenicians, seems to have been 
crucial in spreading iron technologies across the Mediterranean (Aubet 2008, pp. 
248–249; Kaufman et al. 2016; Snodgrass 1980, pp. 359–360). This has led some 
to argue that the confluence of interregional contacts, maritime trade, and merchant 
infrastructure led to the precocious development of iron metallurgy in Cyprus and 
the Levant, rather than in more remote regions such as Anatolia or the Caucasus 
(Sherratt and Sherratt 2001; Sherratt 1993, 2000). Though the current evidence sug-
gests that extractive iron metallurgy may have developed earlier in Anatolia, a sce-
nario in which the Levant and eastern Mediterranean witnessed earlier widespread 
adoption is certainly plausible. Problems of Early Iron Age chronology in Anatolia 
(see Seeher 2010) and the varying intensity of archaeological investigation renders 
this model rather hypothetical at present.

In Egypt, despite its long-standing connections with the Levant and early use of 
meteoritic iron, the adoption of smelted iron was significantly delayed (Snodgrass 
1980, pp. 364–365). The study of iron in Egypt from 1200–600 BC has received 
far less attention than the early meteoritic examples. Many studies on iron are from 
before 1950 (see references in Ogden 2000; Snodgrass 1980, p. 373), or cover mate-
rial with only an approximate date and context (Williams and Maxwell-Hyslop 
1973). A general consensus links an expansion of iron use with the seventh-century 
Assyrian invasions, but the question has not been investigated in detail. This is an 
unfortunate gap, as Egypt offers a potentially interesting case study in technological 
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rejection, given the much earlier use of iron in the southern Levant. Moreover, the 
adoption of iron in Egypt is potentially crucial to discussions about the origins of 
iron in Africa (see Humphris and Rehren 2014; Killick 2009, 2015, pp. 310–311).

Mesopotamia

In Mesopotamia proper, investigations of iron adoption have relied predominantly 
on references to iron in texts, as iron is rather rare in Iron Age contexts prior to 
the eighth-century BC (Moorey 1999, p. 289). Textual analysis shows that iron was 
coveted by and restricted to elites in the 13th through tenth centuries BC (Pleiner 
and Bjorkman 1974, pp. 286–287). The same study traced the increasing quantities 
of iron referenced in Assyrian booty texts in the ninth–early eighth century, while 
noting that mentions of iron by later Assyrian kings declined in the late-eighth and 
seventh centuries. Does this reflect the fact that iron had become so common that 
it was not deemed worthy of note, or simply that Assyrian kings were campaign-
ing in areas that did not produce as much iron? In 19th-century excavations, iron 
was found in massive quantities at Khorsabad (late eighth century BC), suggesting 
that it was being stockpiled in the Assyrian capital region even as its appearance 
in tribute texts was declining (Pleiner 1979; Pleiner and Bjorkman 1974, p. 293). 
A new study of Assyrian metalwork (Curtis 2013) provides an updated discussion 
but also focuses primarily on eighth–seventh-century BC artifacts. It is telling that 
by this period, iron had virtually supplanted bronze in numerous classes of artifacts 
(Curtis 2013, pp. 142–143), suggesting that key transitional metal assemblages are 
lacking for the region. Without this kind of direct evidence, it is difficult to map the 
pace and patterning of iron adoption in Mesopotamia in the period 1200–900 BC. 
Still, it is reasonable to speculate that the expansionary, metal-hungry Assyrian state 
would have played some role in stimulating the spread of new metal industries (Pig-
ott 1982, p. 24).

Intriguing evidence for iron production comes from the site of Tell Shiukh 
Fawqani on the Euphrates, where iron metallurgical debris was dated to the late 
eighth to seventh centuries BC (Luciani 2016; Luciani et al. 2003). The total quan-
tities are modest, but enough debris was found to suggest some kind of iron pro-
duction, possibly involving smithing and smelting, took place close by. This rare 
instance of iron production on the edge of Mesopotamia serves mostly as a reminder 
of how little we know about the iron-producing infrastructure of the Assyrian state 
that generated the massive quantities found at Khorsabad.

Anatolia

In the broad mountainous arc of Anatolia, the South Caucasus, and Iran, patterns of 
iron adoption circa 1200–600 BC have received less attention than in the Levant and 
eastern Mediterranean. This is unfortunate, as Anatolia contains a significant num-
ber of iron artifacts dating to the preceding periods (Yalçin 1999). Thus, patterns of 
iron usage in the late second and early first millennium BC in Anatolia might pro-
vide insight into how iron made the transition from rarity to commodity. Assessing 
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the Early Iron Age (c. 1200–1000 BC) in Anatolia is challenging, even beyond the 
scope of metallurgy. In central and eastern Anatolia, there are few well-preserved, 
undisturbed sites, and similarities of Early Iron Age ceramics to those of both earlier 
and later periods complicate dating (for a discussion of the issues, see Genz 2003; 
Köruoğlu 2003; Seeher 2010). Farther west, Aegean ceramic chronologies helped 
date an important 11th-century BC blacksmith’s workshop at Phokaia—one of the 
earliest workshops with such a complete array of installations and ironworking 
debris (Yalçin and Özyiğit 2013).

In central Anatolia, a large assemblage of iron was found in the early Phrygian 
burned layer at Gordion (McClellan 1975, p. 738), which was originally dated to 
circa 700 BC, but sometime in the late ninth century BC now seems more likely 
(Rose and Darbyshire 2011; Voigt and Hendrickson 2000). Excavations in the 
Iron Age level of Kaman-Kalehöyük (Stratum II, c. 12th to fourth centuries BC) 
uncovered increasing quantities of iron artifacts across several subphases, some 
with parallels to the Gordion material (Masubuchi 2008; Yukushima 2001). By the 
seventh–sixth centuries BC, iron was very common, as attested by the agricultural 
implements, nails, and arrowheads found at the short-lived site of Kerkenes (Brant-
ing et al. 2017). While the Gordion assemblage indicates extensive use of iron by 
the ninth century BC in central Anatolia, large, well-contextualized metal assem-
blages from the crucial 1200–1000 BC period are, with some exceptions (Lehner 
2017), lacking.

In eastern Anatolia, graves at Karagündüz are notable for the preponderance of 
iron artifacts over those made from copper alloys. While radiocarbon assays provide 
a 12th-century BC date for some of the bones, the ceramic chronology has been 
questioned by some scholars, who see similarities with pottery found at later sites 
(Çevik 2008; Köruoğlu 2003; Köruoğlu and Konyar 2008; Sagona and Zimansky 
2009, p. 319; Sevin 2003, p. 195). McConchie (2004, pp. 112–113) notes a general 
paucity of metal artifacts of any kind during this period. The elaborate metallurgical 
repertoire of Urartu, which challenged Assyria for dominance in the ninth to sixth 
centuries BC, involved both bronze and iron (Merhav 1991). Surveys of mines and 
smelting sites have revealed extensive landscapes of silver, copper, and iron exploi-
tation in eastern Anatolia (Belli 1991). While surface ceramic finds may suggest 
that several of these areas, especially those closest to the Urartian capital at Van 
(ancient Tušpa), were active during the Urartian period, the extensive reworking of 
these landscapes in later times is a significant issue (Burney 1996, p. 6; Çifçi 2017, 
pp. 120, 122). To my knowledge, no radiocarbon dates—either from stratified slag 
heaps or from inside surface-collected iron slags—have been collected from these 
sites.

The corpus of Urartian iron artifacts is substantial and varied, showing craftspeo-
ple had a high degree of facility with the metal during the ninth/eighth centuries 
BC (Wartke 1991), However, many unprovenanced Urartian metal artifacts are the 
products of looting and possibly forgery (Muscarella 2006). McConchie (2004, pp. 
185–187), relying on excavated materials, notes different patterns of iron manu-
facture and use in the Urartian and post-Urartian periods in eastern Anatolia, with 
iron use in the former period reflecting the demands of a powerful, if somewhat 
decentralized state. There may have been some kind of state involvement in the 
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administration of production, but the precise nature of that control and the extent to 
which it was exerted over different parts of the production sequence is not as clear 
(see Çifçi 2017, pp. 119–156; McConchie 2004, pp. 139–141, 185–187).

South Caucasus

Scholarly understanding of the adoption of iron in the South Caucasus has seen a 
number of significant adjustments in recent years. The 12th-century BC turmoil, 
which saw the demise of the eastern Mediterranean palace-dominated exchange sys-
tems, did not extend to the South Caucasus. At the same time, the region has a long, 
if underexplored, history of interaction with other regions of the Near East that pro-
vides a common frame of reference. Moreover, the region witnessed a remarkable 
fluorescence of metal production in the second and first millennia BC that resulted 
in a substantial record of metal artifacts and production debris through which we can 
examine metallurgical innovation.

In the southern regions of the South Caucasus (especially the Araxes Valley), 
the arrival of Urartian armies in the early eighth century BC marked an important 
development. Still, the effect of Urartian expansion on the adoption of iron use in 
the South Caucasus is poorly understood. Overall, the impact of Urartian politi-
cal expansion on the material culture of areas away from nodes of Urartian control 
seems to have been rather limited (Smith et al. 2009, p. 31). However, if iron pro-
duction was intimately linked with the Urartian state, perhaps the metallurgical sec-
tor of the economy would have been more strongly affected by Urartian expansion. 
It seems unlikely, however, that iron-making technologies were first introduced by 
Urartian armies. Traditional chronologies date the appearance of iron in the Middle 
Kura and Araxes Valleys to the preceding Iron I period (c. 1150–800 BC), prior to 
Urartian expansion into the southernmost parts of this region (Abramishvili 1957; 
Badalyan et  al. 2009). Although these chronologies are based on few radiocarbon 
dates and may require adjustment, major redating of the appearance of iron relative 
to the Urartian period seems unlikely.

