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Abstract

This work is the first archaeometric investigation on copper and iron wastes
from the Phoenician site of Motya (Sicily, Italy), dating back to the 8" to the
4™ century BC. The samples were analyzed through micro-Raman
Spectroscopy (p-RS), Optical Microscopy (OM), Scanning Electron Microscope-
Energy-Dispersive X-ray Spectroscopy (SEM-EDS), High-Resolution Field
Emission Scanning Electron Microscopy (HR-FESEM), and Electron Micro-
Probe Analysis (EMPA). Micro-Raman techinique permitted to identify both
primary phases, for example, calchopyrite, and secondary products such as
cuprite and copper thrihydroxychlorides in the Cu-slags and goethite in the
Fe-slags. SEM and HR-FESEM imaging showed the occurrence of inhomoge-
neous microstructures in the Cu- and Fe-slags due to elements segregation,
solidification, and corrosion. EMPA data revealed that the archaeometallurgi-
cal wastes from Motya can be differentiated on the basis of their chemical
compositions. These preliminary results showed different typologies of by-
products, such as base metals speiss, copper slags from smelting sulfide ore
with matte, and iron smelting and smithing slags, suggesting different stages
of copper and iron productions.

KEYWORDS
Cu-slags, EMPA, HR-FESEM, SEM-EDS, smithing slags, p-RS

time, the extraction of base metals via pyrometallurgical
process was a challenge due to the difficulty to separate

The slags are very interesting materials for scientific stud-
ies because they give reliable information about processes
that were undertaken from the ore to the final artifacts
and, accordingly, about the nature of raw materials
involved during the pyrometallurgical activities. The term
slag includes different typologies of wastes obtainded from
pyrometallurgical processing of various ores.!! In ancient

ore minerals from its gangue to produce concentrate
ore.!?! Over the time, the enhancement of mineral proces-
sing in the extraction of metals from ore-minerals influ-
enced the quality of metallic materials and in turn led
important technological development and drawbacks.!>*!

Ancient metallurgical activities provided large
amount of by-products as raw lumps and spills,

54 | © 2022 John Wiley & Sons Ltd.

wileyonlinelibrary.com/journal/jrs

J Raman Spectrosc. 2023;54:54-67.


https://orcid.org/0000-0002-2083-776X
mailto:caterina.devito@uniroma1.it
https://doi.org/10.1002/jrs.6453
http://wileyonlinelibrary.com/journal/jrs
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjrs.6453&domain=pdf&date_stamp=2022-10-04

BERNABALE ET AL.

Journal of

semifinished products, objects for repair or recycling, dis-
charged ore, slag, matte and speiss as well as remains of
tools and installations.~”! The great majority of ancient
smelting slags is derived from processing of copper, iron,
and lead ores.

Copper slags are composed by an assemblage made of
oxides (iron, manganese, etc.), silicates as olivine, and
pyroxene included in polymetallic matrices.®! Their min-
eralogy is strictly related to the nature of the raw material
involved in the processing and working conditions via
pyrometallurgical process.!’! The main carriers of copper
in the slags were Cu sulfides, oxides, and carbonate, for
example, chalcopyrite (CuFeS,), digenite (Cu,Ss), chalco-
cite (Cu,S), bornite (CusFeS,), cuprite (Cu,0), and mala-
chite (Cuy(CO3)(OH),).>*1°]

Concerning the production of iron from its ores,
two main steps are involved. First, iron oxide minerals
must be reduced to produce metal in a solid state,!']
the so-called bloomery smelting or direct reduction
method, using charcoal to heat the ore in a furnace.
At temperatures above 1000°C, the combustion of
gasses enriched in carbon monoxide reduced iron
oxide to metallic state. Then, the bloom was refined to
remove the adhered slags and shaped into objects dur-
ing the smithing process.'!! All these activities can be
carried out continuously at the same site. Alternatively,
iron bar could have reached iron smithies through
trade.!'?!

However, it is not always easy to associate a waste to
a given metallurgical process because the internal struc-
ture, chemical composition, and material performance of
the object undergo changes continuously, especially dur-
ing the long history of corrosion through time.!®!3!4l
Therefore, in addition to common techniques as optical
microscope, we decided to employ the capabilities of
Raman spectroscopy, which can identify at the same time
the mineralogical nature of the remaining original ore in
the slag involved during the smelting process and dis-
criminate between different polymorphs and corrosion
products formed during the burial time. Raman spectros-
copy represents an excellent tool in the investigation of
Cultural Heritage field, not only because of its non-
invasiveness but also because it allows the identification
of the corrosion phases occurring at microscopic scale,
providing a fingerprint of the compound under
study.1>1°!

At the current state of knowledge, the technological
skill of Phoenicians in metal production is still lacking
for the Central Mediterranean area. Attempts to recon-
struct the development of Phoenician metallurgy go back
to the limited surveys of copper and iron production at
Phoenician sites of the Iberian Peninsula, Sardinia, and
North Africa.l!7-2!
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Among the most important Phoenician colonies,
Motya had a strategic position in the Central Mediterra-
nean area as it connected the sea routes of the East
regions with those of the West of the Mediterranean.
Moreover, Motya was located along the commercial
routes of central Italy and received goods from the Center
Europe to the North Africa.

