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INTRODUCTION

The existence of local copper production in Southern
Israel during the Middle Bronze Age I (MB I) was in-
disputably established by the discovery of mines and
a smelting site dating to this period at Timna (Rothen-
berg and Shaw 1990). Copper metallurgy was also con-
ducted in Transjordan from Early Bronze Age with
continuation on a smaller scale into MB I (Hauptmann
1991; Hauptmann et al. 1992). There is ample archae-
ological evidence of metal working technology in this
region (Merkel and Dever 1989). Bar-shaped ingots,
triangular in section, of unalloyed copper, distinctive
for this period, were found at Lachish (Tufnell 1958),
in the Central Negev – at Har Yeruham (Kochavi
1963), Be’er Resisim (Cohen and Dever 1979), and
‘Ein Ziq (Cohen 1986), and in the Hebron Hills (Dev-
er and Tadmor 1976). Seven bar-ingots from Har Yeru-
ham and the Hebron Hills were examined metallurgi-
cally by Maddin and Stech Wheeler (1976). Greater
amount of the ingots was found in ‘Ein Ziq and Be’er
Resisim. There were thirty-five unbroken ingots and
fragments excavated at this region. Fig. 1 represents
unbroken ingots having various forms of cross section:
triangular, rounded and thin elongated. This paper
presents the results of our studies of sixteen cleaned
and fifteen uncleaned bar-ingots from ‘Ein Ziq, as well
as four ingots from Be’er Resisim.

BRIEF GEOLOGICAL INFORMATION

Due to geological situation at the western margin of the
Wadi Arabah rift valley, the type and origin of the cop-
per ore deposits at Timna and Feinan are similar. There-
fore both districts have a comparable mineralogical and

geochemical structure. According to Hauptmann
(1990) and Hauptmann et al. (1992) in ancient Feinan
two main types of ores were exploited: the first is Cam-
brian sandstones – Massive Brown Sandstones (MBS)
with copper mineralization as malachite and primary
copper sulphides: chalcocite and covellite. MBS were
used for smelting mainly in the Chalcolithic period. The
second is the deeper Cambrian layer – Dolomite Lime-
stone Shale (DLS), which includes copper silicates
(chrysocolla) and malachite. Copper ores from the base
of DLS were used extensively later, from EB II with
continuation, on a smaller scale, into MB I (Hauptmann
et al. 1992; Hauptmann and Weisgerber 1992; Najjar
et al. 1995).

In Timna, according to Segev and Sass (1989), Se-
gev et al. (1992), copper ores occur in two stratigraph-
ical layers: Lower Cretaceous and Cambrian. Lower
Cretaceous contains Amir and Avrona Formations;
ores consist of primary chalcocite and covellite and sec-
ondary malachite and (par)atacamite presented in sand-
stones. The latter are a result of oxidation of primary
minerals. These ores were exploited in Timna from the
Early Chalcolithic period (Rothenberg 1990). The
deeper Cambrian layer consists of Shehoret and Tim-
na Formations. Sandstones, presenting in Shehoret and
partly in Timna Formations, contain chrysocolla, bis-
beeite, malachite and minor amount of chalcocite. Tim-
na Formation partly is represented by dolomites with
djurleite, paratacamite and malachite. Jurleite is sur-
rounded by an oxidized rim composed of dolostones.
Manganese and phosphate mineralization are associ-
ated with iron oxide in the sandstones (Segev and Sass
1989; Segev et al. 1992).

In Timna there is only a single site, excavated in
1989–90 by Rothenberg and Shaw, ascribed to MB I
(Rothenberg and Shaw 1990). It is located to the north-

Copper ingots found at two archaeological sites in the Negev – ‘Ein Ziq and Be’er Resisim – were
studied by Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES), Metallographical
Microscope and Scanning Electron Microscopy with Energy Dispersive Spectrometer (SEM-EDS).
The results of the chemical and metallographical analysis, when compared to ores from Timna
and Feinan, exploited for smelting in the Middle Bronze Age I, show similarity of the composition
of the ingots to both sources. Metallographical study of the ingots reveals secondary casting of
not completely oxidized copper ore.
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Aqueous ferric chloride solution was used for etching.
An additional piece from each ingot was cleaned in
acetone, and drillings were taken for chemical analy-
sis. After acid dissolution, fifteen major, minor, and
trace elements were determined using a procedure de-
scribed in Segal et al. (1994). The limits of detection
(LOD) for defined elements are listed in Table 1.

