THE ARCHAEOMETALLURGY OF COPPER
AT FEINAN, JORDAN: FIELD RESEARCH AND
ANALYTICAL WORK OF AN ANCIENT ORE DISTRICT

Andreas Hauptmann'

1. AIMS AND METHODS OF ARCHAEOMETALLURGY

Research work in archacometallurg is focussed basically on the development and
diffusion of ancient extraction and treatment of metals, and there are two fundmen-
tal questions which may be traced back even to the beginnings of archaeology 1ts§lf.
The first is addressed to the technology of metal production. The second deals with
provenance studies to reconstruct ancient trade ways.

The technology of metal production comprises the investigation of mining and
smelting techniques, and the further treatment of metals such as refining, alloyil'{g, and
smithing. Studies on these topics were performed as early as the beginning of this cen-
tury, among others by Gowland [1] or Zschocke and Preuschen [2]. They quickly recog-
nised the benefit of comparing the archaeological with ethnographic evidences of primi-
tive mining and smelting techniques in countries such as Japan, Africa or the Far East.
Such observations are as important as experimental work, because it has been shown
repeatedly that one of the jeopardises of reconstructing ancient metallurgical processes
is an intellectual overload by methods of modern metal technology.

Investigations on metal production, based upon research of ancient production cen-
tres, were neglected in archaeology for a long time. This is due to its research theory
which up until today is mainly focussed on art-related archaeology, and, hence, di-
rected by aesthetic aspects. In addition, materials like slag —ancient waste— are hardly
to understand by conventional methods of archaeology. To unlock informations from
slags and ores, not only the instrumental application of chemical, mineralogical .and
physical methods is necessary. An interpretation to response archaeological qqestlons
in a qualified matter is essentially based upon the dialogue between archaeolog1§ts {md
scientists, which also presupposes a proper “adjustment” of methods and scientific
problems to archaeology. In this sense, pioneering work on mining archaeological and
archaeometallurgical remains of prehistoric metal production was published [3,4 and 5].
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Figure 2. The ancient ore district in the area of Feinan at the foothills of the Jordanian Plateau. Indi-
cated are smelting sites and mining areas. Each mining symbol represents a locality where sometimes up
1o fifty individual mines have been discovered. The location of mines on the map are primarily associated
with outcrops of copper ores. Settlements mentioned in the text are also shown.

chite, and various copper silicates (chrysocolla, dioptas) which are embedded in flat
dipping shales and sandstones [9]. Different to many other prehistoric ore districts
which are more or less destroyed by modern mining activities, at Feinan it is possible
still today to collect high grade ores with a copper concentration of > 50%.

This type of ore deposit is rather rare in the Near East, it has just one parallel in
Late Precambrian sediments in the southwest of the Sinai peninsula [10]. Otherwise,
and this is of major importance to better understand the development of metallurgy in
the Old World, sulfidic ore deposits are prevailing. These are mostly of hydrothermal
origin, and the iron hut or gossan of such deposits is exposed to the surface. With in-
creasing depth, a zone of oxidized ores is below the outcrop; it covers a secondary en-
richment zone and finally the primary ore deposit. This sequence of changing com-
positions served as a simplified model to explain the stepwise development of metallurgy:
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the earliest use of native copper, then the smelting of oxidic copper ores, followed by
the extractive metallurgy of (complex) sulfidic Cu/Fe-sulfides.

Due to their origin, Feinan and Timna are hardly to distinguish in their mineral
content, geochemistry, and in the isotopic composition of their lead [11 and 12]. For
instance, the chemical composition of more than 100 samples of ores from Timna, and
the same number from Feinan showed that the concentrations of those elements are
similar in both deposits which should be more or less enriched during smelting in the
metal (Ag, Pb, Zn, As, Sb, Co, Ni). This implicates that also metal objects made from
Timna or Feinan copper ores, respectively, are hardly to distinguish.