Large parts of the South Caucasus were never incorporated into the Urartian state. 
The nature of sociopolitical organization in these areas is still an open question, in 
part because the Urartian texts mentioning these areas are brief and rather cryptic 
(see Khakhutaishvili 1981; Lordkipanidze 1979, p. 48; Melikishvili 1962). The 
southern and eastern Black Sea area has long been an intriguing locale for scholars 
of early iron production. Classical texts mention iron production in the area (Apol-
lonius of Rhodes 1971; Pseudo-Aristotle 1936), and the area is known for its iron-
rich black sands (Tylecote 1981). Beginning in the early 1960s, Georgian archaeolo-
gists began to investigate landscapes of metal-smelting sites in the foothills of the 
eastern Black Sea area (ancient Colchis) (Gzelishvili 1964; Khakhutaishvili 1977, 
2009). Hundreds of sites were reported, and nearly 30 were excavated. Radiocarbon 
and archaeomagnetic dating programs yielded mostly late second and early first-
millennium BC dates, but some reached back to the early second millennium BC 
(Chelidze 1977; Khakhutaishvili 2009, pp. 105–106). At the time of their discovery, 
these remains were identified as iron-smelting sites, and some chemical and micro-
structural analyses were carried out (Inanishvili 2007; Tavadze et al. 1984). In many 
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cases, the copper content of the slags is not reported, and it is not possible to cor-
relate published slag microstructures with specific smelting sites. These extremely 
early dates invited some skepticism, about either the dates themselves or the iden-
tification as iron smelting, from both Georgian and foreign scholars (see Mikeladze 
1990, p. 52; Veldhuijzen and Rehren 2007, p. 189). A recent comprehensive survey 
relocating, mapping, and reanalyzing many of these smelting sites has shown con-
clusively that they are indeed copper-smelting sites (Erb-Satullo et al. 2014, 2015). 
These new surveys did identify previously unpublished iron-smelting sites, but the 
earliest dates for these are in the mid-late first millennium BC (Erb-Satullo et  al. 
2018). Farther east, the site of Kvemo Bolnisi, another suggested early iron produc-
tion site (Gzelishvili 1964, pp. 31–38), also seems to be connected with copper pro-
duction (Erb-Satullo 2018).

With the reanalysis of production evidence, scholars must turn to finished arti-
facts to map patterns of early iron adoption in Colchis. Indeed, extensive Soviet-
period excavations uncovered large quantities of metal artifacts, both copper alloy 
and iron, from mortuary contexts and hoards (Lordkipanidze 2001; Mikeladze 1985; 
Mikeladze and Baramidze 1977; Papuashvili 2011; Skakov 2011). There are sig-
nificant challenges to mapping the appearance of iron with chronological precision, 
but the available evidence does permit a general picture. Colchian collective graves 
at Ergeta, Tsaishi, Nigvziani, and elsewhere contain a wide array of bronze objects, 
including axes, daggers, knives, hoes, “segmented tools” of unclear purpose, bill-
hooks, chains, fibulae, tweezers, figurines, amulets, belt clasps, rings, bells, and tor-
ques/bracelets (Apakidze 2009; Papuashvili 2011, 2012; Skakov 2011). Iron arti-
facts also appear in large quantities in these graves and often parallel the forms of 
contemporary bronze artifacts. Though reconstructing a precise chronology of col-
lective graves is challenging, most can be dated to the eighth–sixth centuries BC 
(Papuashvili 2011). In Colchis, at least, the expansion of iron use seems to occur 
later than in other parts of the Near East.

At the same time, there seems to have been some variability in the patterns of 
adoption in different areas of the South Caucasus. In the area of modern-day eastern 
Georgia and Armenia, iron may have appeared somewhat earlier than in the east-
ern Black Sea area (Abramishvili 1957; Japaridze 1999, pp. 64–65). Unfortunately, 
dates on the earliest iron artifacts in this region are almost exclusively based on sty-
listic dating of associated materials, and much of the material remains unpublished 
(see Akhvlediani 2005, p. 263). Recently, Nieling (2009) has provided a catalog of 
some early iron finds from eastern Georgia and Armenia as well as eastern Turkey. 
A significant challenge to tracking the appearance of iron artifacts is the fact that, in 
the absence of direct radiocarbon dates, the presence and quantity of iron in a grave 
is used as an important chronological indicator. This method introduces an unfortu-
nate level of circularity if one wants to reconstruct the chronological patterning of 
iron adoption. Other methods of dating use Near Eastern imports like cylinder seals 
(e.g., Akhvlediani 2005, p. 289), but one must remember that such items have poten-
tial for long-term reuse and represent merely termini post quem.
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Iran

The chronology for the appearance of iron in Iran is intertwined with larger debates 
over the Iranian Iron Age chronology, within which the appearance of iron plays 
only a supporting role. For many years, the definition of the Iron I period was 
based on broader changes in material culture (especially ceramics) and not on the 
appearance of iron per se (Pigott 1980, p. 418). Newer chronological revisions have 
changed the Iron Age terminology. Danti (2013) outlines a new chronology for the 
LBA (1450–1250 BC), Iron I (1250–1050 BC), and Iron II (1050–800 BC) periods, 
bringing the Iranian Iron Age periodization more in line with the rest of the Near 
East and altering earlier designations of Iron I (1450/1350–1100 BC) and Iron II 
(1100–800/750 BC) (Pigott 1999, pp. 90–91). Nevertheless, this reorganization did 
not significantly alter the overall picture of iron adoption. Very few iron artifacts 
are securely dated to the 13th–11th centuries, while significant quantities appeared 
only in the 11th–9th centuries BC, most prominently at Hasanlu IVb (Danti 2013, 
pp. 348–352, 356; Pigott 1989, 1999; Thornton and Pigott 2011). A possible iron-
worker’s grave, with raw iron chunks and possible working implements, was identi-
fied at Hasanlu and dated to level IVb, based in part on the quantities of iron found 
in the grave (Danti and Cifarelli 2015, pp. 107–108). Much debate has surrounded 
the dating of the Hasanlu IVb destruction, most probably at the hands of an Urartian 
army (see Magee 2008 and references therein), but the earliest proposed date still 
places it in the late ninth century BC, later than many of early iron assemblages in 
the Levant.

Some unprovenienced iron swords from Luristan (west-central Iran) have been 
dated to the 12th–11th centuries BC on the basis of direct radiocarbon dating of the 
carbon in the iron and the assumption that relatively young wood would have been 
used for charcoal production (Rehder 1991, pp. 13–14). The technology of their 
manufacture also has been attributed to an earlier, less practiced phase of ironwork-
ing, where working techniques mimic those of bronze (Maxwell-Hyslop and Hodges 
1966; Smith 1971). This earlier date has gained wider acceptance (Moorey 1991, pp. 
1–2; Pigott 1999, pp. 92–93), superseding earlier suggestions of an eighth–seventh-
century BC date (Muscarella 1989, p. 354). If correct, this would place them among 
the earliest iron objects in Iran. However, recent research shows that contamination 
from carbon in steel sampling tools can lead to erroneously old ages (Hüls et  al. 
2011). In this case, it is difficult to say whether tool carbon contamination might 
account for the large differences in proposed ages of the swords.

Organizing and Characterizing Iron Adoption Patterns

In a seminal work, Childe (1944) outlined a model for changes in the use of bronze 
and iron in Europe and the Near East. He identified two “modes” of iron use as a 
utilitarian metal. In the earlier mode, iron mimicked bronze artifact types and forms, 
whereas in the later mode, he found that iron use expanded to new kinds of artifacts. 
Snodgrass (1980, p. 336) presented a similar model based on three stages, adding 
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a first stage corresponding to the period before iron was “used to make functional 
parts of real cutting and piercing implements.” The stage-based models developed 
by Childe and Snodgrass are the dominant theoretical approach to characterizing 
changes in iron use in the Near East and the Mediterranean and are frequently ref-
erenced in subsequent literature (e.g., Moorey 1999, p. 286; Nieling 2009; Yalçin 
1999).

In broad terms, the Childe/Snodgrass model is appealing for its descriptive ele-
gance and its approximation of the main features of the appearance of iron. How-
ever, overreliance on stage-based models has several potential drawbacks. Any 
technological transition can be divided into a beginning (initial stage), middle (tran-
sitional stage), and end (final stage), but doing so often obscures underlying vari-
ability in adoption processes. The risk of uncritical application of these models is 
that definitions of the three stages are gradually relaxed and made more generic, 
until any analytical utility is lost. This is not to suggest that the original formula-
tors ignored nuances and variation in adoption patterns. Snodgrass clearly under-
stood that patterns of metal usage do not always follow linear trajectories, noting 
that bronze paradoxically became more common in several utilitarian artifact classes 
from the early to mid-first millennium BC (Snodgrass 1971, p. 228).

However, some generalizations of the model seem less applicable to all regions. 
For instance, Snodgrass (1980, p. 368) argues that, while technological factors likely 
stimulated the transition from stage 1 to stage 2, economic factors played the domi-
nant role in the transition from stage 2 to stage 3. These dynamics may apply to 
certain regions (e.g., Anatolia and the Levant); in other regions (e.g., Egypt and 
potentially Colchis) where iron technology was likely known but adopted only after 
a delay, we must look to social factors to explain resistance to new technologies. 
Indeed, technological rejection is an underexplored phenomenon that has been doc-
umented in studies of early iron use outside the Near East (e.g., Sørensen 1989).

One way forward is to consider different components of the technological transi-
tion, one of which is certainly the overall quantities of iron in use as a fraction of the 
metallurgical assemblage. Changing context of use is another element of the transi-
tion, often envisioned as the gradual decline in elite, ceremonial use. Yet another 
component of the transition might be the initial use of iron for new types of arti-
facts that have no parallel in the copper alloy repertoire, while a fourth might be the 
decline of strong parallelisms between iron and copper alloy artifact forms. Childe’s 
(1944, p. 19) model sees these last two as coinciding at the transition between his 
mode 1 and mode 2, but this may not hold true in all regions. This focus on different 
elements of the transition facilitates interregional comparison yet avoids the dangers 
of reductionism inherent in the use of stage-based models.

