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Abstract

Copper was one of the first metals to be utilized since 8000 BC. Arsenic cop-
per became popular due to its lower melting point and decreased metal po-
rosity, allowing for the creation of longer metal blades. Tin bronze began ap-
pearing around 3500 BC, and its superior recyclability and malleability made
it the favorite metal alloy until the prevalence of iron. Bronze alloy was li-
mited by its requirement of tin, which was more difficult to acquire than
copper in ancient Mesopotamia. This manuscript describes the ancient trade
of copper and tin based on the cuneiform texts. The paper will also list the
cuneiform texts that described steps of metallurgy, including the tools, fur-
naces, and crucibles utilized in Sumerian metallurgy. This paper reports the
analysis of the metallurgy techniques described by cuneiform to the chemical
analysis of copper artifacts in order to provide a better understanding of the
meaning of Sumerian metallurgy cuneiform texts.
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1. Introduction

Copper was one of the first metals to be utilized worldwide due to ubiquitous ore
deposits, its low smelting temperature, and its coveted lustered appearance (Pat-
terson, 1971; Moorey, 1988; Oudbashi et al., 2020; Radivojevi¢, 2010; Garfinel et
al., 2010). There has been long-standing debate as to whether metallurgy tech-
nology arose spontaneously across the globe, or whether it represents a process
of knowledge diffusion (Wertime et al., 1973; Killick, 2009; Thornton, 2009).

Whichever model is more reflective of metal history, it is important to remem-
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ber that the metallurgy technology in each region developed its own local cha-
racteristics and methodologies; each area of the world has its unique geography,
natural resources, and history of innovation. For example, what kind of copper
ore is available: pure copper, copper oxide, or copper sulfide? What kind of fuel
is available: wood, dried grass, or charcoal? What can be used to enhance fire
temperature: forced air flow through reed straws, hand fans, or bellows? What
material is available to create casting molds: open sand, clay, or lost wax (Helw-
ing, 2017; Wischnewski, 2017)?

This paper will explore the development of arsenic copper and tin bronze me-
tallurgy technology from 6th millennium BC Sumer, when arsenic copper was
utilized, until around 1500 BC when the rise of iron metallurgy required differ-
ent sets of technology and tools to purify and cast metal with a much higher
melting temperature. It will illustrate some of the cuneiform textual evidence,
including texts that describe the steps of copper metallurgy.

2. Background: Sumer’s Copper History

Copper metallurgy has been associated with some of the earliest complex civili-
zations of the world (Golden, 2014). Cold annealing of native copper was found
as early as the 8th millennium BC in Southwest Asia (Roberts, 2009; Matthews &
Fazeli, 2004; Raymond, 1986). Early copper metalwork was found in 5th millen-
nium BC Varna, Bulgaria, which showed evidence of metal casting (Svend,
2017). Copper smelting specialization has also been documented on the Levan-
tine coast in the 6th millennium BC (Borschel-Dan, 2000; Garfinkel et al., 2014).

Ancient Sumer and southwestern Iran were unique in that they showed the
first evidence of arsenic copper utilization, found, for example, from 5300 BC in
Susa (Ryck et al., 2005). While pure copper annealing was documented in
Northern Mesopotamia before 6000 BC (Levey, 1959), arsenic copper first be-
came prevalent in Southern Mesopotamia in the second half of the 6th millen-
nium BC (Svend, 2017).