Therefore, archaeometric studies on metal wastes
from Motya are necessary to reconstruct the metallurgical
background of Phoenician civilization in this area.

The archeological excavations at Motya carried out by
“The Archeological Expedition at Motya of Sapienza Uni-
versity of Rome” (since the 2002) provided slags, dating
back to the 8™ to 4™ century BC!***! along with
weapons and other copper and iron artifacts.**2> This
discovery implies that metallurgical activities of ore or
semigrade of importation probably occurred in the first
phase of Phoenician occupation of the island and in the
central period of life of the city.

The diachronic study of material culture of Motya is a
key-target because of the role of cultural mediator that
the island held between the 8™ and 6™ century BC,
before the rise of the power of Carthage.

Metallic material from Motya allows following the
changes in technologies and manufactures, recognizing
technological innovations and, indirectly, reconstructing
the flows of ideas and goods.*® Furthermore,
Phoenicians were renown in ancient times for their skill
in working metals, which they transformed into objects
of great value. For this reason, it is likely that Phoeni-
cians themselves were probably “metal producers”
and/or at least “diffusers” of technological transfer and
advancements of the ars flaturae during the first centu-
ries of the first millennium BC.!*”!

The aim of this work is to characterize a set of slags
from Motya, dating back from the 9™ to the beginning of
the 8™ century BC and to reconstruct the smelting pro-
cess and nature of the raw material involved in different
archeological frames and periods.

Data on mineralogy, microstructure, and chemical
composition of waste products are necessary to obtain
information about ore minerals, smelting temperatures,
viscosity, different steps of metal reduction, efficiency
of the process, redox conditions, cooling rates, and
Sos On.[6’14’27’28]

Finally, the effects of corrosion on the original micro-
structure of the slags from lagoon-like environment are
also evaluated as they continuously change during corro-
sion history.

A multi-analitical aproach, based on SEM-EDS, HR-
FESEM, EMPA and p-RS, has been involved to explore
microstructure, chemical, and mineralogical composition
of the slags.-3!
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2 | MATERIALS AND METHODS

2.1 | Materials

The 14 slags here studied (Figure 1 and Table 1) were col-
lected from three different areas of the island of Motya,
within each of the larger subunits and selected for the
study. Samples after the discovery are cleaned and stabi-
lized with a controlled procedure and preserved in a pro-
tected atmosphere with regulated temperature
(18—20°C), relative humidity (45%-50%), and light inten-
sity, in the storeroom of archeological finds, without cor-
rosion resumption.

The choice of samples taken for analyses was based
on the macroscopic assessment that they are related to
both iron and copper metallurgical processes.

Macroscopically, the size and shape of the slags are
variable. Half of these materials have not specific shape
and are covered with a greenish layer of copper corrosion
products. The other half of the samples shows heteroge-
neous colors ranging from black to yellowish. Sample
MD.18.171 is characterized by a plano-convex shape,
while the others show an irregular shape.[g]

Their context and chronology are documented, as
follows:

The Area D, located in the southwestern slope of the
acropolis of ancient city, lies at the center of the island.
The excavations revealed the oldest settlement at Motya
dating back to the Middle Bronze Age (16" to 14™ cen-
tury BC)*?! and the early occupation by the Phoenician.
In this area was uncovered and excavated a big disposal
pit, called F.1112, that showed signs of burning. These
excavations revealed an impressive amount of potteries,
small finds shells, animal bones, pollens and metal slags.
The chronology of the pit ranges from the first half of the
8™ to the mid of the 6™ century BC. Six stratigraphic
units (US), attributable to four depositional phases, were
identified in the pit.

The archeological filling of the pit is the result of a
series of events close in time, which have the most recent
chronological limit in the mid-6" century BC. On this
date, a radical rearrangement of the area takes place that
modifies the plan and the urban layout and, probably,
also its function.®*3* The most recent samples are
MD.16.91 and MD.18.65 (US.1111), dating to the begin-
nings of the end of the 6™ century BC. Other samples
refer to the earlier period: MD.18.23 and MD.18.61
(US.1112) are dated, basing on the pottery repertoire, to
the end of the 7 to the mid of the 6™ century BCE and
MD.18.110, MD.18.114 (US.1406), MD.18.168 MD.18.171
(US.1407), and MD.17.140 (US.7204) dated to the mid of
the 7 century BCE; MD.18.220 (US.1492) is dated back
to the end of 8 to the first half of the 7™ century BC.