There is a possibility, however, to separate at least the copper ores from the two
localities. This is due to their different geological setting. At Feinan, the major ore
horizon in the Dolomite-Limestone-Shale Unit (DLS) is widely exposed to the surface
especially in the Wadi Dana and Khalid (figure 3). The upper part of this formation,
in a thickness of ca. 1-1.5 m, provides plentiful greenish copper silicates, malachite,
and atacamite, embedded in a series of Cambrian shales which contain considerable
concentrations of carbonates, manganese ores and phosphorite (figure 4). The corre-
sponding formation in the west, the Timna-Formation, is buried under a thick sequence
of sediments and, with but a few small outcrops [12], was only exploited by modern
mining activities. At Feinan, ores from the DLS were easily to exploit in ancient times,
because of the friability of the shales. In a stratigraphic higher formation, the Massive
Brown Sandstone (MBS) thin vein fillings occur which were formed by a remobi-
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Figure 3. Simplified development of mining activities in the Feinan district. The geological section Wadi
Khalid-Wadi Dana shows two ore-bearing formations (Massive Brown Sandstone, MBS, and Dolomite-
Limestone-Shale Unit, DLS). They were exploited in different periods by specific techniques.
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ingNEither at Timna, nor at Feinan na?ive Ccopper was found. Thi:s is worth memlﬁ::
» D€Cause this was perhaps the main reason why metallurgy in the southern

vant starteq with a chronological delay in comparison with Anatolia and I'ran.

€re, native copper frequently occurs in ore deposits, and it was utilized even since

ilsﬂsre'l) ottery Neolithic period for making beads and small tools by hot and col
ing.

; AltOgether, the ancient metallurgists at Feinan had benefit from the ores available
N many respects:

th L. They were smelted by a one-stage process. No roasting was necessary as it is
© case with sulfidic ores, e.g. from those at Rio Tinto or Cyprus.

th 2. The high percentage of finegrained clay minerals in the host rock especially 11!
¢ DLs Cconsiderably improved the reaction rate of the components.

Whi3i1 The association with manganese-(hydr-)oxides provided a “self-fluxing” Or°

N Quickly led to the formation of a liquid slag inside the furnace. In addition. the
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metallurgists had not to control the gas-atmosphere of the furnace in such a severe
way as it is necessary during smelting iron-rich composition of ores.

4. THE CHRONOLOGY OF THE USE OF ORES AT FEINAN

One of the major goals of the project was to establish a chronological frame of the
use of ores and the major activities of copper production in the Feinan district. For
several reasons, we almost exclusively collected charcoal samples from inside the
mines, and from slag heaps cut by erosion for dating by “C-measurements. Altogether
51 radiocarbon-measurements were carried out at the University of Heidelberg. As our
main field activities were based upon surveys. pottery could be collected just from the
surface and. hence. was of limited value. In addition, while pottery only rarely is found
in ancient mines and slag heaps, they abound in charcoal relics from the use of wood
e.g. for light or timbering and from smelting activities. The results obtained are not
complete, and they will be completed by further excavations.

Ores from the copper deposit of Feinan were utilized for a period of roughly 10.000
years (figure 5). They were used for making beads and cosmetics during the Pre-Pottery
Neolithic in the 8" millennium. The first evidence for smelting dates to the 5" millennium.
It does not come from Feinan itself, but from chalcolithic settlements in the Beer Sheva
basin, in a distance of 100 km and more, where ores from Feinan were exported to
and were smelted inside the villages. During the Early Bronze Age (EBA) II-1V, there
is the first evidence of a mass production at Feinan. Little activities were proven from
the Middle Bronze Age, but at the Late Bronze and the Iron Age there is evidence for
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Figure 5. Overview of radiocarbon-data from the Feinan area. It shows that the ore deposit was utilized
since the Pre-Pottery Neolithic up until the Roman-Byzantine period. Not shown are activities in the Mam-

luck period.




426 N
AnDrEAS HAUPTMAN:
copper smelting in an industrial sc

ale. Major slag heaps date to the Roman period, and
Some echos of meta] production the M, : " i

were found at the Mamluck period.