Keeping these theoretical challenges in mind, several important patterns emerge 
when we consider iron adoption in different regions of the Near East (Fig. 6). First, 
extractive iron metallurgy probably began in Anatolia, a supposition supported by 
both textual and archaeological evidence but nonetheless requiring further confirma-
tion. The Levant and eastern Mediterranean seem to be relatively early adopters, no 
doubt a result of strong connections between central Anatolia and the Levant during 
the Late Bronze Age and, perhaps to a lesser extent, into the Iron Age. The adop-
tion of iron in Mesopotamia, northwestern Iran, and the Caucasus seems to have 
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taken place a little later (and in the case of Colchis, significantly later), but we do 
not have the chronological resolution to state this with certainty. In many regions, 
the adoption of iron did not represent an abandonment of bronze, and there is strong 
archaeological evidence that early ironworking and bronzeworking traditions were 
closely linked (e.g., Eliyahu-Behar et al. 2012; Roames 2011). Interestingly, this evi-
dence runs contrary to texts that distinguish between craftspeople working on iron 
and bronze (Košak 1986, p. 126). Instead of faltering with the arrival of iron, the 
contemporary bronze industry often became even more elaborate (Snodgrass 1980, 
p. 337). To some extent, this observation is at odds with perspectives that seek to 
explain the rise of iron by contrasting the bronze and iron economies. Rather, the 
evidence suggests that bronzeworking and ironworking traditions were closely inter-
twined, and it is quite possible that the same craftspeople were involved in working 
both metals.

Explaining the Rise of Iron

Invention

Explanations for the rise of iron typically consider invention and adoption sep-
arately, though it is important to acknowledge that invention is not restricted 
to beginnings of the adoption process. There is considerable modification or 

Fig. 6   Schematic chronological diagram of iron adoption in different regions of the Near East, with 
selected sites mentioned in the text positioned according to their approximate date. Shading indicates the 
approximate onset and adoption of extractive iron metallurgy (i.e., smelting) based on current evidence. 
Sites with iron production debris are underlined, while sites with important texts relating to iron are in 
italics. Note that italicized or underlined sites may also have iron artifacts. Sites in bold have at least one 
iron object that has been considered meteoritic in origin
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adaptation, sometimes called “reinvention,” as a technology is adopted, and 
implementation of one technology can result in a cascade of closely related 
inventions (Rice and Rogers 1980; Schiffer 2011, pp. 57–60). In the context of 
this article, the term “invention” does not necessarily involve intentional, directed 
activities carried out by an individual with a clear goal of solving a clearly 
defined need. Rather, iron metallurgical technologies (with emphasis on the plu-
ral) were likely the result of long-standing experience with the behavior of mate-
rials at high temperatures. Some aspects of iron metallurgy may have been the 
result of intentional experimentation, while others may have resulted from unin-
tended consequences of actions that were only later recognized and replicated.

There are persuasive geological and technological arguments to support the 
claim that iron-smelting technology emerged from earlier copper-smelting tradi-
tions. Geologically, copper and iron ores frequently co-occur. Secondary zones of 
altered iron oxides, called gossans, often form in the upper reaches of weathered 
copper sulfide deposits. The geological intermixing of copper and iron-bearing 
compounds—either through accidental introduction of gangue minerals or inten-
tional addition of a flux to improve slag fluidity—results in an abundance of iron 
added to the furnace in a copper smelt. Metallic iron, sometimes in excess of 
20 wt%, is frequently found in raw copper ingots and as minor phases in cop-
per-smelting slags (Cooke and Ashenbrenner 1975; Craddock and Meeks 1987; 
Erb-Satullo et  al. 2014). Metallurgical experiments show that the reduction of 
metallic iron is a frequent and sometimes problematic aspect of copper smelt-
ing (Rothenberg and Tylecote 1976, p. 236). Some have suggested that the earli-
est iron may have been produced accidentally in the process of copper or lead 
smelting (Gale et al. 1990; Shell 1997; Stech-Wheeler et al. 1981, p. 266; Wer-
time 1964, p. 1262), but supposed examples of artifacts made from that type of 
iron, found at Timna, have been refuted (Merkel and Barrett 2000). Akanuma 
recorded higher levels of copper in the interior of iron artifacts relative to the 
surface at Kaman-Kalehöyük and suggests that the copper was derived from the 
metal itself rather than contamination. However, some of these artifacts date from 
the later Iron Age, and the patterns are not always consistent (Akanuma 2006). 
Microprobe analysis of an iron sulfide inclusion within an Old Assyrian period 
iron artifact yielded 0.13% Cu, possibly indicating a link to copper metallurgy 
(Akanuma 2003, p. 143). Careful microchemical analysis is required to distin-
guish between diagenetic copper contamination and iron artifacts produced from 
mixed ores.

Iron “bears,” the product of an excessively reducing copper or lead smelt, are 
occasionally referenced in the archaeometallurgical literature as a possible mech-
anism for the discovery of iron (Cooke and Ashenbrenner 1975, p. 253). Indeed, 
corroded lumps interpreted as mixed copper and iron metal have been found at cop-
per-smelting sites in the southern Levant (Ben-Yosef 2010, p. 736), though these 
fragments have not been systematically analyzed (Ben-Yosef, personal communica-
tion, 2016). Even so, a fused mass of iron with a high percentage of copper would 
have been very hard to process in such a way to make usable iron. The chemical 
properties of copper and iron are such that it is much easier to remove iron from 
copper (through preferential oxidation) than it is to remove the copper and leave iron 
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metal. Further experimental work is necessary to demonstrate the ability to produce 
usable iron from a copper smelt.

Yet ancient copper miners and smelters, with their long experience in identifying 
ores, balancing materials in furnace charges, and driving higher-temperature reduc-
tion reactions, were well positioned to invent iron smelting. No other social group 
besides metalworkers would have had the knowledge and skill to manipulate fire and 
materials in this way. Attempts to smelt copper-poor, iron-rich ores, either out of 
necessity as deposits were worked out or through active experimentation, may very 
well have produced usable iron.

In addition to looking for discarded iron bloom fragments in a copper-smelting 
refuse dump, a complementary approach would be to identify key elements of cop-
per-smelting practice that could have facilitated the spread of iron smelting. This 
approach requires careful analysis of copper-smelting technologies before, during, 
and after the adoption of iron. Craftspeople using copper furnaces that could main-
tain strong reducing conditions and high temperatures over large reaction volumes 
would have the technical skills in place to develop consistent iron-smelting prac-
tices. Strictly speaking, large reaction volumes are not necessary for the reduction 
of iron, but it is likely that this feature was important for the consistent production 
of the quantities of iron that began to appear in the mid-late second millennium BC. 
At the same time, it is important to avoid shades of technological determinism by 
recognizing that metallurgical and thermodynamic expertise is perhaps necessary, 
but certainly not sufficient, for the invention of iron. Direct evidence for the extrac-
tion of iron from mixed copper–iron deposits would provide a crucial link between 
iron and copper production and explain why iron and copper alloy metallurgical 
practices seem so closely linked during the early periods of iron innovation. This 
approach shifts effort away from the search for a “moment” of invention toward a 
more archaeologically recoverable set of practices and behaviors in copper and iron 
smelting which may have existed for centuries before and after the initial discovery 
(see approaches in Radivojević 2015; Roberts and Radivojević 2015).

Adoption and Spread

Material Properties

In contrast to discussions about the invention of iron smelting, which stress connec-
tions between iron and copper alloy metallurgy, explanations for the spread of iron 
production tend to focus on their differences. The earliest attempts to explain the 
spread of iron focused on its material properties. Unless it is alloyed with carbon and 
quenched (rapidly cooled from high temperatures), iron is not significantly harder 
than a 10% tin bronze, especially one that has been cold-hammered (Smith 1967, 
pp. 40–41). Nevertheless, early work took iron’s superiority for tools and weapons 
as fact (Waldbaum 1999, p. 27). Based almost entirely on speculation, early concep-
tions envisioned iron-wielding invaders having played an integral role in the destruc-
tion of Bronze Age palace-based economies (Richardson 1934, pp. 560–561).
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With the maturation of archaeometallurgy as a discipline in the 1960s and 1970s 
(Smith 1965, 1967), a new suite of studies began to compare early iron’s material 
properties to those of bronze. In particular, much emphasis was placed on identi-
fying the beginnings of carburization (steeling), quenching, and tempering—tech-
niques that make iron unequivocally harder than any bronze. Early iron in the Near 
East was reduced in solid state, below its melting temperature, a process known as 
bloomery smelting. Bloomery iron, the first type produced in the Near East, can be 
carburized through a variety of processes. Iron metal can be heated in close con-
tact with charcoal, leading to the diffusion of carbon into the material (Maddin et al. 
1977, pp. 124–126). Bloomery smelting processes also can produce carburized 
steel directly (Notis et al. 1986, p. 276; Tylecote et al. 1971). By careful selection of 
materials, forging, and heat treatment, a skilled smith can create a blade with a sharp 
brittle edge on a softer but more shock-resistant body. On the other hand, prolonged 
forging can result in decarburization of the surfaces of an artifact. Metallographic 
analysis can determine whether an iron artifact is iron or steel and identify various 
heat treatments though the examination of the microstructures. For the purposes of 
this review, carburization refers to any process by which iron and carbon are alloyed, 
regardless of intentionality. Yet intentionality, either through selecting more carbur-
ized parts of the bloom or by heating iron in contact with charcoal, is a key element 
of the argument that increased hardness was a key impetus for the adoption of iron.

Two metallurgical features are essential for establishing this intentionality. First, 
carburization, as evidenced by pearlite and cementite microstructures, should be 
consistent, both within an artifact and on an assemblage level. Consistency suggests 
intentionality and the ability to carburize enough of the artifact to make a mechani-
cal difference (McConchie 2004, p. 93; Stech-Wheeler et al. 1981, p. 246). Second, 
quenching is indicated by the martensite microstructure, which forms only when 
iron is rapidly cooled from high temperatures. Martensite is particularly desirable 
on the cutting edges of blades, where increased brittleness is an acceptable trade off. 
The identification of these microstructures is complicated by the tendency of iron 
artifacts to corrode. Moreover, an artifact’s surfaces and edges, which experience the 
fastest temperature drops during quenching, are also the first areas to corrode. Thus, 
vitally important microstructures can easily be lost.