There is debate as to whether arsenic copper was the result of deliberate addi-
tion of arsenic to copper during the smelting process or whether arsenic was a
carry-over compound during the smelting process (Wischnewski, 2017; Ryck et
al., 2005). While natural copper ores, especially those from Anatolia, may pos-
sess some naturally occurring arsenic, it is generally believed that arsenic content
over 5% is evidence of deliberate addition (Ryck et al., 2005). During copper
smelting, arsenic sulfide can be added via either orpiment or realgar, two pig-
ments well known from ancient Egypt (Daniels & Leach, 2013; Levey, 1959;
Stech, 1999). Copper comprised of greater than 2% arsenic possesses useful
chemical properties (Raymond, 1986; Moorey, 1999). Instead of the reddish cop-
per appearance, arsenic copper exhibits a silvery luster and was valued as a lux-
ury item (Svend, 2017). Arsenic copper alloy demonstrates greater elasticity and
structural durability, and thus, could be fashioned into ornaments more easily
(Allen et al., 1951).
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Arsenic copper also increased the range of weapons Sumerians were able to
construct. Arsenic added to copper reduces metal porosity, thus creating a
stronger alloy (Junk, 1973). While battle axes and maces could withstand metal
porosity, daggers could not. The absence of porosity prevents pitting of the met-
al, thus allowing casting of a longer metal blade. It was observed that, with the
invention of arsenic copper, average Sumerian daggers increased from an aver-
age length of 34 cm to 60 cm (Svend, 2017).

Additionally, with a lower melting temperature and decreased porosity, ar-
senic copper could be cast more easily (Junk, 1973). Instead of being limited to
open sand molds where castings had to be more carefully monitored, metals-
miths could pour melted arsenic copper into lost-wax molds without having to
worry about uneven filling or undetected bubbles (Zettler & Lee, 1999). With
lost-wax casting using pre-formed clay or pottery molds, a coppersmith could
create more complex objects such as crowns, scepters, or the spokes of wheels,
thus fostering innovations in metallurgy (Svend, 2017).

Arsenic copper represented the height of copper metallurgy until the arrival of
bronze, an alloy of copper and tin. Sumer was also the birthplace of bronze
technology, most likely owing to the area’s long history of copper working
knowledge and its flourishing copper smelting centers (Lopez, 2009). Tin bronze
was introduced around the middle of the 3rd millennium BC, whereas the first
true evidence of bronze is known from around 3000 BC at Ur in Mesopotamia
(Pollock, 1999).

Tin bronze provided several advantages: while copper has a melting tempera-
ture of 1084°C, the addition of tin lowers the melting point to 950°C (Raymond,
1986). The lower melting temperature was easier to achieve and maintain, thus
making the pouring and casting of metal even more manageable. The ease of
casting increased the rate of production and thus accelerated the bronze in-
dustry.

Tin bronze also had the additional advantage over arsenic copper in its ability
to be recycled and reused. Due to their precious nature, copper artifacts were
continuously recycled and repurposed (Moorey, 1982). In “Laws of Eshnunna”,
a bilingual (Sumerian and Akkadian) composition which may have originally
been composed in the late 3rd millennium BC but is known from Old Babylo-
nian Akkadian (early 2nd millennium BC), one clause stipulated that workmen
issued copper tools for the harvest must return metals of the same weight at the
end of the season, even if in scraps (Roth, 1995). Metalware and scraps were
melted down and recast, but arsenic is a volatile element and can evaporate dur-
ing the smelting process (Crawford, 2004; Shibayama et al., 2010). Repeated hot
annealing of arsenic copper would gradually see a decline of the arsenic content
and thus lead to degradation of the alloy (Greenfield, 2017; Mdédlinger et al.,
2017). The evaporated arsenic gas was most likely also toxic to the coppersmith;
recent bone analysis of ancient metal workers at Chalcolithic Levant showed
elevated levels of arsenic (Oakberg et al., 2000). Tin bronze, however, was supe-

rior in that it did not suffer from metal degradation with metal recycling nor
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give off toxic fumes, and this may have contributed to its gain in popularity
among coppersmiths.

Tin copper compounds had additional advantages over arsenic copper. Like
arsenic, tin could also reduce the amount of bubble formation in the copper cast.
However, tin bronze provides much more structural strength than is found in
arsenic copper. While arsenic copper was strong enough to make tools and
weapons, its limited tensile strength restricted the length of arsenic copper wea-
pons to be no longer than daggers (Lopez, 2009). With the availability of bronze,
metalsmiths were able to create longer weapons such as sabers, larger constructs
such as statues, or sturdier tools such as hoes, via casting (Crawford, 2004).