S. EXTRACTIVE METALLURGY OF COPPER

aﬂdhgc())lsitdi(;‘lf lhft (scientific) studies on ancient slags were focussed on the formation
were im,estt‘:atlon of such samples that were not older than the LBA. As a rule, slags
rion. 11 Mlgated'from even younger smelting sites such as Cyprus, Rio Tinto, LaV”
materials pope - ronce of from Tuscany [13, 14, 15, 16, 17. 18 and 19]. All these
ment of the vle In common that they were produced after the inception and develoP”
Slag I 5 a88Ing process — as it was named by Craddock [20]. Also most of the

& heaps at Feinan date to the Late Bronze and Iron Ages and to the Roman per10d°

desl:h';ats, tofbe] pointed out especially, however, that the field evidence at Feinan provi-
copper n'?: nar argest copper l'Jroduc'uon of th(.l EBA in the Near East. There are sever

cortespond es, 13 smeltmg sites with an estimated tonnage of 2800 t of slag which
years. Th S to the production of several hundred tons of metal within a period of 1900
thsi'mi] €re is no ore district in the Near East where EBA copper production e’f'Sts
extensiy ar extent, perhap.s with the exception of the island of Kythnos [21]. In addition:
fragmenfs copper processing was excavated with more than 600 casting moulds an

of 15 cre of them, over 100 metal objects, numerous crucible fragments. and a caclrhe
gorge w :Cent shaped .bar ingots [22]. This metal factory was located in a water-bearing
Arabah erc the W.ad' Fidan opens a natural transit from the Feinan area to the Wadi

a1 and, herewith, an access to the western cities and settlements in Canaan.

rec::;?rll(l)ut doub.t, the investigation of slags unlocks most important informations to
and che c} Smelting processes. By means of mineralogical texture and phase content
as Smeltr‘mcal bulk analyses |.nformatlons on '?meh,ing parameters can be obtained such
armnes Ing temperature (or interval of-:e(.)hdxﬁcatnon, from which temperatures i'n the
viscosit may be reconStm‘ft?d) , Compo-"E'On of the gasatmosphere (rgdox-conditlons)’
prOVidey, and the comp osition of the chdrge‘ However, the lillSl mentioned point O?ll);
Were uss :cceptable ‘results if slqg aqalxses were compared with thf{ actu.al ores whi€
Smeltede for smelting. Otherwnsg, it is hard to argue whether self-fluxing ores were
impliom, or fluxes were added to improve the formation of slag. The last point woul
ably the a technological development. smplar to deliberate alloying processes. Pro-
trang € use of fluxes was overestimated in archacometallurgy. as a re:qult of a hasty
erence to prehistoric metallurgy of modern technologies and practices. After My

opin;j
B?L’:On, there is no hard evidence yet for the deliberate use of fluxes before the Late

Ag::}‘:’ chemical bulk compositions of slags produced at Feinan since the Early Bronze
thie mOW that SiQ,, CaO, MnO, and FeO are tht? predominant components (figure '6)3
Coppereans that mainly silicate slags very rich in manganese were produced during
of Smelting. The phase content Comprises tephroite (Mn.SiOs). various modifications

N-pyroxenoids, (Bustamit and Rhodonit) ang high amounts of glass. Slags of
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Figure 6. Chemical composition of copper slags from different periods in the Feinan district. All but
those from the Mamluck period are extremely rich in manganese. Roman slags are surprisingly high in
SiO;. 1 = Early Bronze Age lI/Ill. 2 = Iron Age. 3 = Roman period. 4 = Mamluck period.