The Area C is located on the southern part of the
island, where a sacred compound, called Sacred Area of
the Kothon, was uncovered in last decades. The sacred
area is occupied by two main temples devoted to the
Phoenician divine couple Baal and Astarte.!**! The slag
MC.16.166 was found inside a votive pit (favissa F.5118)
holding the cult installations and offerings of the tem-
ple of Baal removed during the numerous renovations

TABLE 1 Summary of phase composition and smelting activity
of the main groups of archaeometallurgical finds analyzed in this
study

. . .. US.6016

us.1111

Motya island US.1112

>

US. 1406

AREA D* Us.1407

@ W5

US.7204

Trapanj

US.1492

Marsala

Type of
Samples Chronology waste
MM.16.23, MM.16.24, 6 to 4™ Copper
MC.16.166 century BC
MD.18.61, MD.18.65, 7" tomid 6  Copper
MD.18.114, MD.18.110, century BC
MD.18.23, MD.18.168,
MD.17.140
MD.16.91, MM.16.6, MD.18.171, 8™ to 4™ Iron
MM.18.220 century BC
* @ @

G
” @ & FIGURE 1 A sketch map of the
o island of Motya indicating the location
of the areas of the archeological
Q excavation and the distribution of the
samples [Colour figure can be viewed at

wileyonlinelibrary.com]

85U8017 SUOWWID aAIIa1D) 8|qeotjdde ay) Aq peusenob a1e 9ol VO ‘88N JO S9INJ 10} A%eiq 1T 8UIIUQ A1 UO (SUOTPUOD-PUE-SWB)LI0D" A3 1M ARIq 1 BUI|UO//SdNY) SUOIPUOD PUe SWS | 841 88S *[£202/20/8T] U0 ARiqiT8uljuo A1 el Id eisieAln AQ £559'S11/200T 0T/10p/L0o 3| 1M ARIqpUI|UO'S [UIN0 BOUB S RO A feUe//:SANY WOy papeojumod ‘T ‘€202 ‘SSSP260T


http://wileyonlinelibrary.com

BERNABALE ET AL.

Journal of

and restorations of the temple that occurred between
the half of the 6™ and the last quarter of the 5™
century BCE.!*!

Finally, samples MM.16.6, MM.16.23, and MM.16.24
(US.6016) come from a late re-occupation after the
destruction of Motya in 397/6 BC with industrial installa-
tion of this part of the City Walls (sector North) close to
the North Gate.!*°!

2.2 | Methods

The samples were first cut and then embedded in epoxy
resin to produce cross-sections. These cross-sections were
polished with SiC abrasive papers (grades from 800 to
4200) and finally with diamond paste (up to 1 pm) to
produce perfect polished surfaces. OM, SEM-EDS,
HR-FESEM, p-RS and EMPA were used.

Polished cross-sections prepared from the slag sam-
ples were examined under reflected light microscope
using an Olympus BX60 at the Department of Earth
Sciences, Sapienza University, Rome, Italy.

SEM-EDS investigations were carried out by FEI-
Quanta 400 instrument, operating at 20 kV, equipped
with X-ray energy-dispersive spectroscopy (Department
of Earth Sciences, Sapienza University, Rome, Italy) and
by ZEISS EVO040, 20 Kw, 90 Pa, at variable pressure and
LaB6 filament with a 20pA probe current (Department of
Physics and Earth Science, University of Ferrara). SEM
imaging was collected both in secondary electron
(SE) and back scattered electron (BSE) modes. Energy-
dispersive X-ray spectroscopy (EDS) spectra and X-ray
maps were also used to show the distribution of the ele-
ments through the samples.

Representative samples were further investigated at
nanometer scale using a Zeiss Auriga 405 microscope
(HR-FESEM) at Sapienza Nanoscience and Nanotechnol-
ogy Laboratories (SNN-Lab) of the Research Center on
Nanotechnology Applied to Engineering (CNIS) of
Sapienza University. The analyses were performed under
an accelerating voltage of 20 kV, at a working distance of
10 mm.

In addition, p-RS was used on polished cross-sections
to determine the mineralogical composition of slag
phases. Micro-Raman measurements were performed by
Jobin-Yvon Horiba LabRam spectrometer coupled with
an Olympus BXFM optical microscope with objectives up
to 100x. The He-Ne laser line at 632.82 nm was used as
excitation source. Laser power (17 mW at the source) was
modulated using 25% natural density filter in order to
keep it at a low level on the sample and thus to avoid
laser-induced transformations. Raman spectra were
recorded in the range of 100-1400 cm ™' with an exposure
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time of 5-15 s and two to four accumulations. The wave-
length scale was calibrated using a Silicon standard
(520.5 cm™ "), and the acquired spectra were compared
with scientific published data and reference databases,
such as Horiba LabSpec 6 (Horiba).

Quantitative chemical analyses were acquired using a
Cameca SX50 electron microprobe equipped with five
wavelength-dispersive ~ spectrometers  (CNR-IGAG,
Rome, c/o Department of Earth Sciences, Sapienza Uni-
versity of Rome). The operating conditions were as fol-
lows: accelerating voltage 15 kV, beam current 15 nA,
and beam size 15 pm. Gallium arsenide was used as a ref-
erence standard for As (TAP, thallium [acid] phthalate
crystal), periclase for Mg (TAP) apatite for P (TAP), wol-
lastonite for Si (TAP) and Ca (PET, penta-erythriol crys-
tal), magnetite for Fe (LIF, lithium fluoride crystal),
rhodonite for Mn (LIF), rutile for Ti (PET), barite for S
(PET), potassium chloride for Cl (PET), orthoclase for K
(PET) copper for Cu (LIF), galena for Pb (PET), tin for Sn
(PET), and gold alloy (20%) for Ag. By EPMA, it was pos-
sible to accurately determine the chemical compositions
of the phases present in the slags with an analytical error
~1% rel. For the major elements and detection limit
between 0.01 and 0.1 wt.%.