RESULTS AND DISCUSSION

1. Chemical analysis

The chemical composition of the ingots is given in
Tables 2 and 3. Elements with content below the LOD
are omitted. In addition to ICP-AES analyses, the cop-
per, lead, and iron contents were determined using
SEM-EDS, and the data compared well with those
obtained by ICP. Silicon and sulphur were determined
only by SEM-EDS. The data indicate that for all in-
gots lead and iron contents are significant varying wide-
ly in range 0.20–3.8% and 0.02–2.84% respectively.
Arsenic, nickel and cobalt occur in all ingots as a trace
elements; some samples contain traces of silver. Al-
though in Timna and Feinan ores there are small
amounts of lead, arsenic and silver; these elements are
present in ingots. Explanation of that gave Merkel
(1990) noted that remelting and refining of the black
copper lead to the concentration of lead, arsenic and
silver in the metal, not in the slag. Ingot 18 contains
0.3% P. Table 4 presents the medians for the ingots
from ‘Ein Ziq compared with the medians for other
Bronze Age copper objects from Timna (Leese et al.
1986) and Feinan (Hauptmann et al. 1992). A compar-

Fig. 1. Well preserved copper ingots from ‘Ein Ziq and Be’er
Resisim. Note various form of cross section. Table 1. Limits of detection of determined elements (in so-

lution).

east of Timna Valley (Site 149), and its archaeo-met-
allurgy is presently under study. Ancient mines were
discovered nearby (Site 250), where the copper vein-
lets within the dolomites are widely spread. In these
veinlets the main copper minerals are malachite, bis-
beeite, chrysocolla  and atacamite.

ANALYTICAL PROCEDURE AND
SAMPLE PREPARATION

Major, minor and trace elements were determined by
Inductively Coupled Plasma Atomic Emission Spec-
trometry (ICP-AES). The microstructure of polished
and etched sections was studied using a metallograph-
ic microscope. Inclusions in the samples and in their
peripheral margins were analyzed by Scanning Elec-
tron microscopy employed with Energy Dispersive X-
ray Spectrometer (SEM-EDS).

Initially the samples were sectioned. A slice from
each ingot was cut off, mounted in resin and polished.
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archaeological sites 149 and 250 (chemical data were
provided by B. Rothenberg) with those from Feinan.
The Co/Ni and Sb/As abundance ratios may be useful
for this purpose. The fields of the Co/Ni and Sb/As
ratios in copper ores from Timna and Feinan were de-
fined by Hauptmann et al. (1992). Fig. 2 shows that
the ratios for ores and slags are located in the DLS field.
Thus it can be concluded that, with respect to these

ison of these data with those cited in the literature for
Timna copper objects shows that the MB I ingots from
‘Ein Ziq differ from the Timna Bronze Age copper
objects. They are similar, however, to those from the
Feinan region.

In order to ascertain the provenance of the ingots in
the present study, we compared the composition of
ingots, copper ores and slags from the Timna – MB I

Table 2. Chemical composition of copper ingots from the Central Neguev, % wt.
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ores from the Amir-Avrona or Timna Formations. This
aspect will be examined in greater detail in the future.

2. Metallography

2.1 Crust

The next step in our research was the metallurgical
study of the ingots and their crust. Roman (1990) stud-
ied Timna ingots and noted that the metallographic
examination of the crust can reveal important informa-
tion on provenance and smelting technique. Almost all
our ingots evince a thin upper and, in several cases, a
lower crust. The upper crust  is more porous than the
metal and comprises several layers (fig. 3); ingot 17
was exceptional in lacking crust. The external layer

Table 3. Chemical composition of uncleaned ingots form the Central Neguev, % wt.