such compositions are rather rare in Old World archaeometallurgy. They were observed
Jjust in ore districts where manganese ores are intergrown with copper ores, e.g. Timna,
Cyprus, and Oman. Otherwise, the most common compositions are iron-rich silicate
slags with the well known fayalite. The projection of reduced bulk analyses of slags
from Feinan into suitable phase diagrams (e.g. into the ternary system CaO-MnO-SiO,)
points to liquidus temperatures between 1190 and 1300 °C. Even a large range of CaO-
and MnO- concentrations would not affect these rather low temperatures, i.e. the meta-
llurgists had not to take care about varying contents of dolomite or manganese in the
charge and in almost every case it was possible to produce a liquid slag. In the Roman
period smelting was carried out at higher temperatures. We conclude this from higher
SiO, concentrations which indicate temperatures of > 1400 °C. These temperatures
probably were hardly reached in reality, and it should be considered that, in general,
alkali-concentrations would lower the melting range of a silicate liquid. Experimental
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Map TR .
Va"‘agegfi:i;ij:c-d . ‘ngsl o ‘th:,r chemo-physical properties provide a decisive 24-
Iatip inside the £ leant ?mde tl;}l'.‘-. S a 'funcu()n of the oxygen pressure or the CO/C .2
licateg have 3 m":l:;l‘";e ¢:n ' ¢ lt‘:m[f)clr“nu.r(':. Manganese oxide and also manganese S1-
Which are well knowndli-ﬁcz:r:;lzggrr?e(,s,tldblmy during smelting than iron silicate s1ags
atmosphere as Caﬁsed fo ampl bd urgy. Thcy arc not affected by a changing gas
. €re will pe no - 'rc.:xa ]f)c y rhythmic addition of charcoal into the furnace.
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Reoug liquid, | , p his is true for < ?fl‘nmvcly was formed from a homog
N Cage thare ooy cases, this IS IUC for slags from the Late Bronze and Iron AgeS:
ery Oftenere are undecomp0§eq relfcs of the charged material. the method is useless:
ie. from u; thl:. is to o(lj)sel:Ve m.slag.s Tfrom the incipjent stages of extractive metallurgy:
exhibiy i, le‘? and 3% millennium. They often did pot reach the fully liquid state an
OXide Clusions of the ores charged, and are extremely high in copper or copper-
- 1€y show al] features of a short-terminateq smelting in small reaction vess€!S-
a:iu;li]dslags, for example, were rqcox;ered from the 4 millennium B.C settlement of
eastery I\;" 4. They are representativ for €opper smelting slags of this period in the
Chargeq edlterranéan. [25]. A macrog'raph (ﬁgure 7) indicates that. only parts of the
€ che Ore were liquified. ’!‘hey consist Of clinopyroxene. magnetite, and glass, ind
0 Mica] composition po{nts to a smeltmg temperature of apprOlei.lte]y 1150 .

cOmempar[s consist of mm-sized fragments of sandstone where thfe original miner:
and texture js preserved. There is no evidence for the use of any fluxes. In ¢
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Figure 7. Macrograph of a slag from the 4 millennium BC sertlement of Wadi Fidan 4 (Feinan area).
The slag did not reach the fully liquid state and contains large fragments of undecomposed sandstone
(white and grey inclusions) and droplets of cuprite and copper (not visible on the foto). Width of the slag:

5.5 cm.

neral, fayalite. a common phase in slags from later periods, is missing. Instead, Cu- and
Cu/Fe-oxides like cuprite, tenorite and delafossite are typical predominant constituents
and are reason for major losses of copper in the slag. They indicate a firing under low
reducing conditions. This is typical for smelting processes in small crucibles.

We conclude from the texture and the phase content of these early slags that it
never was the primary goal of smelting processes to produce a liquid slag. Regarding
the high copper content of the ores available it was probably much more the inten-
tion, to reduce ore, to liquify the metal and to separate it from the hostrock, which by
chance might or might not have reached the liquid state [26]. A mechanical separation
of copper by crushing and grinding the slag was a common practice for metal recovery.

6. THE COPPER: VARYING QUALITY OF METAL
IN DIFFERENT PERIODS

Slags use to contain inclusions of copper which we selected out for metallography
and chemical analyses (electron microprobe analysis and ICP-OES) to characterize the
metal produced. We investigated this aspect in order to better distinguish between na-
tural impurities and deliberately alloying practices in later studies of metal artefacts.
Excellent field conditions enabled us to differentiate between smelting sites from dif-
ferent periods, and, therefore, between copper produced e.g. during the EBA and the

Iron Age (figure 8).
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Basically, copper ores and copper from Feinan are remarkably pure in compa”so'j
With other ores and metals in the eastern Mediterrancan. Inclusions of cuprite or' u
sulfides are very low in the metal, but occasionally we observe inclusions of irof”
phOSphides which are not uncommon in copper produced from sedimentary ore e-
Posits, Looking more into details, we observed varying conCentratioqs of minor- an
race elements in the metal. This is caused by the exploitation of various parts of the¢
ore deposit, and by the technological development of furnaces. Due to the use of ores
_fmm the MBS, the lead concentrations are rather low in EBAI copper; we observe an
nCrease up to a few percent of this element (i.e. an enrichment by a factor of 100
N Copper from the 3« and 1+ millennium, when ores from the DLS were mined.