Through trial-and-error over the years, Sumerian metalsmiths defaulted to
creating copper alloys with approximately 10% tin (Raymond, 1986). This ratio
most likely represents a balance between better properties of tin bronze vs the
high cost of tin metal due to difficulty of procurement. The limited supply of tin
was one of the major reasons why, despite the superior performance of tin
bronze, it did not supplant arsenic copper until 1500 BC (Greenfield, 2017).
Here it is important to examine the supply of copper and tin during the Bronze

Age, as Mesopotamia lacked natural metal ores.

3. Results

1) Sumerian Copper Trade

Mesopotamia in the 3rd millennium BC received copper through both land
and sea routes. Traders were able to bring copper over land from the Zagros
(present day Iran) and Taurus (present day Turkey) mountains (Muhly, 1973;
Morr et al., 2013). Anatolian copper mines produced copper sulfides, which had
to first be roasted into copper oxide before it could be smelted (Levey, 1959). It
is thought that Anatolian copper was smelted in Tishmurna and Durhumit (near
the mines of Boghazkeui and Kiiltepe) before being exported to Sumer (Collins,
2016). An extensive network of trading posts, based on the Old Assyrian trade
route via Assur, was established such that the amount of copper imported in-
creased over time (Leick, 2001). By the 2nd millennium BC, the annual import
of copper from Anatolia to northern Mesopotamia via donkey caravan was esti-
mated to be 10 tons (Mieroop, 2016).

In addition to the overland copper routes, Sumer also had a robust copper sea
trade to three regions (Begemann et al., 2010): Dilmun, Magan, and Meluhha. Dil-
mun (present day Bahrain) was a major trading post connecting Mesopotamia,
Oman, Iran and the Indus Valley (Giardino, 2019). Magan is present day Oman,
a major source of copper ores. Meluhha refers to the present-day Indus Valley
(Muhly, 1973), where the Harappan Civilization flourished from 2500-1700 BC.

There are records of many copper purchases from Tilmun by Ur during the
Larsa period 2025-1763 BC (Muhly, 1973). It is estimated that several hundred
kilograms of copper arrived annually from Tilmun to Southern Mesopotamia
during the 3rd millennium BC (Giardino, 2019). Trades were carried out by

“Tilmun boats” (md tilmun-naki). That Tilmun traders played a dominant role
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in the copper trade might be inferred by the fact that copper transactions were
conducted using the weight standard of Tilmun, the “Tilmun standard” (na4
tilmunki) (Muhly, 1973).

One of the texts from Ur during the Lara period (2025-1753 BC) showed de-
tails of a copper trade with Tilmun:

2 ma-na ku-babbar;

5 I-gI$ gur;

30 tug-hi-a;

Kaskal tilmunki-$é;

Nam urudu sal0-sal0-de;

“2 minas of silver

5 kur of sesame oil

30 garments

For an expedition to Tilmun

To buy copper there” (Muhly, 1973).

Tilmun was first mentioned in the Uruk IV period (4000-3100 BC), but its
name appeared much more frequently in Early Dynastic period texts (2900-2350
BC) (Mieroop, 2016). By the end of the third dynasty of Ur, however, copper
trade from Tilmun apparently declined. Instead, Magan appeared to have re-
placed Tilmun as the source of copper during the reign of Ibbi-Sin (2029-2006
BC). The title of the office in charge of trade with Tilmun, the Alik Tilmun, no
longer appeared in texts (Falkenstein, 1966). Instead, the title of §a-e$8 a-ab-ba,
with connection to Magan, was used in association with trade:

“nig-$4m-ma urudu ma-ganki’;

“merchandise for buying copper of Magan”.

The texts from 2000 BC referred to the quantity of wool and textile that were
traded for copper (Leemans, 1960). With the shift in trade, Magan boats were
increasingly described. They were characterized by their large size, with each
able to carry 15 metric tons of material, and by their coating of water-proof
black bitumen tar (Giardino, 2019).