Nevertheless, by the 1980s, enough metallurgical evidence had accumulated for 
Maddin (1982) to argue that advances in heat treatment were a key element in the 
rise of iron technology in Cyprus during the 11th century BC. Carburization and 
quenching are cited in a number of other studies as important developments spur-
ring the rise of iron (McNutt 1990, p. 152; Snodgrass 1971, pp. 214–215). Tho-
lander (1971) identified microstructures consistent with quenching in a knife from 
Idalion in Cyprus. Maddin’s (1982) metallographic study of 51 Cypriot iron arti-
facts showed that the majority of the artifacts from Lapithos, Idalion, and Amathus, 
which date to the 11th and 10th centuries BC, are carburized, whereas a small sub-
set shows evidence of cold working. Two knives from Idalion were likely quenched. 
Objects from Kouklia-Skales, most of which come from tombs that span the Cypro-
Geometric I (late 11th to 10th century BC) to Cypro-Archaic I (eighth–early seventh 
century BC) (see Karageorghis 1983 for dating of graves; see Smith 2009, pp. xvii-
xviii for a revised Iron Age chronology), show a mixture of carburization regimes, 
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with some examples showing extensive carburization while others show none. No 
evidence of quenching is reported. At Kition, three examples from 11th–10th-cen-
tury deposits show some carburization, but the majority of the artifacts from the 
later Phoenician, Archaic, and Classical periods do not. This pattern is somewhat at 
odds with the argument that carburization and heat treatment were regular features 
of Early Iron Age Cypriot iron technology. Moreover, McConchie (2004, pp. 31–33) 
questions the interpretation of some of the metallographic microstructures, arguing 
that the evidence for quenching in the Idalion knives should be reexamined.

Detailed metallographic analyses have also been carried out on iron artifacts from 
the southern Levant to assess the possible role of carburization and heat treatment 
on the spread of early iron. Stech-Wheeler et  al. (1981) conducted a large-scale 
metallographic analysis of artifacts from Taanach and other early first-millennium 
southern Levantine sites. Many of the artifacts show evidence of consistent carburi-
zation, but a significant portion of the assemblage does not, and the study revealed 
no evidence of quenching and tempering. A pick with minimal corrosion from Mt. 
Adir was thought to show evidence of the 12th-century BC practice of carburization, 
quenching, and tempering (Davis et  al. 1985), but new evidence suggests that the 
artifact dates to the second century BC (Yahalom-Mack and Eliyahu-Behar 2015, 
p. 297n). McConchie (2004, p. 20) discounts the presence of carburization alone 
as evidence that the discovery of iron’s superior mechanical properties was a major 
feature in its supplanting of bronze, pointing out that “alloyed iron (steel) alone did 
not produce revolutionary improvement in terms of hardness.” Recent work in the 
southern Levant confirms the overall perception that metalworkers did produce iron-
carbon alloys, but most are low in carbon (< 0.3% C), so this was probably not an 
intentional effort to maximize hardness (Eliyahu-Behar and Yahalom-Mack 2018; 
Yahalom-Mack and Eliyahu-Behar 2015, p. 297).

Due to the efforts of Stech-Wheeler, Maddin, and others, the eastern Mediter-
ranean and Levant have the largest dataset of metallographic analyses on iron. How-
ever, several other studies offer glimpses of manufacturing techniques and alloy 
compositions in other regions. Three late eighth-century BC Assyrian iron artifacts 
from Khorsabad, including an adze, a hoe, and an iron ingot, were analyzed by 
Pleiner (1979). The hoe and the adze both showed minimal evidence of carburiza-
tion, while the ingot is heavily carburized, consisting of mostly pearlite. Due to the 
lack of carburization in other objects, Pleiner suggests that it may have been unin-
tentional (Pleiner 1979, p. 90). Further analysis of two ingots from Khorsabad and 
two from Nimrud shows significant variation between samples (Curtis et al. 1979). 
Metallographic examination of eight finished objects from Nimrud, conducted as 
part of same study, shows more consistent evidence of carburization, though not of 
quenching or tempering.

Metallographic investigations for western Iran come primarily from two groups 
of iron artifacts—those excavated at Hasanlu, and weapons from Luristan that lack 
secure contexts. Pigott (1981, pp. 139–145, Appendix A) analyzed 10 artifacts from 
Hasanlu. While some carburization is present, he argues that it was not deliber-
ate and controlled (Pigott 1981, p. 144). Metallographic analyses of swords from 
Luristan show that they were made from inconsistently carburized iron and were 
fashioned using techniques, such as riveting and crimping, that are most suited 
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to bronze rather than iron (Maxwell-Hyslop and Hodges 1966; Pigott 1981, pp. 
175–180; Smith 1971).

The most comprehensive metallographic study of early Anatolian iron produc-
tion is McConchie’s (2004) study of artifacts from Sos Höyük, Büyüktepe Höyük, 
Van Kale, Ayanis, and Karagündüz. The sampled objects span the early first mil-
lennium to the post Achaemenid period (McConchie 2004, pp. 91–93). The earliest 
iron artifact, from ninth-century BC Karagündüz, shows some carburization, though 
McConchie (2004, pp. 123–124) does not interpret this as intentional. Seventh–sixth 
century BC iron artifacts demonstrate a slight tendency toward carburization for 
edged objects, but McConchie (2004, p. 137) concludes that technical improve-
ments in hardness were not strongly correlated with the expansion of iron use. A 
slightly different perspective is provided by Masubuchi’s (2008) analysis of seven 
arrowheads from various Iron Age levels at Kaman-Kalehöyük, which she argues 
show evidence of intentional carburization in the early first millennium BC. Unfor-
tunately, the sample size makes inferences about the consistency of this technique, if 
it is indeed intentional, difficult. Publication of Masubuchi’s recent PhD dissertation 
(2016) should clarify some of these issues.

Overall the evidence that the pursuit of harder metals led to the replacement of 
bronze by iron is ambiguous. Some early studies note an apparent east-west contrast 
in the frequency of carburization (Pigott 1981, p. 144; Pleiner 1979, p. 91), but this 
apparent pattern may be due to the varying intensity of work in different regions. 
Because of the difficulties of identifying intentional carburization, the relatively 
small corpus of analyses, and the severe problems of corrosion, scholars differ on 
the role of hardness and carburization in the spread of iron. In these discussions, it is 
important to distinguish between the distinct, yet related issues of whether ironwork-
ers were making iron artifacts that were harder than bronze, whether these hardness 
differences were large enough and consistent enough that they were noticeable, and 
whether hardness was desirable and intentionally selected for as material property. 
The first issue is more easily assessed by metallographic analysis and microhardness 
testing, but the latter two are crucial if one is trying to make an argument that inten-
tional carburization, quenching, and tempering were key “tipping point” innovations 
that lead to the spread of iron.

Given the problems that surface corrosion poses for identifying quenching micro-
structures, it is likely that the final resolution of this issue will prove elusive for 
some time. Relatively recent papers still raise the discovery of steeling as the key 
factor in the spread of iron (Muhly 2003, pp. 180–181), but given the current evi-
dence, it is hard to argue that it served as the major factor that lead to the spread of 
iron. A large program of hardness testing on an assemblage containing both bronze 
and iron would help clarify whether, given the variability in both iron and copper 
alloys, categorical differences in hardness would have even been appreciable to the 
ancient smith. Unfortunately, heavy corrosion of many iron artifacts means that 
hardness testing is difficult, even if small amounts of metal are preserved (Eliyahu-
Behar and Yahalom-Mack 2018, p. 448).

Methods for consistently increasing the hardness of iron may have been a con-
sequence of the widespread use of iron, rather than its initial impetus. Among pos-
sible late second-millennium BC technological innovations that impacted early iron 
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adoption, innovations in smelting technologies that led to larger and more consist-
ent iron yields are more likely candidates for “tipping point” innovations. More 
generally, however, identifying key technical developments provides only a partial 
explanation for why iron spread. To fully understand iron adoption, one must have a 
sound understanding of the social conditions that drove these processes.

Economic Explanations

The second set of explanations for the rise of iron focuses on the organization and 
economics of iron production relative to bronze. Technological and economic expla-
nations should not be considered mutually exclusive; many discussions mention 
both (McNutt 1990, pp. 148–154; Veldhuijzen 2012, p. 238).

At the root of these economic explanations for the rise of iron is a fundamental 
geological fact. Iron is far more common in the earth’s crust than copper and its 
common alloying elements. The average elemental abundance of copper is approxi-
mately 50 ppm, compared with 54,000 ppm for iron (Krauskopf 1979, pp. 544–545). 
Of course, iron is present in a number of rocks and minerals that are totally unsuit-
able for preindustrial iron smelting. Nevertheless, the overall pattern holds: usable 
iron deposits are more common than usable copper and tin deposits. Very early 
on, scholars began to recognize this difference and its potential importance for the 
spread of iron technology. Engels (1902, p. 197) referenced the twin advantages of 
ubiquity and hardness of iron as key factors in its adoption on a large scale. Childe 
(1944, p. 20) praised the “universal availability of cheap and efficient iron tools” as 
a key social development with major social and economic impact and argued that 
they were instrumental in land clearance, agricultural extensification, and popula-
tion expansion (Childe 1951, p. 180). These arguments laid the groundwork for the 
conception of iron as the “democratic metal” so often mentioned in later works (e.g., 
Horne 1982, p. 12).

A new line of reasoning began to take shape in the middle of the 20th century, 
which posited that the ubiquity of iron ore was the major impetus for its initial adop-
tion. Scholars hypothesized that the collapse of regional trade networks at the end 
of the Bronze Age cut off supplies of tin and copper, the key ingredients to make 
bronze. In the Late Bronze Age, Cyprus was the preeminent supplier of copper for 
the eastern Mediterranean, while tin could have come from a number of sources 
as far away as Central Asia (e.g., Boroffka et al. 2002; Crawford 1974; Erb-Satullo 
et al. 2015; Garner 2015; Nezafati et al. 2009; Stöllner et al. 2011; Yener et al. 1989, 
2015). Following the breakdown of these key trade routes, local smiths had to search 
for a new metal with which to make their tools (Maddin et al. 1977, p. 122).

Snodgrass (1971) presented the earliest argument for a copper and tin shortage 
driving the rise of iron, using archaeological evidence from Greece. He pointed to 
a decline in bronze between 1025 and 950 BC and argued for a correlation between 
the decline in Greek-Cypriot contact and the expansion in iron use (Snodgrass 1971, 
pp. 237–238, 248–249). For the subsequent 20 years, a tin and/or copper shortage 
was frequently referenced as a likely cause of the rise of iron not just for Greece 
but also for the wider eastern Mediterranean (Maddin et  al. 1977; McNutt 1990, 
pp. 153–154; Muhly 1980, p. 47; Waldbaum 1980, p. 83). In the more expanded 
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perspective, the timing and duration of this rather hazy tin or copper shortage was 
never well defined, but the general sense was that it coincided with the so-called 
12th-century BC collapse of the LBA palace system.