3 | RESULTS AND DISCUSSION

3.1 | Microstructure and qualitative
chemical analysis of the slags

SEM-EDS analysis and HR-FESEM imaging highlight dif-
ferences in microstructure and composition among the
different slags and suggest the preliminary grouping into
different types, i.e., copper-working wastes (A, B, C) and
iron slags (D,E), respectively.

311 | Typea

Samples MM.16.23, MM.16.24, and MC.16.166 (Type
A) show a core composed by a Cu-rich matrix and Cl-
phases, interupted by numerous  blackholes
(Figure 2A). BSE image (Figure 2B) highlights that
chlorine occurs in the intergranular positions, acting as
corrosive agent of the copper matrix. Large inclusions
of copper sulfide occur in the bulk, still preserved in
the corrosion layers. Stratified layers of copper-chlorine
oxides occur in the patina and suggest progressively
more oxidizing conditions towards the external surface
of the sample. The external patina includes also soil
components made of Al, Si, Ca, Fe, and quartz
crystals.
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312 | TypeB

Compared with Type A, these samples (MD.18.61,
MD.18.65, MD.18.114) contain other metals and metal-
loids as Sb, As, and Bi. Sample MD.18.61 contains Bi-rich
inclusions (approximately 61 wt.% of Bi, 17 wt% of Cu,
9 wt% of O, 13 wt% of Cl) as showed by SEM-BSE imag-
ing. The inclusions occur as thin filaments between Cu-
grains as highlighted by HR-FESEM image at high mag-
nification (Figure 2C). The alterated bismuth inclusions
could be impurities of the raw ore, for example, chalcopy-
rite. Spheroidal crystals of postdepositional cuprite fill
pores and cracks, which are related to bubbles gas in the
slag (Figure 2D). Close to the surface of this sample, a
wood cell texture with granulated blebs of Cu-Ca-Si-O-P-
Mg appears oriented and elongated according to prefer-
ential directions (Figure 2E). This texture is attributed to
charcoal remains'*”! as the pores are filled by Cu silicate
enriched in CaO. During burning, charcoal produces a
fuel ash, typically enriched in lime (CaO), alkali, MgO,
and P,0s, which acts as a flux lowering the temperature

FIGURE 2
microscope-back scattered electron

(A) Scanning electron

(SEM-BSE) image of microstructure in
sample MM.16.24. (B) Intergranular
corrosion by chlorine in the cuprite
matrix. (C) SEM-BSE image and FESEM
magnified view showing Bi inclusions
that occur as thin filaments in the pale
gray phase. (D) Cubic crystals of
postdepositional cuprite filling pores and
cracks. (E) Wood cell texture consisting
mainly of Cu-Ca-Si-O-P-Mg. (F) Field
emission scanning electron microscopy
(FESEM) image showing Cu-Si-O crystal
with impurities of Ni, Zn, Co, P, Cl, in
the light edges. Labels in the photos:

cpr = cuprite, ntk = nantokite,

ata = atacamite

of melting and involving the formation of slag enriched
in such elements. Figure 2F shows a Cu-Si-O crystal with
impurities of Ni (approximately 10 wt.%), Zn (approxi-
mately 5wt%), and Co (approximately 5 wt.%), which
can be incorporated into the structures of silicates, repla-
cing Fe and/or Mg due to their similar ion radii. Phos-
phorous (approximately 2 wt%) and Cl (approximately
1 wt.%) also are present as soil contaminants. The pres-
ence of cobalt is not common in fuel ash; therefore, the
occurrence of this element can be explained with the use
of Cu- raw material with Co-bearing sulfur minerals.!*”!
Figure 3A shows a dendritic structure of Sb-rich com-
pounds (white phase) and Cu-rich area (gray phase) of
the sample MD.18.65. Small inclusions of Cu-sulfides
with chalcocite-like composition (pale gray phase) are
enclosed in Cu-Cl microdomains of rim (Figure 3A). This
cupriferous antimonide can be attributed to speiss pro-
duction." As speiss and matte are partially miscible,
they could form separate melts in the furnace.!**! The co-
presence of antimony (approximately 53 wt.%) and arse-
nic (approximately 9 wt.%) suggests the use of fahlore as
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FIGURE 3
scanning electron microscopy (FESEM)

(A) Field emission

image showing the segregation of micro-
domains of Sb-rich compounds (white
phase) separate from Cu-Cl droplet (gray
phase). (B) Scanning electron
microscope-back scattered electron
(SEM-BSE) image of Ag-inclusion
strongly corroded by chlorine.