As opposed to Tilmun, which was most likely a trading post, Magan was an
actual site of copper production. Magan was referred to as KUR URUDU «
Ffj (mountain of copper) (Muhly, 1973). The importance of Magan copper
can be determined by chemical analysis, since copper mined from Magan ores
contained characteristic high nickel content. It has been determined that, among
Sumerian copper artifacts from the 2nd to the 3rd millennium BC, about half
possessed the characteristic high nickel content, averaging 0.05% - 3.34% (Giar-
dino, 2019).

Copper trade with Meluhha, on the other hand, was not as well documented.
It is thought that Mesopotamian cuneiform texts actually described two Meluh-
has, one to the west (now generally believed to be located in present day Nubia
and Ethiopia), while the other one was to the east and thought to be in present
day west Pakistan in the Indus Valley (Dhavalikar, 1997). The Meluhha in the
Indus Valley is believed to be the copper trading partner described in a Sargon I
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text by someone described as “Su-i-li-su, Meluhha interpreter” on a Mesopota-
mian seal (Kanika, 2021). Meluhha was located near two major copper deposits,
the copper oxide ores in the Saindak, and malachite and azurite carbonate ores
in the Raskoh Range (Muhly, 1973).

Trade with Meluhha was better documented during the second half of the 3rd
millennium BC. The reliance of the sea trade route to the Indus Valley most
likely accelerated during the Sargonic period when overland trade routes to the
Zagros mountains were disrupted. The empire of Ur III, however, collapsed
around 2000 BC. With the concomitant decline of Magan, the sea copper trade
route was largely discontinued in favor of northern overland routes as new and
cheaper sources of copper became available from Anatolia and Cyprus (Stein-
keller, 2014).

As opposed to copper, the source of tin for Mesopotamia during the Bronze
Age is not as well defined (Cuénod et al., 2015; Yener, 1993). First of all, tin and
lead both have similar grayish-white appearances and were described interchan-
geably in Sumerian texts (Muhly, 1973). In Sumerian, the word an-na % is
actually used to describe both tin and lead (ePSD, 2021). The confusion persisted
even to the Classical period, as tin was actually called plumbum candidum in
Latin, or “white lead”.

2) Sumerian Metallurgy Technology

Having reviewed the sources of Mesopotamian copper and tin bronze in
Bronze Age Sumer, I turn to the cuneiform texts that provide evidence for the
steps in the process of copper metallurgy. Copper in Sumerian was referred to as
urud k], while bronze was referred to as zabar GIQZU_

Copper ore exists in rock form and needs to be pulverized into pellets to allow
for metal extraction during the smelting process. Copper ores were referred to as
Urud hasum (urud ha-$um) T;:fj M (Levey et al., 1959). Mortars (naga)
ﬁﬁ@ or pestles (ge$gana) ﬁ-’n@ﬁh@ were already in existence during the
Early Bronze age to grind grains into flour and it is believed that the same tools
were used to process copper ores.

First, mortars and pestles were utilized to crush (gum ﬂ) and to grind
(guru t@) ores into pellets of manageable size (Levey et al., 1959). Next, the
crushed copper pellets were washed to remove soil impurities and were recol-
lected via a sieve (sim, “to sieve” RH?{E?). A text from 2200 BC shows that clay
colanders with pores were covered with hair or wool to strain and isolate mate-
rials (Levey et al., 1959).

Processed ore pellets were next smelted in order to extract copper. Copper
metallurgy arose after the development of pottery, and many believe that copper
smelting initially occurred as an accidental pottery byproduct when copper in
pottery glazing became congealed in the furnace and was extruded as small cop-
per nuggets (Tylecote, 1992).