On the other hand, concentrations in copper of iron and zinc are primarily influé?”
ced by technological aspects. Their distribution in slag or metal is a function of th®
redox'coflditions i.e. the oxygen concentration in the gas atmosphere of the furnace-

igh iron- ang zinc.contents in the Iron Age copper, therefore. may be explained bY
Strong reducing firing conditions caused by a new construction of smelting furnaces-
While EBA I crucibles and natural draught furnaces of the EBA II-1V operated under
efr.atic: but rather low reducing conditions [27], better controlled strong reducing cO™"
ditiong Were achieved in later periods by the use of peliows and tuyeres. They caus®
the Precipitation of a few percent of metallic iron High amounts of iron in copp?f’ n
1ew cases even iron objects were reported from Iron Age Timna. In contrast to Feina™:
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where manganese ore constitutes the prevailing hostrock, iron-(hyd-)oxides are asso-
ciated with copper ore there. Gale et al. [28] convincingly demonstrated by lead iso-
tope analyses on ores, copper- and iron-artefacts how iron production was developed
from the metallurgy of copper.

7. LEAD ISOTOPE ABUNDANCE RATIOS OF COPPER FROM FEINAN

To trace the distribution of exported Feinan copper and to reconstruct ancient trade-
ways, a series of ores and metal inclusions from slags were analyzed for their lead
isotope abundance ratios at the Max-Planck-Institute for Chemistry at Mainz. Here-
with, any problems related to trace element variations in the ore deposit and on the
way from ore to metal can be avoided. It was a major advantage to analyze copper
prills in slags from well dated smelting sites, because they are better representative
than single ore samples.

We made two observations which are characteristic. The first is a large range of
compositions of lead isotope abundance ratios in copper ores as a result of the multi-
stage origin of the deposit. This variation is identical with Timna, but the “Timna/Fei-
nanfield” can easily be separated from other ore district in the eastern Mediterranean
(figure 9). Second, and this is a useful tool to distinguish between copper from the
two deposits, is a cluster of lead isotopes in all different abundance ratios of ores
from the DLS. This is identical with all copper prills analyzed from the EBA and
Iron Ages. It fully supports the field evidence: mining activities during these peri-
ods focussed exclusively on this ore horizon which was widely exposed to the sur-
face in the whole Feinan area. At Timna, the corresponding Timna formation is ex-
posed to the surface by one very small outcrop at Givat Sasgon [29]. Any compositions
of metal objects, therefore, that match the DLS and the copper derived from this
formation, with a high degree of probability has its origin in Feinan rather than in

Timna.

8. EXPORT OF COPPER ORES AND COPPER

The brilliant green and blueish coloured copper ores from Feinan were utilized and
traded since the Pre-Pottery Neolithic Period at the 8" millennium BC. At that time a
new fashion emerged in the eastern Mediterranean. The coulour red, utilized since the
Paleolithic, changed to green, and abundant finds of green beads, figures, and cos-
metics were made in settlements. Among these “greenstones” were minerals such as
amazonite, turquois, Cr-apatite, Cr-calcite, and in the Levant also secondary copper
ores. They were identified easily by X-ray diffraction and petrographic analyses. In
case of Cu-silicates, their origin from Feinan could be determined with a high degree
of probability, because they are widespread exposed to the surface. At other deposits,
these minerals are either very rare or do not occur.

Beads and other materials made of Cu-silicates were found, for instance, at Basta,
Beidha, and at Ain Ghazal, at Jericho (figure 1), and even at Yiftahel in Galilee. They
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Figure 9. Lead isotope abundance ratios of copper ores from the Wadi Araba (all symbols except filled
circles and asterisks). They define the " Feinan-Timna-field" which is different from all other compositions
known from Saudi-Arabia and ore deposits in the Near Fast.

are evidence that the Feinan district was embedded in a far reaching trading network.
The tradition of trading ores from Feinan continued until the 5% and 4* millennium
BC when the earliest remains of extractive metallurgy appear in chalcolithic settlements
of the Beer Sheva basin. This indicates that the monopol for copper was in this re-
gion, in a considerable distance to the source. and it points to a domestic mode pro-
duction of copper. On the other hand, the distribution of Feinan copper ores was limi-

ted to the southern Levant. As yet, there is no evidence of a further reaching trade of
ores from there.