(C) FESEM image showing individual
round inclusions of copper-iron sulfides

MD.18.110

in the center area of the

section MD.18.110. (D) FESEM image
showing the interface between slag and
prills, showing dark spheroidal grains of
a goethite in a copper matrix mottled
with iron precipitated from solid
solution. Small irregular Pb inclusions
are embedded in the slags. (E) BSE
image of sample MD.17.140 showing
cuprite veins associated with melted
silicates and iron oxides and melted
potassium feldspar. (F) Cuprite vein
surrounded a big globule of Fe oxide.
Labels in the photos: cc = chalcocite,
ntk = nantokite, ccp = chalcopyrite,
gth = goethite, Ict = leucite,

cpr = cuprite

raw material. It is known that volatile elements as anti-
mony and arsenic are partially lost during roasting,
whereas direct reduction smelting will retain a large pro-
portion of these elements.!***°! These results suggest that
raw materials do not suffer a “dead-roasting” process.
Figure 3B shows the occurrence of Ag-rich inclusions in
gray matrix made of copper oxide, probably deriving from
Ag-rich copper ores. These inclusions are strongly cor-
roded by chlorine present in lagoon-like environment of
Motya. In addition, Sb-rich inclusions also occur in the
corroded copper matrix of sample MD.18.114.

313 | TypeC

Slags MD.18.110, MD.17.140, and MD.18.23 (Type C)
consist of two phases, formed by the segregations of
copper-rich and an iron-rich phase (Figure 3C). In partic-
ular, the microstructure is dominated by mixed copper—
iron sulfides embedded in the interdendritic gray phase
composed by FeO, with some impurities of copper.
According to Ellingham diagrams,*!! in a system con-
taining copper, iron, oxygen, and sulfur, Fe forms iron
oxide, which is absorbed into the slag melt, whereas Cu
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preferentially bonds sulfur to form matte as a separate
melt phase.[*?! Finally, small rounded-phases, containing
Pb, Fe, O, are included in the slags (Figure 3D). Lead
occurs in combination with smelted raw copper or as sec-
ondary inclusions precipitate in pores and voids. Slag
MD.17.140 (Figures 3E,F) contains numerous veins of
copper oxide in association with iron oxides and melted
potassium and aluminum silicates. BSE imaging and X-
ray maps of slag MD.18.168 (Figure 4A) show the micro-
structure and the distribution patterns of Cu, Fe, O, Cl, S,
Si, and Ca. Particles of quartz occur in the matrix and in
the external surface of the slag. Crystals of quartz proba-
bly derive from unmelted gangue (or flux) occurring in
the furnace charge. In fact, the presence of quartz in the
slag is due to low temperature in the furnace and insuffi-
cient melting time, that is, kinetic effect or overestima-
tion of the SiO, flux in the charge.!*>*4

In addition, the detection of chlorine also in these
samples is the result of soil contamination, as the settle-
ment of Motya is situated in the Mediterranean coast.
The Cl-content increases in Cu-rich matrix from the top
to the bottom of the section, suggesting a different expo-
sure of the sample to chlorine attack (Figure 4B). In fact,
Cu is progressively converted into copper chloride-
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FIGURE 4 (A) Back scattered
electron (BSE) imaging and X-ray maps,
showing the microstructure and the
compositional variation of the Cu, Cl, S,
Fe, O, Si, and Ca in sample MD.18.168.
(B) BSE imaging showing the
microstructure and the compositional
variation of Cl, Fe, Cu, O, and S, in
sample MD.18.23. From the top to the
bottom of the sample is observed an
increasing of chlorine in the Cu-rich
matrix. (C) BSE image of well-
crystallized chain of fayalite.

(D) Hematite oolites in sample
MD.18.220. Labels in the photos:
Fa = fayalite [Colour figure can be
viewed at wileyonlinelibrary.com]

microdomains towards the bottom of the sample. The
presence of Cu sulfide throughout sample indicates the
desulfurization processes; that is, the conversion of Cu-S
into metal is not completed.

314 | Types D-E

Among slags, samples MD. 1691, MM. 18.
220, MM.18.171, and MM.16.6 differ widely from the
others as they present an Fe-composition. These samples
are characterized by the typical reddish-brown color of

the rust, numerous degassing pores, and by the absence
of copper inside. Despite smelting and smithing slags are
very difficult to distinguish, two types of slags are recog-
nized: Iron smelting slags (Type D) are essentially com-
posed of fayalite, whereas hammerscales (Type E)
produced during the later stages of smithing and forging
are smaller and more enriched in iron oxides.

Sample MD. 16.91 (Type D) of Figure 4C is character-
ized by parallel elongate chains of fayalite that suggest a
low melting point at 1481 K (1208°C).**! Indeed, iron
oxide starts to react with silica to form molten olivine-
bearing ferrosilicate slags in the range termal rang of
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1000-1100°C. Moreover, fayalite morphology is a func-
tion of cooling rate. Chain olivines in Figure 4C indicate
an intermediate cooling rate in the range 50-200°C/h.1*¢!
On the other hand, the large occurrence of iron oxides
suggests that the amount of iron oxide in the molten sys-
tem exceeds that required to bind all silica, leading to the
crystallization of different Fe oxides depending on redox
conditions of the system.'*”!

Samples MM. 18. 220, MM.18.171 and MM.16.6
(Type E) are characterized by porous structures and
mainly composed by iron oxides. Figure 4D shows the
presence of iron oolites that formed by weathering and
precipitation of iron-bearing solutions in the charcoal
pores.