parameters, Timna Formation ores are similar to those
from Feinan DLS and we cannot discriminate between
these two ore sources. Fig. 2 also shows that the above-
mentioned ratios, obtained in the present study for the
ingots, are also located in the same region, suggesting
that the ingots were manufactured either from MB I
Timna or Feinan DLS ores. We must note that the data
on researches of the ceramic artifacts from these MB I
sites from the Negev speak in favour of Feinan because
they were related to their equivalents in Transjordan
(Goren et al. forthcoming). Contrary to that the lead
isotope ratios of an ingot from ‘Ein Ziq, determined by
Stos-Gale from the Isotrace Laboratory at Oxford, ‘was
fully consistent with its origin from Timna ores’ (Stos-
Gale 1991). It is unclear, however, which copper ores
were employed for defining lead isotope ratios field:
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throughout  the ingot  (fig. 6) and it is no lead layer in
the crust. This is the result of rapid solidification due
to thin form of mould.

The porous crust is filled with slag material of var-
iable composition, e.g., various silicates in ingots 2 and
3; barite and silver inclusions occur in the crust of in-
got 9. Relatively large inclusions of wustite and iron
phosphide, probably remnants of slags, and apatite are
located between the external Cu-oxide and internal
layers in ingots 7, 11 and 18. The presence of manga-
nese in iron-rich slag-like material and arsenic in lead-
rich globular inclusions is noteworthy. The thin lower
crust, when is present, contains quartz inclusions, a
small amount of copper oxide and globular lead-cop-
per inclusions.

It was mentioned previously that the ores used for
smelting in MB I were either from the eastern region
of Timna (Site 250) or from Feinan, located in Trans-
jordan to the northeast of Timna. Both ores contained
chrysocolla, malachite and a small amount of chalcoc-
ite, a product of incompletely oxidized ore. Manganese
minerals occur in these ores together with barite, sil-
ver and apatite. The composition of the slag remnants

Table 4. Medians of several elements in Bronze Age copper
objects from Timna (Leese et al. 1986), Feinan (Hauptmann
et al. 1992) and from the Central Negev (this study).

consists of iron-free copper oxide (cuprite), which was
underlain by lead layer, and at last copper metal itself.
Fig. 4  shows how the lead penetrates between the cop-
per grains and intrudes to the surface, being partly or
completely absent inside (compare figs. 4 and 5). This
phenomenon apparently occurred during slow solidi-
fication due to low melting point of lead; it solidifies
at the end of the congealing process. Lead layer in the
crust occurs only in ingots with triangular and round
form of cross section. Contrary to that in ingots hav-
ing thin elongated section all the lead is dispersed

Fig. 2. Comparison of the Co/Ni and Sb/As ratios in ingots from the Negev and in Cu-ores and slags from Timna sites 149
and 250 (this study) with the ore fields as defined by Hauptmann et al. (1992).
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in the crust suggests that the ingots were produced by
smelting this type of ore, followed by casting in a
mould.

2.2 Metal

Backscattered electron image (BEI) of the samples
revealed granual structure even without etching, be-
cause of presence of various inclusions between the
grains; after etching all the samples exhibited an equi-
axial grain structure with some random elongation
clearer (fig. 7). The grain boundaries are decorated with
copper sulphides, copper-iron sulphides and lead in-
clusions (fig. 8). Metallic lead also occurs within the
copper grains and  copper sulphide inclusions as small
spherules (fig. 9). Occasionally lead is associated with
arsenic. Presence of rare lead sulphide inclusions in-
dicates that some galena occurred in the ores. Remnants
of copper sulphide show that the oxidized copper ore,
from which the ingots were originally produced, did
not undergo complete oxidation.

In the case of three ingots (ingots 2, 5 and 6), the
ferric chloride etchant was not effective. When etched
with sodium dichromate, large grains covered by nu-
merous spherical and splatter inclusions were observed.
In ingots 2 and 5 it was copper sulphides containing
black iron oxide inclusions (figs. 10 and 11). The shape
and composition of these clusters in ingot 6 is typical
of a Cu

2
O-Cu eutectic microstructure (figs. 12 and 13).

Four of the ingots (7, 11, 18 and 19) contained iron
phosphide inclusions and elemental phosphorus in the
copper matrix. Iron was probably present in the cop-
per ores as hematite, or iron ore was added to the cop-
per ore as a flux. Microhardness of the ingots varied
in the range of 58–106 HV.