Furnaces used for copper smelting also evolved over time. Small furnaces were
found dating as far back as 4000 BC in Assur, in northern Mesopotamia, a re-

gion which at the time exhibited cultural connections with the south (the
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so-called “Uruk culture”) (Levey et al., 1959). The initial furnaces were con-
structed with clay and were of a circular design. The furnaces had openings at
the bottom where fuel could be added, and had multiple side vents to allow for
air drafts and thus, higher burning temperatures. Furnaces from the 3™ millen-
nium BC became taller (total height up to 100 cm), and were now in the shape of
a house. Fuel was kept inside the rectangular base of the furnace, and air vents in
the shape of windows were added to the sides of the house-shaped furnaces in
order to enhance air flow. Larger furnaces started appearing in Susa at the be-
ginning of the 3" millennium (Levey et al., 1959). These were of a circular design
and were topped with a dome. The furnaces were over 200 cm tall and are esti-
mated to have reached temperatures up to 1100°C. Deposits of calcium carbo-
nate found inside a furnace in Khafaje in the Diyala region of central Mesopo-
tamia are evidence that this type of furnace was used for smelting, rather than
for pottery making. Calcium carbonate was an often-used flux agent, in the form
of limestone, utilized in copper smelting to facilitate the isolation of copper, and
its existence within the slag inside this furnace suggests its usage for copper me-
tallurgy (Patterson, 1971).

There was another type of large furnace found dating to around 3000 BC, the
“floor of eye” furnace, known from Levant and Northern Mesopotamia. This
furnace was constructed on the floor of the shop, with a large central pit or
“eye.” While this type of furnace was easier to construct, its open-air design
would not be able to achieve a high enough temperature for copper smelting.
This type of furnace was most likely used for copper hot annealing, rather than
for smelting.

In order to achieve the higher temperatures required for copper smelting,
another design, the stacking furnace, also emerged (Levey, 1959). Multiple fur-
nace elements were stacked vertically atop each other, achieving the height of a
house. The utilization of these furnaces for copper smelting was confirmed by
cuprite and malachite copper deposits found at the bottom of a furnace exca-
vated in Khirbet el-Jariyeh.

The stacking furnace also utilized bellows at the bottom to fan flames and
achieve high temperatures. The use of bellows was documented as early as the
second millennium BC, when a Larsa coppersmith received two goats “for the
leather of the bellow” of the furnace (Faust, 1941). Another tablet reveals that
reed pipes “KA IM % il @’— were connected to the bellows in order to
direct flames into the furnace (Cros, 1910).

Within the furnaces, copper pellets were smelted inside crucibles, Sumerian
abni, @:&ﬁ (ePSD, 2021). Crucibles were made of fired clay in order to en-
dure the high furnace temperatures, and were found as early as 3000 BC at
Amougq in Syria, near the northern extent of the Uruk culture and trade net-
works. During copper smelting, impurities were separated as floating slags
and tapped off, with molten copper remaining in the crucible to be recovered
(Hauptmann, 2014).

Copper metallurgy requires sustained and controlled flames, and the impor-
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tance of fire and temperature were recorded in some of the earliest cuneiform
texts: “Fire is kindled, it should be a good fire, not a smoky or a fierce fire” (Le-
vey, 1959); the text also mentions that the furnace fire needed to be kept going
for four to ten days (Thompson, 1936).

Fuel was a critical component of fire, and cuneiform texts recorded different
types of fuel used in the copper extracting process. Fires from 2000 BC in Pales-
tine and Northern Mesopotamia mostly used dried shrubs and bushes (Levey et
al., 1959). There is text showing the usage of styrax, mulberry or willow wood,
Sumerian **§ag,-kal <>t in Sumer in the 7™ century BC (Levey et al., 1959).
There are discussions as to whether charcoal #*u,-bil,-la (**u,-bil,-la) TERaEIRE"
were used as fuel, as the archaeological evidence is ambiguous; it is difficult to
differentiate between charcoal and accidentally charred firewood (Levey et al.,
1959).