An interesting feature of sample MD.18.171 is the
presence of spheroidal aggregates that contain Ca
and Mg.

3.2 | Mineralogical characterization of
slags and corrosion products

Micro-Raman spectral***?! of the Cu-slags (i.e., Types A
and B) indicate that the main phases are cuprite and cop-
per thrihydroxychlorides along with small quantities of
sulfide minerals such as covellite (Figure 5) inside the
oxidized matrix.

Cuprite (Cu,0), with the typical vibrational bands at
146, 216, 629 cm ™', appears in Types A, B, and C as sec-
ondary corrosion product in the corroded area of the
sample (Figure 5A,E) or as primary phase of the smelting
process, which is related to fairly reducing conditions in
the furnace.

Among hydroxychlorides, both clinoatacamite and
atacamite (Cu,CIl(OH);) are present in copper waste of
Types A and B as corrosion compounds, resulting by
bronze desease (Figure 5A,E). According to earlier
studies!®**?! different species of hydrated copper chloride
were recognized. Raman bands at 824, 910, 978 cm ™!
suggest the presence of atacamite (Figure 5E), whereas
those at 800, 895, 926 cm ! are attributed to clinoataca-
mite (Figure 5A).

In sample MD.18.61 (Type B), the main vibrational
bands at 184, 210, 311, and 448 cm™! are attributed to
bismuth oxide, that occur as thin elongated inclusions
(Figure 5D).

The main vibrational bands of covellite (Cu-S) are
identified at 257 and 461 cm ' (Figure 5B) in all types of
copper slags. Covellite is a typical alteration product of
weathering of sulfides due to water circulation, which
penetrates through fractures and pores. The alteration
process proceeds from the outside of the grains towards
the inside. Frequently, covellite is intimately associated

RAMAN
SPECTROSCOPY

with iron hydroxides, for example, goethite, formed by
iron leached from sulfides.!>*!

The presence of minor amounts of malachite
(Cuy(0OH),CO3) in sample MC.16.166 (Type B) is identi-
fied by the main bands at 147, 420, 1086, and1493 cm!
of Raman spectrum (Figure 5C).

Raman data of copper slags from smelting sulfide ore
with matte (Type C) reveal that the numerous small pits,
that characterize the microstructure, contain particles of
chalcopyrite as indicated by the main bands at ~272 and
326 cm™ '(Figure 5F). Chalcopyrite (CuFeS,) occurs as
dispersed globules, being the last phase that solidifies in
the system with a melting point of about 950°C.1** The
analysis performed on the dark gray matrix shows the
typical peak of goethite at 298, 385, 550cm
(Figure 5F). Also in this case, the occurrence of goethite
is the result of weathering process in burial condition.

The presence of leucite (KAISi,Og) in sample
MD.17.140 (Type C) is confirmed by the two main bands
at 487 and 519 cm*I(Figure 5G); it occurs as euhedral
crystals in association with magnetite. The residual melt
is enriched in Fe with a typical eutectoid microstructure,
which is composed of fine grain-sized of magnetite and
leucite.[*>! Generally, high contents of iron and the low
silica and/or lime in the molten slag involve the forma-
tion of crystals of olivine rather than pyroxene!®* and the
precipitation of magnetite (Figure 5H) and SiO, undersa-
tured feldspathoids as leucite. The presence of leucite
also suggests an initially high content of K in melt
slag [

Raman spectrum of sample MD.17.140 confirms the
presence of goethite in the pale gray globules and of cal-
cite in the gray matrix (Figure 5H).

The mineralogy of the iron slags is composed by a
heterogeneous mixture of silicates, for example, fayalite
in Type D and iron oxides, that is, hematite (a-Fe,03),
wustite (FeO) in Type E, as well as alteration products
such as goethite, lepidocrocite, and hematite (a-Fe,O3).

Woustite was identified according to the main band at
approximately 652 cm ™.

Over time, Fe- oxide products change from lepidocro-
cite (orange phase) to goethite (dark area) or hematite at
high temperatures (Figure 5I,J). Goethite is an isolating
phase, whereas lepidocrocite, a stable polymorph of goe-
thite, represents the active phase in the corrosion pro-
cess.!*®! Goethite is the most stable iron oxy-hydroxide,
identified by bands at 242, 298, 388, 480, and 552 cm ™' in
all iron slags. The Raman bands of lepidocrocite are well
identified at 215, 248, 309, 373, and 520 cm™! in Type
E. Raman spectrum of sample MD.16.91 (Type D)
(Figure 5K) shows the following shifts at 229, 279,
812, 833, and 895 cm ™! which are attributed to fayalite
that crystallize at 1100-1200°C.
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FIGURE 5

Raman spectra of minerals: (A) (1) cuprite, (2) clinoatacamite. (B) Covellite. (C) Malachite. (D) Bismuth oxide.