At first glance, there is much to recommend the idea of a raw materials shortage. 
Archaeological sites around the region show signs of disruption, and evidence sug-
gests that these disruptions resulted in the movement of people (Liverani 1987). Tra-
ditional powers of the Late Bronze Age either ceased to exist or experienced periods 
of retraction. The elaborate pageantry of royal gift exchange (Feldman 2006), which 
resulted in the transfer of significant quantities of both raw materials and finished 
goods, broke down. An intriguing text from Pylos recounts the collection of a rela-
tively small amount of temple bronze for remelting into weaponry. Some interpreted 
this text as evidence for recycling due to an extreme shortage, in which all available 
bronze, including the ritual accouterments of a temple, was remelted for essential 
military equipment (Hooker 1982).

Despite its seeming appeal, the tin and copper shortage hypothesis lacks a strong 
foundation in the archaeological record. From the early 1990s, the theory came 
increasingly under fire. Indeed, some of the original adherents of the resource short-
age hypothesis were among those who made the greatest efforts to set the record 
straight. In contrast to his earlier work, Muhly (1992a, p. 17, 1992b, p. 701) argued 
against a shortage of copper during the 13th and 12th centuries BC. On the con-
trary, the Cypriot copper industry seems to have expanded during this period. The 
large number of copper alloy artifacts from 12th-century Cyprus has several other 
interpretations, including a relative increase in local consumption of Cypriot cop-
per (Papasavvas 2012), or possibly a practice of 12th-century looting of earlier 
13th–14th-century graves (Karageorghis and Kassianidou 1999, p. 172). Although 
the number of bronze artifacts found in Cypriot contexts dating to the 12th century 
is greater than in the previous centuries, this does not necessarily indicate a com-
plete reorientation of copper production toward a local market. In fact, there is evi-
dence to suggest that Cypriot trade expanded during this period, with new markets 
opened in the central and western Mediterranean while contacts were maintained 
with the Levantine and Egyptian worlds (Muhly 1992a, p. 19). Recent work also 
suggests continuation of copper production from the 11th to eighth centuries BC 
(Charalambous et  al. 2014; Kassianidou 2014). Farther afield, an Early Iron Age 
(1200–1100 BC) workshop at Hattuša also supports the idea that metal production 
and exchange continued in some form during this period (Lehner 2017).

Muhly reinterpreted the text from Pylos, arguing that the reference is to “ship 
copper” rather than “temple bronze.” On this basis, he argued not only that the text 
contains no reference to stripping temple equipment, but also that it shows the trade 
in raw copper was still active (Muhly 1992a, p. 18). Evidence for a shortage of tin 
during this period is also problematic, since there is no evidence for a decline in the 
tin content of bronzes in Greece, Cyprus, and the southern Levant (Waldbaum 1999, 
p. 39).

Reconsideration of resource shortage hypotheses formed part of a growing 
reevaluation of the collapse of Late Bronze Age empires, which has noted some ele-
ments of continuity in this period of reorganization (e.g., Harrison 2009, p. 187). 
In light of these reconsiderations, scholars argued that although the palace-based 
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economies of the Late Bronze Age did falter during this period, they were replaced 
by new systems of trade and exchange (Muhly 1992a; Sherratt 1998).

Readjustment of trade routes and changes in political dynamics may indeed have 
resulted in small-scale shortages (Mirau 1997, p. 105), which would have figured 
in the short-term decisions of craftsmen. However, brief episodic shortages of cop-
per and tin may be archaeologically invisible. Such shortages were probably a regu-
lar occurrence, even during the height of the Late Bronze Age economic system. 
Annual campaigns of great kings often destroyed cities and probably disrupted the 
metal supply at times. Textual evidence from the Late Bronze Age recounts the 
complaints of one ruler to one another about delayed or insufficient shipments of 
goods (Liverani 2008, pp. 166–167). Conversely, looting and tribute collection was 
a key source of metal wealth, so times of conflict are not necessarily times of scar-
city for all.

Despite major critiques of the shortage hypothesis, the concept that the rela-
tive availability of copper, tin, and iron played a role in the rise of iron has had 
remarkable staying power. Recent papers still cite a tin shortage as one of several 
plausible factors in the adoption of iron (e.g., Veldhuijzen 2012, p. 238). While this 
reevaluation pushed some scholars to place more reliance on the material properties 
explanations (Muhly 2003, pp. 180–181; Pickles 1988, pp. 22–24), other scholars 
emphasized organizational aspects of iron production that made it more attractive 
than bronze production. These later formulations still rely on the fundamental geo-
logical fact of iron’s ubiquity relative to copper and tin. However, instead of positing 
a “push” model in which metal-producing communities were forced to search for an 
alternative to bronze, they argue for a “pull” model in which locally available iron 
allowed newly formed polities to decrease their reliance on foreign trade.

This change in perspective is effectively encapsulated by Mirau’s examination 
of the social and political context of iron adoption in the Levant (Mirau 1997). He 
unequivocally rejects the bronze shortage hypothesis (Mirau 1997, p. 105), yet his 
ultimate explanation for iron’s spread rests on the same foundations as this earlier 
theory: the spatial distribution of raw materials and the relative organization of iron 
and bronze production. The Levant saw a decentralization of political power, in 
which local elites were less closely tied with regional empires, allowing them to 
take advantage of new, locally available resources. As with earlier theories, smaller 
innovative polities using local metal sources are contrasted to larger, highly interde-
pendent systems of imperial exchange reliant on the movement of metal over long 
distances (Mirau 1997, p. 111). Mirau argues that, combined with demographic 
expansion and increasing demand for metal in general, iron was an attractive alter-
native to bronze. If the tin/copper shortage hypothesis represents a push model, new 
perspectives that took root in the middle 1990s can be seen as a pull model, but the 
underlying principles are the same.

There is much to recommend this revised perspective, at least for the southern 
Levant and, perhaps, the wider eastern Mediterranean. Most importantly, it con-
nects the rise of iron with social and demographic processes that occurred con-
tinuously during the long period in which iron grew in frequency. Close attention 
to the economic and political conditions is essential for explaining the adoption 
process. In some areas, at least, early iron initially may have served more as an 
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addition to an expanding metal economy, rather than as a replacement for bronze 
(e.g., Papuashvili 2012; Yahalom-Mack et al. 2017, p. 70). These patterns would 
explain why iron continued to grow in prominence even as Wadi Arabah emerged 
as a major copper supplier in the Early Iron Age (Ben-Yosef et al. Ben-Yosef et al. 
2010a, 2010b, 2012; Levy et al. 2012).

A less-discussed theory for the spread of iron that also falls under the category 
of resource availability concerns the relative fuel consumption requirements. 
The intensive fuel demands of metallurgical activities are well documented in 
Near Eastern contexts, especially in arid regions (e.g., Hunt et  al. 2007; Wer-
time 1983). It has been suggested that iron metallurgy required far less fuel than 
copper metallurgy, and that this might have been a factor in its adoption (Horne 
1982, p. 12). However, fuel input:metal output ratios for smelting vary consider-
ably (e.g., Tylecote et al. 1971, p. 354), and the relative fuel consumption would 
depend on a number of difficult-to-estimate variables. Fuel efficiency considera-
tions, therefore, seem unlikely to have driven the transition to iron (Waldbaum 
1999, pp. 42–43).

Following the reevaluation of the tin shortage hypothesis, some argued that 
research on the innovation of iron had stagnated, hampered primarily by a lack of 
data on the places where early iron was made (Veldhuijzen 2012, p. 246). Situat-
ing the metallurgical systems of iron and bronze within their broader social con-
text represents an important way forward. In these endeavors, the examination of 
production contexts—workshops, smelting sites, and mines—is of fundamental 
importance to evaluating theories about the spread of iron. Fortunately, recent 
research has produced new data on Late Bronze and Early Iron Age metal pro-
duction contexts, allowing scholars to begin to address these issues. It should be 
stressed that both iron and copper alloy metallurgy must be considered in this 
regard; it is impossible to consider innovations in iron metallurgy without consid-
ering contemporary developments in the manufacture and exchange of copper and 
bronze. Thus, in the following section I discuss the current state of knowledge 
about the relative organization and patterning of both copper alloy and iron pro-
duction. As before, the Levant remains a focus of research, providing detail una-
vailable elsewhere, but new work in the mountainous margins of the Near Eastern 
world has begun to provide valuable comparative data.

The Social Context and Organization of the Metal Economy

Thanks to new work in the last 15 years, scholarly understanding of copper and 
iron production in the Levant and eastern Mediterranean is becoming clearer. 
With an increase in the investigation of workshops and production debris, schol-
ars may now begin testing hypotheses that tie the spread of iron to relative dif-
ferences in the social organization of iron and copper alloy metallurgy. Here, I 
discuss evidence from metal production workshops and what they reveal about 
the relative organization of the bronze and iron economies.
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Iron Metallurgy

The most complete assemblage of iron-smelting debris, found at Tell Hammeh in 
central Jordan, has been radiocarbon dated to the 10th–ninth century BC. Excava-
tions, combined with extensive chemical and microscopic analysis, have provided 
a virtually unparalleled example of how iron production was organized during 
this period (Veldhuijzen 2009a, 2012; Veldhuijzen and Rehren 2007). Iron-smelt-
ing activities occurred during a roughly 100-year phase when there was little 
evidence of permanent settlement on the mound, at least in the excavated areas. 
The excavators hypothesize that iron smelting was carried out seasonally, using 
ore from the nearby Mugharet el-Warda source (see also Alamri and Hauptmann 
2013). Veldhuijzen and Rehren (2007, p. 193) estimate that the approximate total 
annual output of these furnaces was in the order of 50–100 kg of iron per year 
over 100 years. The total ore processed is estimated at about 100–200 kg per year. 
These results are consistent with seasonal smelting. Although the authors are 
rightly reluctant to make any sweeping conclusions about the socioeconomic con-
text in which iron production occurred (Veldhuijzen and Rehren 2007, p. 193), 
the evidence suggests that smelters were not closely tied to political elites. Admit-
tedly, Tell Hammeh, with such a large and complete assemblage of iron-smelting 
debris, is virtually unique, making it difficult to generalize. However, the nature 
of production contrasts markedly with contemporary Levantine copper produc-
tion (e.g., Levy et al. 2014b) and is consistent with a model of local, small-scale 
iron-making enterprises (Veldhuijzen and Rehren 2007, p. 199).