The combination of tin and copper to create bronze was a technological ad-
vancement known at an early time, as a 3" millennium BC hymn praised the god
of fire, Gibil, for mixing copper and tin (Figulla & Martin, 1953). A tablet from
the 2" millennium BC showed a formula for bronze, namely “10 minas of glit-
tering copper and 2 minas of tin” and “900 shekels of copper and 70 of tin”
(Wiseman, 1953). Similarly, a Sumerian text from the 3" millennium BC reads:

“1/2 talent, 5 minas and 1/3 shekel of copper plus 4 minas, 5 shekels of tin to
make bronze (Strassmaier, 1889).”

For modern day calculations:

1 talent = 75 lbs or 60 minas

1 mina = 1.25 lbs or 50 shekels

1 shekel = 0.4 ounce

Smelted copper alloys were cast into molds for the final products. The earliest
mold system was the open cast, in which a mold was created either in a sand tray
or chiseled into the floor of the workshop (Lopez, 2009). The pattern on the
shop floor for bronze casting was described as a “crevice” or ki-i-dar or nigissu
S E from a second millennium BC text from Sumer (Levey et al., 1959).
The lost wax method of casting was already developed by 2800 BC, in which a
wax model of the final object was first created and wrapped with clay (Levey,
1959). Wax dissolved with heating, and the empty space left behind in the clay
could be used to mold bronze. Molds used in bronze casting were called nigdea
in Sumerian, written "‘nig,-de,-a Wﬁ.

The wax method was mentioned in a first millennium BC text: “20 minas of
wax were given to the smith to make a ni-bi-r/’, which is associated with the
Sumerian god Marduk * f: s

dAMAR.UTU (Strassmaier, 1889). The lost wax method was also documented
in the 3rd Dynasty of Ur, when a hubum (***hu-bu-um) ] J"F&—#I, which
forms part of a chariot, was made with one minas of copper (Limet, 1955). In
addition, a chariot door part, armatum (““¢ar-ma-tum) HIJgHPHm==, was
made with 2 minas and 16-1/2 shekels of copper. Additionally, it was noted that

sheep fat, flour and oil were used as early as the end of the 3rd millennium BC to
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coat the molds for easier extraction (Wischnewski, 2017).

There were multiple classes of metal workers in 3™ millennium Sumer. Simug
aiﬂr, was a metalsmith who worked with all kinds of metals (Wischnewski,
2017).

Simug urudu worked primarily on copper aiﬂ E:tj, and Simug zabar
Fﬁﬂ]]]]TM—-(, specialized in bronze. There were also metal specialists, with tibira
focused on hammering metals into shape, and kii-dim was a luxury smith who

only worked with gold and silver.

4. Discussion

As compared to other ancient civilizations who underwent the Bronze Age
transformation, the history of copper metallurgy is especially well documented
in ancient Sumer due to the availability of cuneiform tablets. This paper outlines
some of the known evidence of arsenic copper and tin bronze metallurgy, from
copper and tin mineral acquisition, mostly achieved through trade, to ore
processing, smelting, and casting. Unique aspects of Sumerian metallurgical tra-
dition include their set of local fuels for smelting fires and their particular cruci-
ble and furnace designs.

The study of metallurgy history is hampered by the complicated history of
copper artifacts, where each piece invariably underwent repeated cycles of sal-
vage and re-tooling. Since each cycle of metal annealing adds new chemical sig-
natures to the alloy, understanding the provenance of each ancient metal object
via chemical or atomic analysis is complicated. The study of the history of me-
tallurgy is thus substantially improved by a careful examination of the textual
evidence, as this overview has shown. With up to 90% of the 500,000 cuneiform
tablets available yet unanalyzed, there is a large treasure trove of potential me-
tallurgy history yet to be discovered (Hardach, 2018). The interpretation of me-
tallurgy cuneiform can be improved when cuneiform texts could be analyzed in
the context of modern day chemistry in order to better understand the chemistry
described by cuneiform. With digital cuneiform analysis becoming available, it is
possible more information can be shed on the origin of metallurgy in ancient

Sumer.
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