(E) (1) cuprite, (2) atacamite. (F) (1) chalcopyrite, (2) goethite. (G) (1) leucite, (2) wustite, (3) copper oxide. (H) (1) goethite, (2) calcite.
(D) Hematite. (J) (1) goethite, (2) lepidocrocite. (K) Fayalite. (L) Calcite [Colour figure can be viewed at wileyonlinelibrary.com]

In Type E calcite fills, the cavities of the cells and the
aggregate

intercellular matrix

(Figure 5L).

of the granulated

The preliminary results are reported in Table 2 with a
qualitative estimation of the abundance of the different
mineral phases. The abundance of each mineralogical
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phases was assessed combining the use of reflected light
microscopic analysis, SEM-EDS, as well as micro-Raman
spectroscopy.

3.3 | Quantitative chemical analysis and
phase diagrams

Major and minor elements of the bulk of Motyan slags
are measured by EMPA with the aim to classify them
through quantitative chemical data.!**>7)

The results indicate that the Cu-based slags are
mainly composed of Cu (0.35-99.69 wt%) and Fe (0.00-
50.05 wt%) that suggest a considerably variability of the
chemistry (Table S1). The slags MD.18.110, MD.18.168,
MD.18.23, and MD.17.140 are richer in Fe, S, Ca, and Si
and depleted in Cu, Cl, As, and Sb compared with the
other samples (Table S1). Minor constituents are P (0.00-
8.36 wt%), Al (0.00-5.23 wt%), K (0.00-1.08 Wt%), Ag
(0.00-90.08 wt%), Pb (0.00-49.28 wt%), Ni (0.00-0.78 wt
%), Co (0.00-0.89 wt%), and Zn (0.00-1.89 wt%). The total
elemental composition for some analytical points is not
100 wt.%. The remaining contents for the rest of the total
mass would be oxygen and/or water.

Instead, the chemical compositions of the three Fe-
rich samples (i.e., MM. 16.6, MD. 16.91, MD.18. 171) are
reported in Table S2. These slags are mainly formed by
iron oxides, SiO,, and CaO. Minor amounts of MnO,
Al,03, and MgO also occur. The content of SiO, and iron
oxides shows wider variation (overall ranges of 0.02-
43.94 wt.% and 0.43-87.89 wt.%), whereas the CaO con-
tent varies from 0.06 to 53.43 wt.%.

The results of Fe-rich slags have been plotted within
Ca0-FeO-SiO, ternary system'*®! (Figure 6). This ternary
diagram gives the composition of the main phases in the
slags, due to different contributions of clays, fuel ash, and
ore.!*” In fact, during the smelting and smithing of iron,
a small amount of ash was produced by the combustion
of charcoal fuel, contributing to the composition of the
slag. The chemical composition of the slag is driven by
the furnace temperature, redox conditions, reaction
speed, and chemical composition of the materials present
in the smelt.!® In particular, olivine and wuestite pro-
vide precious information about the iron smelting-
smithing process. Olivine is the most abundant silicate
with variable between fayalite (Fa, Fe,SiO,) and kirsch-
steinite (Kst, CaFeSiO,).!°! Plotting the data on the equi-
librium ternary diagram (Figure 6), only sample
MD.16.91 is grouped into the fayalite field, corresponding
to the lowest liquidus temperatures in this slag system
(1100—1250°C). We can conclude that this slag is formed
under well-controlled reducing conditions. On the con-
trary, most samples fall in the area of iron oxides,

* MM.16.6

# MD.16.91
MD.18.220

= MD.18.171 Sio,

CaO **FeO
Modified by Manasse, A., Mellini, M., & Viti (2001)

FIGURE 6 CaO-FeO-SiO,ternary system. Sample MD.16.91
fall into the fayalite region, while samples MM.16.6, MD.18.220,
MD.18.171 fall in the area of FeO [Colour figure can be viewed at
wileyonlinelibrary.com]

indicating that iron oxide in the molten system exceeds
the amount required to combine all the silica; therefore,
the excess of iron in the system favored the crystallization
of various iron oxides.[**!

3.4 | Classification of slags

Data on microstructure, mineralogy, and chemistry of
the slags suggested that the samples can be classified in
copper and iron slags.[*>¢*!

Type A corresponds to the more recent Motyan cop-
per production, dating back to the 6™ to the 4™ century
BC. The data show high amount of copper with numer-
ous Cu-S inclusions. No significant amounts of alloying
elements such as Pb, Sb, or As are detected in the compo-
sition of this group of materials. The presence of chlorine
is responsible of the secondary corrosion microstructures
and leads to dangerous cyclic of copper corrosion. %
Indeed, when cuprous chloride, located in the internal
layers of the samples, is exposed to the atmospheric
humidity, it reacts with oxygen and water cycles to form
green copper oxychloride, that is, atacamite and its poly-
morphs, thats react with copper to form new cuprous
chloride and water. In this way, the reaction restarts and
new atacamite and cuprite are formed. The possible rea-
sons for the occurrence of these waste could be explained
as products of a final refining stage of a copper
metallurgy.!%+°%!
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Type B, dating to the mid of 7 to mid of the 6™ cen-