Equiaxial grain structure, shrinkage, exhibiting on
the uppermost surface of the ingots, their smooth sur-
face provide evidence that the metal was cast and that
the moulds were carefully prepared and well insulat-
ed. Both by the chemical composition and by the struc-
ture ingots from ‘Ein Ziq and Be’er Resisim are simi-
lar to those from Har Yeruham, Hebron Hills (Mad-
din and Stech Wheeler 1976) and from Har Sayyad

Fig. 3. Typical upper crust structure: external gray layer is
copper oxide, white – lead and internal light gray layer is
copper. Dark gray and black inclusions are remnants of the
slag (BEI).

Fig. 5. Structure of the middle part of Ingot 13 with wide tri-
angular section showing absence of lead inside of it (BEI).

Fig. 6. Structure of ingots with thin elongated form of sec-
tion. Lead is distributed throughout the ingot (BEI).

Fig. 4. Penetration of lead (white) through the copper grains
from middle part of the ingot to the surface (Ingot 13, for
example, BEI).
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Fig. 8. Same as fig. 7 showing presence of copper sulphide
(gray) and lead (white) inclusions in the grain boundaries
(BEI).

any differences in the content of trace elements be-
tween these two sources.

3. The presence of small amounts of copper sulphide
(chalcocite) and copper iron sulphide indicates that the
copper ores used for the smelting were incompletely
oxidized. The iron content varies from one ingot to
another. It occurs in the copper sulphides, as well as
in the copper matrix, and sometimes as separate iron
oxide and phosphide inclusions. Either charge con-
tained hematite veins in the copper ores, providing a
self-fluxing raw material; or that iron ores located near-
by were added to copper ores as a flux.

4. Lead is insoluble in copper, therefore it is dis-
persed inhomogeneously throughout the metal. Lead
inclusions are located mainly in the grain boundaries
as metal. Occasionally, lead is present as sulphide and
copper lead sulphide. Remnants of the latter indicate
that the copper ore contained lead sulphide (galena).
In the copper sulphide surrounding, it presents as small
metallic spherules.

5. All the ingots are covered by a crust, which ap-
pears mainly on their upper surface. There are several
layers on the ingot surface: an external layer of cop-
per oxide; a middle layer of metallic lead, which rose
to the surface in the solidification process; an inner-
most layer of copper containing various inclusions.
Lead layer occurs only in triangular and rounded in-
gots; in the ingots having thin elongated form of cross
section lead is dispersed over the ingot volume. The
slag remnants in the crust show that the black copper
used for casting was insufficiently clean, i.e., it did not
undergo refining. The study of the crust composition
was useful for ascertaining the metal’s provenance and
pointed out two possible ore sources – Timna and Fein-
an.

6. An equiaxial grain structure and minor shrinkage
on the upper surface of the ingots  show  that they were
cast in well insulated moulds of various form of sec-
tion.
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(Segal et al. in preparation). Unfortunately, there were
found no moulds at these sites, so it seems to be that
the ingots were manufactured in the areas closed to ore
sources, e.g., it were workshops of wide profile – from
smelting of raw metal to casting in the moulds. Were
these workshops dispersed or located at one settlement
is still a question. But it is clear that the source and the
technology of manufacturing of all ingots were the
same.

CONCLUSIONS

1. There is no difference in either chemical compo-
sition or metallography between the ingots from Be’er
Resisim and ‘Ein Ziq. Moreover they are similar to
those from the other sites in the region.

2. The analysis of the overall chemical composition
indicates that the copper ore used in the primary smelt-
ing did not originate in Timna’s Amir-Avrona Forma-
tion, which was exploited from the Chalcolithic Peri-
od. The MB I smelters derived their ore from the Tim-
na Formation that are similar to Feinan DLS; these ores
are present at both Timna and Feinan. We did not find

Fig. 7. Equi-axed grain structure of ingots showing that they
were cast in the mould, metallographic microscope, x125.
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