In addition to Tell Hammeh, there are tantalizing hints that iron smelting took 
place in or near urban contexts in the southern Levant (Eliyahu-Behar et al. 2012, 
2013; Erb-Satullo and Walton 2017; Yahalom-Mack and Eliyahu-Behar 2015; 
Yahalom-Mack et al. 2014a). The case for iron smelting at a large urban site was 
first made for an Iron IIA (late 10th–ninth century BC) workshop at Tell es-Safi 
(Eliyahu-Behar et al. 2012). The case for smelting, as opposed to smithing, was 
based on the macromorphology and chemistry of the slag. No metallic iron was 
reported in the Tell es-Safi slag, which is somewhat odd given that smelting slags 
(especially those that were not tapped from a furnace) often contain small aggre-
gates of reduced iron that did not coalesce into the bloom. Moreover, while some 
have noted mineralogical and chemical differences between smelting and second-
ary working slags (Gordon 1997), there is substantial variability, depending on 
the richness of the ore and other additions to the furnace charge. Distinguishing 
between smithing and the proposed non-tapping smelting process involving very 
rich ores and producing little slag is challenging, even with microstructural and 
chemical evidence. A later paper by the same group presented a more convincing 
case for smelting, including a possible ore fragment, several bloom fragments, 
and a slag cake with metallic iron (Eliyahu-Behar et  al. 2013). At Tell Shiukh 
Fawqani (Luciani 2016; Luciani et  al. 2003), potential tap slags and partially 
reacted magnetite grains in the slag (suggesting that the magnetite was a primary 
addition to the melt) may also indicate smelting. Still, recent ethno-metallurgical 
work in Africa has shown that smithing slags can contain significant quantities of 
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metallic iron, and that some smithing hearths can even achieve conditions neces-
sary to reduce iron oxides to iron metal (Soulignac 2017).

Analysis of iron production debris from Iron Age Ashkelon (mostly from eighth-
century BC contexts) identified slags with metallic iron, several pieces of tap slag, 
and what appears to be partially reacted ore in the process of being reduced to iron 
metal (Erb-Satullo and Walton 2017). Even if some of the partially reduced ore 
microstructures from Ashkelon are somehow the result of iron oxides (e.g., ham-
merscale fallen into the hearth) being reduced in a smithing hearth as an uninten-
tional, accessory process, the tap slags are more diagnostic of smelting. Although 
the evidence at Tell es-Safi is somewhat equivocal, these later results put the argu-
ment for smelting at or near these urban centers on a stronger footing. Nevertheless, 
based on the current evidence, it is still too early to make the claim (Yahalom-Mack 
and Eliyahu-Behar 2015, pp. 300–301) that multiple distinct iron-smelting technolo-
gies existed in this region during the Iron II period. Urban assemblages of produc-
tion debris are likely to be affected by the cleaning of workshop spaces and localized 
redepositing of debris. Therefore, one must be cautious when comparing smelting 
technologies at sites affected by different taphonomic processes.

Evidence for secondary iron production appears at a number of sites spread across 
the Levant (Eliyahu-Behar et al. 2008, 2012; Erb-Satullo and Walton 2017; Roames 
2011; Veldhuijzen 2009b, c; Veldhuijzen and Rehren 2007). A major archaeological 
signature of smithing is hammerscale: small flakes of oxidized iron that detach from 
the iron metal during smithing. Because these small fragments are magnetic, they 
can be separated out from the surrounding soil with a magnet. Sometimes, flakes 
of hammerscale become trapped in slags, where they are preserved as oblong platy 
or tabular clusters of iron oxides (Erb-Satullo and Walton 2017, p. 14). Distinc-
tively shaped slag cakes, known as smithing hearth bottoms, are also characteristic 
of smithing activities, formed by the collection of slag in a smithing hearth. Fine-
grained excavation techniques can produce a map of hammerscale distributions, as 
demonstrated in the circa 900 cal BC stratum at Tel Beth Shemesh (Veldhuijzen 
2009c; Veldhuijzen and Rehren 2007, pp. 196–198). Regardless of the interpretation 
of the larger slag piece, the presence of hammerscale in the Tell es-Safi workshop 
confirms that iron smithing took place there (Eliyahu-Behar et al. 2012).

Additional evidence of smithing comes from an Iron I (12th/11th century BC) 
context at Tell Tayinat in southeastern Turkey (Roames 2011). Published analyses 
are preliminary, but the available evidence suggests that both copperworking and 
ironworking took place. The presence of several smithing hearth bottoms and ham-
merscale is diagnostic of iron smithing. At eighth-century BC Ashkelon, magnetite-
dominated slags—indicative of much more oxidizing conditions than those inter-
preted as smelting slags—attest to smithing at this site as well (Erb-Satullo and 
Walton 2017, pp. 12, 14). Somewhat later evidence of smithing activities includes 
debris from a seventh-century BC rubbish pit at Tel Dor (Eliyahu-Behar et al. 2008) 
and a smithy at Tel esh-Shari’a in the Negev with a terminus post quem of the late 
seventh to early sixth century BC (Rothenberg and Tylecote 1991). A small accu-
mulation of slag in close association with a stone mortar at the sanctuary of Khirbat 
al Mudayna has also been interpreted as smithing debris. To this list can be added 
a handful of unpublished instances of Levantine iron smithing reported as personal 
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communications by Veldhuijzen and Rehren (2007, p. 191). The recent increase 
in information about southern Levantine iron production is the direct result of the 
efforts by archaeometallurgical specialists to investigate ephemeral residues that 
might otherwise escape notice in a large urban excavation. While the identification 
of different stages of the chaîne opératoire, the delineation of different technological 
traditions, and the interpretation of social context are in some cases up for debate, 
there is no question that these studies are crucial to our understanding of iron inno-
vation in the area. Ongoing work on southern Levantine production contexts and 
metal assemblages (e.g., Eliyahu-Behar and Yahalom-Mack 2018; Yahalom-Mack 
et al. 2017) promises to shed further light on the question of where and when iron 
production took place in this region.

Detailed contextual information is not always available, but it is clear from the 
much larger number of smithing examples that iron smithing was frequently carried 
out in settlements. At Tel esh-Shari’a, smithing activities within the citadel indicates 
a degree of control over production. Veldhuijzen (2012) suggests that this might rep-
resent a change in the pattern of iron production during the Assyrian period, when 
the state asserted control over production. However, the association between institu-
tions and iron production is not restricted to the period of Assyrian domination. The 
metal workshop at Tell es-Safi was found in close proximity to several structures 
related to cultic activity. The stratigraphic situation is complex, and there is no direct 
association between metal production and possible ritual spaces, but Eliyahu-Behar 
et al. (2012, pp. 256–257) suggest that cultic activities may have been carried out 
contemporaneously with metal production. Still, the ways in which spatial relations 
between workshop areas and institutional structures correspond with social relations 
between craftspeople and elites are complex. One should be wary of overly simplis-
tic correlations between proximity and control.

Outside the eastern Mediterranean, direct evidence for iron production of any 
kind is sparse, making it more difficult to make inferences about the social context 
in which it occurred. Although scattered iron production debris has been found in a 
wide range of second and first-millennium BC contexts at Kaman-Kalehöyük, the 
site lacks clearly defined iron workshop areas (Akanuma 2001, 2002, 2007). Two 
blacksmiths’ workshops on the Aegean coast of Anatolia were identified at Phokaia 
(11th century BC) (Yalçin and Özyiğit 2013) and at Klazomenai (Archaic period) 
(Cevizoğlu and Yalçin 2012).

As discussed above, the metallurgical landscapes of the late second and early first 
millennium BC on the eastern Black Sea region relate to copper rather than iron pro-
duction. While the presence of iron objects suggests that local production occurred 
earlier, the earliest dates for iron-smelting sites in this area are in the mid-late first 
millennium BC (Erb-Satullo et al. 2018). Mining and smelting landscapes mapped 
by Belli (1991) in eastern Anatolia may date to the early first millennium BC, but 
caution is warranted, given the issues of later exploitation and the lack of radiocar-
bon dates.

The discovery of metallurgical debris in the western citadel of Argishtikhinili is 
particularly intriguing with respect to the social context of metal production dur-
ing the Urartian period (Martirosyan 1974, pp. 95–97, 150–157). Microstructures 
of slags and other production debris were not published, so it is difficult to say 
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exactly what metallurgical processes took place there. However, it seems probable, 
given the finds of a hearth/furnace, green-flecked crucibles, slags, and reported iron 
blooms, that both copper alloys and iron were worked there. The relationship of this 
workshop to Urartian authorities at the site is unclear, however, as the “House of the 
Metalworker,” where these items were found, was constructed so that it blocked the 
fortress’s main eastern entrance, implying what the excavator referred to as the neg-
ligence or mismanagement (“beskhozyaystvennost’”) of the fortress in the seventh 
century BC (Martirosyan 1974, pp. 96, 150–157).

In the Urartian levels at Horom, excavators report “iron nodules,” a piece of slag, 
and a spearhead in one room, but no scientific analysis of these finds is reported 
(Badaljan et al. 1993, p. 17; see also McConchie 2004, p. 121). It is unclear whether 
the nodules were heavily corroded artifacts, bits of bloom, or possibly even frag-
ments of ore. Without chemical or microstructural analysis of the slag, it is impos-
sible to identify conclusively what kinds of metal production were taking place here.