Copper from Feinan is probably also among the 400 metal objects of the famous

Judean Desert Hoard from Nahal Mishmar. It is dated to the first half of the 4% mil-
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“prestige items” are made of an exotic copper-arsenic-antimony- alloy, the “tools” were
cast from pure copper with a low concentration of trace elements. This seems surpri-
sing, and one would expect the “tools” to be made of harder alloys instead of relatively
soft copper. However, the main reasons to manufacture the “prestige items” probably
were the extremely low melting point of the alloys which considerably improved the
casting qualities, and aesthetic reasons. We can definitely exclude that the metal of the
“prestige items” results from local sources. The analyses of hundreds of ores and cop-
per prills from slags in Timna, Feinan, and the Sinai peninsula demonstrate that such
alloys were not smelted from local ores. However, the chemical signature of the “tools”
matches the one of the copper ores from the Wadi Arabah ~Timna and Feinan—, and
the analyses of lead isotope abundance ratios point to a possible origin from Feinan.
This observation is supported by indirect evidence of 5* millennium BC mining acti-
vities and the metal production around 3500 BC at Wadi Fidan 4. The “tools” may
principally also result from Timna-ores which, even to a lesser extent, were traded
during the 4" millennium BC to Tell Abu Matar in the Beer Sheba basin, but mainly
to Tell Maqass near Agaba [30]. The evidence of chalcolithic copper smelting at Timna
itself, however, is still heavily debated.

Copper itself was exported from Feinan not before the Early Bronze Age II at the
beginning of the 3™ millennium BC. During this period, copper was produced in large
amounts and reached an “Industrial Stage”. It took place in the vicinity of the ore de-
posits, as evidenced by numerous mines and smelting sites. Tin bronzes were traded.
Metallurgy inside habitation sites was, as a rule, limited to manufacturing processes
[30]. The market for Feinan-copper again was in the west. Recent excavations by
Levy et al. [22] brought to light perhaps the largest EBA copper factory of the Near
East at Hamra Ifdan. This site seemed to have been not only the center of copper pro-
cessing and casting of the entire Feinan area. In addition, it was probably the con-
trolling point, a checkpoint for the export of copper to the west. This discovery is most
interesting, because it completes the field evidence as mentioned before: The EBA

copper mining and smelting activities at Feinan, i.e. the primary production, is the
largest known so far in the Near East.

We can demonstrate that Feinan copper was exported in large quantities again to
settlements and to the EBA IIIII cities in the west and in the north. In contrast to
problems of provenancing which exist for chalcolithic copper by the variaty of lead
isotope abundance ratios, we now are able to follow more comfortable the distribu-
tion of Feinan copper. The reason is the cluster of isotope compositions of ores from
the DLS which was exclusively exploited during this period. I mentioned before ar-
guments of the field evidence.

An excellent example are the copper objects from Arad, an EBII city near the south-

western edge of the Dead Sea. We analyzed 21 awls, axes, and chisels. With but a few
exceptions, the chemical and lead isotopic composition of these objects were identical
with copper smelted during the EBA in the Feinan area (figure 10, [10]). We observe
a much better conformity of these data than it was the case with Nahal Mishmar. This

lennium BC. The artefacts of this h
(Tadmor et al. 1995). One consist
maceheads; the second consists of

oard are basically divided in two groups of objects
s of “prestige items™ such as crowns, scepters and
“tools” such as axes. adzes and chisels. While the
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'S Caused by the exclusive exploitation of the DLS ore formation which is characterized
Zﬁa Pronounced homogeneity in its chemical and isotopic composition. We can n.ot
owmtely'eXClude that the objects from Arad may have their origin in Timna. This,
onl ever, is unlikely for two reasons. First, the ore district of Feinan is closer to Arad,
Y about 79 km away. Timna, in the southwestern part of the Arabah, is nearly 130
tens.fmm Arad. Second, the ore forma'tion of the dolomite-limestone-shale unit is €X~
ve Ively exposed to the surface at'Feman; at Timna, in contrast, there are only a fe.w
S Y smaj) outcrops of this formation. Obviously, copper was produced here only In
Tall quangities. Rothenberg and Shaw [29] described just a small mine, Timna 250,
atera Smelting sijte, Timna ?49 at Givat Sasgon, which is dated to the EBA IV, i-e.
. than the flourishing period of Arad. In any cage, it can be excluded that the Arad
Sa rading center of copper from the Sinai peninsula, as suggested by Amiran [31]

by Beith-Arieh (32].
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