tury BC, is mainly composed by copper with minor
amounts of Sb, As, and Bi. These wastes are considered
the remains of base-metal speiss, that is, a complex mix-
ture of copper arsenides and antimonides, often contain-
ing sulfur and lead. Because they are brittle and cannot
be processed otherwise than by casting, they are consid-
ered waste.['*! Although part of arsenic and antimony is
converted from “primary ore process” into gasses (i.e.,
during roasting and smelting) high contents of these ele-
ments remain in the speiss. The loss of these elements
may be caused primarily by the conditions of the smelt-
ing and melting (the evaporation rate of arsenic is higher
under oxidizing conditions), the length and intensity of
the working techniques when shaping the objects, and
the possibility of recycling.[°®! In sample MD.18.65, silver
occurs in association with silver chlorides. Silver could
get trapped in the speiss instead of in Pb, whence it may
be separated via cupellation. The typical fahlore composi-
tion, with arsenic and antimony in the per cent and silver
and bismuth in the per mille ranges, appears only in the
Early Bronze Age.[67]
Type C, dating to the mid of the 7 to the mid the
century BC, suggests the presence of metallurgic
activity in Moya, producing copper from sulfide raw
materials (probably chalcopyrite) by partial smelting of
ores, which leads to the formation of slags with large
quantities of impurities such as sulfur and iron, follow-
ing the reaction:

6th

CuFeS, +n0, s (Cu,FeyS,) . +(1—x)Cu
+(1—y)FeO+(1—2)SO, (1)

During smelting process, iron is partially enriched in
the siliceous gangue of ore and produces a slag following
reaction 2!%%;

FeO + Si0, — Fe — Si — Ogyq (2)

The presence of iron—copper sulfide and poorly
slagged iron oxides of this sample suggests that the trans-
formation of  copper-iron sulfidic minerals
(e.g., chalcopyrite, bornite, covelline, and chalcocite) into
metal is stopped before the complete reaction, probably
due to the low temperature of processing.[és] Thus, part
of Fe is retained in the Cu-sponge as iron oxide, and the
remaining Fe concurs to form matte.[*”!

Mineralogical data and chemical composition of
major and minor elements revealed that the most ore
minerals used for copper production are fahlore and
chalcopyrite. This assemblage was typical of the
Montevecchio—Ingurtosu district (SW Sardinia) and
Pelioritani mineralization.!”*"!)
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Types D and E, dating to the 8™ to the 4™ century
BC, are Fe-rich slags. On the base of macroscopic features
(i.e, shape, dimensions) and chemical and mineralogical
markers, two types of slags are distinguished: Type D is a
furnace slag, containing many inclusions of fayalite cor-
responding to the primary process of iron production,
while the slags of Type E are hammerscales correspond-
ing to materials removed during smithing, when the
bloom was heat-treated in the hearth and hammered on
the anvil to produce the iron artifact. In this case, iron
exists in the form of oxides or oxyhydroxides. Charcoal is
often included in this material. In some cases, a signifi-
cant amount of Ca occurs, probably used as flux in later
stages of the processing of iron ore.

The results suggest the co-existence of different proce-
dures at Motya. Local metallurgical remains reveal differ-
ences between the more ancient methods (the 8™ to the
6™ century BC) and the innovations introduced by
Eastern Mediterranean settlers and traders in the 6™ to
the 4™ century BC.[?

Concernig Fe-production, the slags dating to the 8"
to the 4™ century BC indicate a technological develop-
ment from old to more recente samples. In particular,
the results suggest that smelting process of iron and
copper is concentrated in the 7 to the 6™ century BC
(the area D of the island). However, the co-occurrence
of smelting and smithing iron slags suggests that some
contamination occurred. In addiction, evidence of speiss
as an intermediary product for the manufacture of
copper-alloys has been reported in the Near
East.'**>73 On the other hand, samples MM.16.6,
MM.16.23, and MM.16.24 excavated from the industrial
area of the City Walls—that was built after the destruc-
tion of Motya in 397/6 BC—belong to the more recent
metallurgical activities of refining of copper and iron to
produce artifacts.

4 | CONCLUSION

Microstructure, mineralogy, and chemistry of Cu- and
Fe-slags from the archeological site of Motya indicated
the occurrence of different types of archeometallurgical
remains, that is, base metals speiss, copper slags from
smelting sulfide ore with matte, and iron smelting and
smithing slags. In particular, p-RS, SEM, HR-FESEM,
and EMPA results shed new light on the operating
parameters of the smelting process, such as the tempera-
ture, redox conditions, and the efficiency of separation
between slag and metal.

In addition, the preliminary study allowed a compari-
son between parts of the site that might correspond to
different areas and periods. In conclusion, different stages
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of working processes were recognized: Evidence of cop-
per and iron smelting process demonstrated an attempt
to extract both the metals; the presence of hammerscale
in Motya confirms that iron smithing took place in
Motya.

Moreover, the present results identify evidence of
matte and speiss, suggesting a polymetallic character of
the smelted ore. The occurrence of copper-iron sulfides
(corresponding to unreduced ore) suggested that there
had been insufficient time or temperature for matte to
dissolve before the metal was tapped. Future investiga-
tions on higher population sampling will provide a
clearer view of possible relationship between the develop-
ment of copper and iron working in the different phases
of occupation of the island.
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