Copper and Copper Alloy Metallurgy

Though it might seem out of place to discuss copper and bronze production in a 
review on iron innovation, the two are inextricably linked. Implicit or explicit in 
any discussion of iron adoption is a comparison of the technology, organization, and 
distribution of copper alloys and those of iron. While details about copper produc-
tion and trade in LBA eastern Mediterranean is still under discussion, the prevailing 
view is that much copper production and trade was organized and managed by elites, 
though not always by the state (Bell 2012; Liverani 2003). The view that the long-
distance copper and tin trades were strongly integrated with palace-based regional 
hegemons is an integral part of arguments that explain the rise of iron as a con-
sequence of the Late Bronze Age collapse (e.g., Sherratt 2000). It is worthwhile, 
therefore, to discuss what is known about the organization of the bronze industry on 
both sides of the Bronze Age–Iron Age transition.

A massive copper industry existed on Cyprus in the Late Bronze Age. Bronze 
Age texts name Alashiya—meaning either Cyprus as a whole or a part of it (see 
Goren et  al. 2003)—as a main supplier of copper in the LBA eastern Mediter-
ranean. Shipwrecks such as Uluburun (Pulak 1998, 2008) provide archaeological 
corroboration for textual accounts of a vigorous trade in metals and other luxury 
goods across the Mediterranean. The geological basis for Cypriot dominance 
of the LBA copper trade was the major copper sulfide deposits of the Troodos 
ophiolite complex (Constantinou 2012). One of the earliest applications of lead 
isotope analysis to archaeological copper sourcing identified Cyprus as the main 
producer of the so-called oxhide ingots, which have been found across the Medi-
terranean (Gale 1999; Gale and Stos-Gale 1982; 2012; Stos-Gale et  al. 1997). 
Cypriot copper sources were at the center of methodological debates about the 
application of lead isotopes to archaeological materials (for a recent summary, 
see Pollard 2009). While it is generally accepted that most, though perhaps not all 
(see Ben-Yosef 2012; Lagarce 1983), of the oxhide ingots are made from Cypriot 
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copper, there is still significant disagreement over which mines were exploited at 
which times (Gale and Stos-Gale 2012; Knapp 2012; Stos-Gale et al. 1997).

Copper production debris found on Cyprus provides some indication of the 
industry’s organization. Located near a major ore deposit, the Late Bronze Age 
(roughly 13th century BC) remains at Apliki-Karamallos consist of several 
structures, some of which are interpreted as storage facilities for supplying a 
workforce engaged in metallurgical production. Metallurgical activity is clearly 
demonstrated by the presence of slag and tuyères. Analysis of the metallurgical 
remains has not been published, however (Knapp 2012, pp. 20–21), and the ques-
tion of elite oversight of mining and smelting activities is difficult to resolve. The 
discovery of a gold earring at the site (Knapp 2012, p. 20) hints at enmeshment 
in a wider economic network, perhaps with elite oversight, though one should be 
careful not to overinterpret this single find. Aside from Apliki, the small smelt-
ing site of Politiko-Phorades offers the only other example of LBA metallurgical 
activity in the immediate vicinity of Cypriot copper deposits (Kassianidou 1999; 
Knapp and Kassianidou 2008; Knapp et al. 2001). The site dates to the 16th–15th 
centuries BC (Knapp and Kassianidou 2008, pp. 139–140), so it is difficult to say 
whether the site is representative of later production in the 14th–12th centuries 
BC, when Cypriot copper production reached its zenith.

Copper production debris has been found at a number of settlements across 
the island (Courtois 1982; Doonan et  al. 2012; Kassianidou 2012; South 2012; 
Stech 1982; Tylecote 1982). The exact spatial organization of different stages of 
the chaîne opératoire is not entirely clear, however. Some scholars propose that 
initial stages of smelting were carried out at sites like Politiko-Phorades, while 
the final stages of matte roasting and copper metal smelting were carried out at 
coastal settlements (Knapp and Kassianidou 2008; but see Tylecote 1982).

There is substantial archaeological evidence to suggest elite participation in 
copper production, though the evidence for exclusive state control is far weaker. 
Metalworking at Enkomi is found in multiple phases of a large building referred 
to as a fortress (Kassianidou 2012). Yet it is also clear that copper production was 
carried out in numerous locations around the city (Courtois 1982). At the site of 
Kalavasos-Ayios Dhmitrios, smelting debris was found in several places, though 
not in the large administrative building there (South 2012). Of course, spatial 
proximity and control are not perfectly correlated, a factor that must be consid-
ered when we assess how spatial relations map to social ones. Dirty, smelly, met-
allurgical activities may not have been welcome near a seat of power. Neverthe-
less, the evidence does indicate that copper production at urban Cypriot sites was 
not spatially centralized in a few large workshops, perhaps indicating production 
by different social groups. The Cypriot mode of organization contrasts with the 
large bronze-melting workshop at Pi-Ramesse in Egypt, which had several banks 
of melting furnaces arranged in rows situated in a large industrial complex that 
was clearly designed to support the needs of the pharaoh and his building projects 
(Rademakers et  al. 2017; Rehren et  al. 1998, pp. 230–231). These comparisons 
provide an important reminder that the relationship between the bronze indus-
try and institutions of political authority may have varied even within the eastern 
Mediterranean sphere.
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With regard to the long-distance trade in copper and bronze, scholars have 
debated the degree to which merchants acted independently or were attached to 
Late Bronze Age palaces (Knapp 1993, pp. 338–340; Liverani 2003; Routledge and 
McGeough 2009; Sherratt 2000). Textual evidence makes it clear that the movement 
of material was substantial and that large-scale shipments were relatively common 
(Bell 2012). This lends support to the characterization of LBA copper trade as a 
large-scale, well-organized industry under some kind of elite supervision.

With the onset of the Iron Age, there were elements of continuity and transforma-
tion in the bronze economy. The copper alloy scrap in the cargo of the circa 1200 
BC Cape Gelidonya wreck has been offered as a counterpoint to the earlier ingot-
dominated metal cargo of the Uluburun shipwreck, suggesting a changing metals 
trade (Sherratt 2000, pp. 87–88). On Cyprus, copper production declined in the 11th 
century BC, though this may be due to a lack of excavated 11th-century BC settle-
ment contexts, which are obscured beneath later Iron Age cities (Kassianidou 2014). 
Indeed, analysis of metal artifacts suggests a continuous input of fresh metal—both 
copper and tin—into the metal economy of the island in the 11th to eighth centuries 
BC (Charalambous 2016; Charalambous et al. 2014).

In the southern Levant, the scale and concentration of production in the Arabah 
increased, corresponding with other evidence for the centralized administration of 
copper smelting. The walled smelting camp at Timna Site 30 was once considered 
an archetypal Late Bronze Age Egyptian mining camp (Rothenberg 1990, pp. 8–12), 
but recent investigations have redated this site to the Iron Age (Ben-Yosef 2010, p. 
567). This redating has placed large-scale Early Iron Age mining activities at Timna 
in line with the even larger Iron Age smelting complex on the other side of the Wadi 
Arabah. The largest of these Iron Age copper-smelting camps, Khirbet en-Nahas, 
shows all the trappings of a highly organized, large-scale enterprise: approximately 
50,000–60,000 tons of slag concentrated in a single ~10-ha site, with building com-
plexes and a large square fort (Levy et al. 2014b). Excavators hypothesize that the 
expansion of copper production in the late second millennium BC was an essential 
element of Edomite state formation (Levy et al. 2004). In this sense, these sites fit 
with the narrative that Levantine Iron Age states sought to exert control over local 
resources as they vied for power following the contraction of Egyptian and Hit-
tite imperial authority. Indeed, recent research on copper ingots from the southern 
Levantine coast effectively captures the shift from Cypriot copper sources to those 
of the Arabah (Yahalom-Mack et al. 2014b).

Outside the eastern Mediterranean and the Levantine corridor, new evidence sug-
gests that copper and bronze production was organized quite differently. Accord-
ingly, explanations for the rise of iron in these regions cannot rely on socioeconomic 
models that contrast centralized copper metallurgy and “democratic” iron metal-
lurgy. Copper-smelting landscapes in the eastern Black Sea region are characterized 
by large numbers of highly dispersed smelting sites. Although production occurred 
on a massive scale in aggregate, the output of any one site was relatively modest, 
perhaps three orders of magnitude less than the largest Levantine sites. Integration 
of spatial data with chemical analysis of slags reveals that each of these smelting 
sites was receiving ore from distinct mines within a zoned ore body, suggesting a 
lack of coordination in multiple stages of metal production (Erb-Satullo et al. 2017). 
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With dates spanning1300–800 BC (Erb-Satullo et al. 2018), these copper production 
sites mostly predate the major expansion of iron artifacts on the Black Sea (see Pap-
uashvili 2011). It would be presumptuous, however, to argue that copper production 
declined in Colchis right at the onset of iron adoption, as bronze was very widely 
used during the transitional period (Erb-Satullo et al. 2018, pp. 173–175). Neverthe-
less, we are still a long way from a full picture of the parallel trajectories of these 
industries.

Intriguingly, there does seem to be some regional variability within the South 
Caucasus. Metsamor (in the Araxes Valley) was a major metal production site in the 
late second millennium BC (Crawford 1974, pp. 242–243; McConchie 2004, p. 107; 
Mkrtchyan et al. 1967; Mkrtiachan 1967). Large amounts of metal production debris 
were found in the so-called “foundry layer,” a 1.2-m-thick stratum characterized by 
numerous metallurgical hearths/furnaces and large quantities of slags and tuyères 
(Khanzadyan et  al. 1973, pp. 189–190; Maddin 1975). Published analyses and 
descriptions suggest a connection with copper-base metallurgy (Mkrtchyan et  al. 
1967), but the technology and chaîne opératoire are not fully clear. Iron production 
remains have been reported in some secondary literature, but conclusive analytical 
evidence is lacking (Maddin 1975). Given other revisions to previous identifications 
of iron-smelting debris, it is prudent to approach these identifications with caution. 
Overall, the spatial centralization and scale of metallurgical activity within a fortress 
complex suggests a very different mode of production than that seen on the Black 
Sea coast. Other LBA–EIA hilltop settlements and fortresses also have traces of 
metal production (Badalyan et al. 2008, p. 65; Erb-Satullo 2018; Gzelishvili 1964, 
pp. 31–81), but no fortress workshop on the scale of Metsamor has been identified.

It very well may be that there was a degree of centralization in metal produc-
tion among the fortresses that characterize the Late Bronze and Early Iron Ages of 
the central South Caucasus (modern-day eastern Georgia and Armenia). Still, the 
organization of production within these fortified hilltop complexes remains an open 
question. For instance, how are we to interpret the massive quantities of produc-
tion debris from Metsamor in comparison with smaller quantities at other hilltop 
sites, some of which are fairly modest in size? Regardless, metal production in the 
South Caucasus took place in a very different social and economic context than in 
the Levant. Explanations for the rise of iron must take into account these regional 
differences in the organization of metal production.

Methodological and Theoretical Directions for Future Research

The first 50 years or so of systematic archaeometallurgical research on the rise of 
iron in the Near East focused predominantly, though not exclusively, on the analysis 
of finished iron artifacts, with particular attention paid to carburization and tech-
niques of heat treatment. While these efforts have accumulated an impressive data-
set, the overall evidence that increased hardness was the driving factor behind the 
spread of iron is rather equivocal. Many early iron artifacts are steel, but evidence 
for intentionality and control of carburization is weak. The challenges of sampling 
well-preserved artifacts make large-scale metallographic research programs difficult 
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to undertake. Nevertheless, it is encouraging to see scholars continuing to expand 
the metallographic dataset with well-dated finds, despite these challenges (Eliyahu-
Behar and Yahalom-Mack 2018).

A significant issue for understanding the social context of metal production is 
that workshop contexts may be quite ephemeral, and it is often quite difficult to dis-
tinguish between different pyrotechnological installations. The increasing focus on 
Near Eastern production sites and metallurgical debris, which builds on earlier work 
(see Bachmann 1982; Koucky and Steinberg 1982; Rothenberg 1990), is a promis-
ing trend. Careful microstructural and mineralogical analyses are necessary to dis-
tinguish between partially reacted iron ores, iron oxides that crystallized from the 
slag melt, and secondary iron oxides that formed from what was originally parti-
cles or aggregates of iron metal. As such, precise descriptions and publication of 
multiple high-quality microscope images are of paramount importance. Increasing 
collaboration between archaeometallurgical researchers and the excavators of these 
sites, either during the process of excavation (Eliyahu-Behar et al. 2012; Veldhui-
jzen 2009c) or during postexcavation analysis (Erb-Satullo and Walton 2017), has 
been instrumental in opening up these opportunities. Attempts to study the circula-
tion of iron by matching slag inclusions in iron artifacts to slags at smelting sites 
(e.g., Blakelock et al. 2009) will benefit from a larger dataset of primary production 
debris. Following the pioneering model of Rothenberg (1990) and the German Min-
ing Museum (Hauptmann 2007), there are more and more field projects where issues 
of technological change and the organization of production are directly integrated 
into the primary research aims (Erb-Satullo 2018; Humphris and Rehren 2014; Levy 
et al. 2014a; Veldhuijzen and Rehren 2007; Yagel et al. 2016). These kinds of pro-
jects are essential, as the study of metal production requires careful attentiveness to 
classes of artifacts that are often overlooked.

Metallurgically oriented survey projects represent another promising approach 
for the study of iron adoption. Forested mountainous regions are difficult to survey, 
but fieldwork has shown that they are often rich in metal production remains (Belli 
1991; Erb-Satullo et  al. 2017; Lutz et  al. 1994; Maisuradze and Gobedzhischvili 
2001; Yener 2000, p. 73ff). Dating metallurgical landscapes is a significant chal-
lenge, but furnace slags often encase datable charcoal, permitting a direct date of 
the slag in question. These techniques have been applied to metallurgical landscapes 
in the Caucasus (Erb-Satullo et al. 2018), and they might be suitable for the smelt-
ing landscapes of eastern Anatolia described by Belli (1991). Survey, excavation, 
and analysis of metal production sites in polymetallic ore-bearing zones will prove 
essential for substantiating theories about how iron emerged from experimentation 
with copper deposits. Such experimentation likely took place at smelting sites rela-
tively close to the ore deposits, so proper investigation of these areas is essential.

The recovery, analysis, and dating of production debris—at both settlement sites 
and primary production areas—provide an opportunity to address questions about 
the social context of production. The relationships between metalworkers and insti-
tutions of political authority are particularly important to the study of iron adoption. 
As shown above, spatial associations between workshop debris and institutional 
structures have commonly been used to argue for control over production. Yet, the 
imposition of control does not always map onto spatial relationships in a direct and 
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straightforward manner (Erb-Satullo et al. 2017, pp. 110–111). Production may take 
place in spatially disparate workshops yet still be centrally managed (Martinón-Tor-
res et  al. 2014), and a workshop located next to a temple may be an unwelcome 
neighbor rather than a temple-administered enterprise. Spatial relationships do affect 
the ability to project power, but scholars must consider such interpretations carefully 
and integrate other lines of evidence where possible (see Erb-Satullo et al. 2017).

Comparative examination of copper alloy and iron metallurgy is another key ele-
ment of ongoing efforts to understand the spread of iron. This applies not just to the 
numerous examples discussed above where both kinds of production debris occur in 
the same workshops (e.g., Eliyahu-Behar et al. 2012; Roames 2011). To understand 
the social and economic forces driving the spread of iron, scholars also must have 
a sound grasp of parallel trajectories in copper alloy metallurgy. Although there is 
an impressive and growing body of research on Late Bronze and Early Iron Age 
copper production in some areas (Ben-Yosef et  al. 2012; Erb-Satullo et  al. 2017; 
Knapp 2012; Levy et al. 2014a; Yagel et al. 2016), there are significant lacunae. Lit-
tle work has explored Late Bronze and Early Iron Age copper mining and smelting 
sites in Anatolia. Given the rich record of mining and metallurgy in other periods 
(cf. De Jesus and Dardeniz 2015), such production sites almost certainly exist (see 
Belli 1991; Lehner 2017; Lutz et al. 1994; Seeher 2010, p. 224), but they have not 
received the attention they deserve. These gaps hinder our understanding of metal 
economies in a crucial region during the expansion of iron use.

The search for technological links between copper and iron metallurgy forms an 
important subset of the broader comparative analysis. What elements of second-mil-
lennium copper production practice laid important groundwork for the development 
of iron smelting? Conversely, what practices or behaviors are preserved in early iron-
making traditions that reflect earlier (or contemporary) copper production practices? 
Conclusive evidence of iron produced from copper gossans would provide such a 
link. The examination of technological links has the potential not only to illuminate 
the mechanism by which iron smelting was invented but also to reveal relationships 
between copper and iron metalworkers that may have impacted its spread.

Mapping trajectories of adoption, rather than identifying the earliest iron arti-
facts, is yet another promising development. More recent syntheses have covered 
less geographical territory than Waldbaum’s early efforts (1978, 1999), but the 
detail within those more geographically constrained studies has complemented the 
earlier work (Gottlieb 2010; McConchie 2004; Yahalom-Mack and Eliyahu-Behar 
2015; Yahalom-Mack et al. 2017). Such approaches highlight innovation in iron as 
an extended process and permit a more richly textured understanding of the forces 
that affected adoption in different regions.

Work on metal production and use outside the Levant and eastern Mediterranean 
is crucially important for developing a robust understanding of the varying social 
conditions that led to the adoption of iron. This is not to discourage research on iron 
in the eastern Mediterranean, as much remains unclear even in this region. For good 
reason, the Levant and eastern Mediterranean will continue to play a key role in 
understanding the advent of iron. At the same time, research on metal assemblages 
and production sites in Anatolia, the Caucasus, and Iran will answer many questions 
about how differing social conditions affected innovation and adoption patterns. 
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Though recent research in the South Caucasus has revised the region’s claim to the 
earliest iron smelting, this region has the potential to match the Levant as a key place 
for analyzing patterns of iron adoption, due to its wealth of metallurgical remains. 
Anatolia’s importance in early iron stems from its early textual references to iron 
(Dercksen 2005), the earliest evidence of iron metallurgical debris (Akanuma 2007), 
and the number of early iron objects found there (Yalçin 1999). Further archaeologi-
cal work in the region, particularly surveys in ore-bearing zones, may resolve linger-
ing questions about the origins of extractive iron metallurgy.

The accumulation of fieldwork and laboratory analysis will allow us to address 
key comparative questions about the nature of iron innovation and adoption. One 
key question is the effect that a thriving bronze industry had on the emergence of 
iron. While some regions that adopted iron may have had less access to copper and 
its alloys, in others, iron was adopted in regions where nonferrous metals were plen-
tiful. Did expertise in bronze metallurgy engender conservatism or stimulate pyro-
technological innovation?

The link between the spread of iron and contemporary political developments 
is another common theme. What effect did Early Iron Age political fragmentation 
in the eastern Mediterranean have on the spread of iron? The development of new 
metal supplies (both copper and iron) does seem to characterize the southern Levant 
during this period. Comparative study of iron adoption in regions less affected by 
this collapse allows scholars to test these models. Somewhat later, in the first millen-
nium BC, expansionary states like Assyria and Urartu made and used large quanti-
ties of iron. In one sense, the period of political fragmentation that corresponds with 
early iron adoption in the Levant contrasts with the imperial consolidation that drove 
the expansion of the iron economy in the ninth to seventh centuries BC in Mesopo-
tamia, eastern Anatolia, and perhaps Egypt. In another sense, though, these mod-
els associate iron with the establishment of political authority, by small-scale local 
elites in the former instance and by large imperial states in the latter. As more and 
more iron workshops come to light, we will increasingly be able to assess the accu-
racy and universality of this model. For instance, it is unclear how involved these 
states were in the administration of production rather than simply the consumption 
of iron. Analyzing how different social conditions impacted patterns of iron adop-
tion has broader implications for understanding the relationship between technologi-
cal and social change.

In aggregate, these avenues for future research promise to move the study of iron 
innovation beyond the discussion of untested models and to provide a coherent pic-
ture of a technology that ultimately had a transformative impact across Eurasia. At 
its heart, the study of iron innovation is, on one hand, an investigation of geologi-
cal, environmental, and thermodynamic knowledge, and on the other, a study of the 
social, cultural, and political factors that affected the spread of that knowledge. Iron, 
therefore, offers excellent perspective on how people navigated the complex inter-
play between the natural and the social worlds.
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