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Abstract

The polymetallic ore intrusion of “Meymand” is situated between three important copper and iron orogeny
zones called “Sarcheshmeh”, “Meydook™ and “Gol-e Gohar” in the Kerman province, central Iran. The oc-
currences of polymetallic sulphide intrusions (Cu, Cut+FetAs, CutAu+Fe, Cu+Zn) with various metallic ore
compositions are also one of the reasons why this region belongs to the most significant areas for the beginning
of metallurgy on the Iranian plateau.

The main motivation for this research is the characterization of the smelting slags used for metallurgical purpo-
ses in Meymand, based on quantitative XRD methods, including the Rietveld phases refining method. Through
polarization microscopy, the interpretation of the paragenesis of the phases in the solid is possible, as well as in
the fluid state. Atomic force microscopy in non-contact mode was used in order to obtain some information on
the topography and roughness of slag matrices during the smelting process, according to the recrystallization
segregation.

With respect to the mineralogical phase, segregation silicates mainly consist of augite, fayalite, and clinofe-
rrosilite. The main oxides are hematite and magnetite. Metallic phases are known as copper and iron (wiistite).
According to the thermodynamic stability field of minerals in the pyroxen bearing slag, copper extraction was
carried out at approximately 890°C.

Keywords: Archaco-metallurgy, economic geology, copper, hydrothermal, QXRD, AFM, Iran.

Resumen

La intrusion de minerales polimetalico de cobre y hierro en “Meymand”, se sitia entre tres importante zonas
orogénicas llamadas “Sarcheshmeh”, “Meydook” y “Gol-e Gohar”, en la provincia de Kerman, en el centro de
Iran. Las ocurrencias de las intrusiones de sulfuro polimetalico (Cu, Cu + Fe + As, Cu + Au + Fe, Cu + Zn) con
diversos minerales metalicos son también una de las razones por las que esta region pertenece a las areas mas
significativas para el comienzo de la metalurgia en la meseta irani.
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La principal motivacion de esta investigacion es la caracterizacion de las escorias de fundicion utilizadas para
fines metalargicos en Meymand, basado en métodos de DRX cuantitativos, incluyendo el método de refinado
de fases de Rietveld. Mediante microscopia de polarizacion, es posible la interpretacion de la paragénesis de
las fases en el sdlido, asi también en el estado fluido. Se utiliz6 la microscopia de rayos atdémicos en modo sin
contacto, para obtener informacion sobre la topografia y rugosidad de las matrices de escoria durante el proceso
de fundicion, segun la recristalizacion de la segregacion. Con respecto a la fase mineralogica, los silicatos de
segregacion presentes consisten principalmente en augita, fayalita y clino-ferrosilita. Los principales 6xidos
son la hematita y la magnetita. Las fases metalicas se conocen como cobre y hierro (wiistite). De acuerdo con
el campo de estabilidad termodinamico de los minerales de piroxeno en la escoria, la extraccion de cobre fue

llevada a cabo a aproximadamente a 890 °C.

Palabras clave: Arqueo-metalurgia, geologia econémica, cobre, hidrotermal, QXRD, AFM, Iran

INTRODUCTION

This paper discusses a recently explored archaeco-meta-
[lurgical workshop in south-central Iran. This is a prelimi-
nary report on an ongoing project, and no archaeological
studies have been carried out yet on the site. Archaeologi-
cal studies are planned for the near future, but, in this pa-
per, only the possible correlation of the mining area with
the smelting residues has been researched.

The cave dwelling village of Meymand, is built in the
magmatite formations in the central-southern part of Iran,
which is covered by a thick layer of tuff (Fig.1). Its geo-
graphical coordination is 55° 23" eastern longitude and
30° 14" northern latitude (NGO of I.R.IRAN 2003). The
closest city to Meymand is Shar-e Babak, which also
belongs to the geologically famous formation in central
Iran. This area covers the mountainous area of Nar-Kuh,

Kuh-e Masahim and Pa-Qaleh, with altitudes of over
2200 m.

Meymand is a historical village that was quarried in
mountain walls of a granodiorite-diorite formation (Ebra-
himi Meymand, 2002). Archaeological investigations in
this village indicate that the history of the settlement in
this area might go back to the 1% millennium BC (Iza-
dpanah, 2002). The “Lasoleyman” archacometallurgical
area is located at 4 km southeast of the Meymand village
around the Khah-kuh Mountain, in the Lasoleyman va-
lley region (Fig. 2). The mineralogical-chemical analy-
sis was carried out on remains of metallurgical activities,
such as slags and ores.

Characterization of slags as well as ores suggests the re-
lationship between raw material usage and metallurgical
remains for metal extracting in this region. On the other

Figure 1. View of Meymand cave dwelling village.
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Figure 2. Geographical Location of Meymand and Lasoleiman
archaeometallurgical site in Central Iran.

hand, petrographical investigation on the textural proper-
ties of the slag, as well as bulk chemical composition of
these materials, gives us information about the accidental
or experimental metallurgy in this region.

Due to the location of Meymand in central Iran, its clo-
seness to the important economic ore deposits and also
the existence of metallurgical evidences in this area, the
scope of the study may be summarized as follows:
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- An experimental interpretation of the extraction tech-
niques based on slag petrography.

- Apossible connection between technological features
and the kind of raw material used for metallurgy in
this area.

- Application of AFM for characterising the phase tran-
sition and evaluation.

GEOLOGICAL SETTING

The site is situated in the centre of the valley and has an
extension of about 1000 m?. Slag dump sites are concen-
trated in two separate areas that extend in a north-south
orientation.

According to earlier studies in north-central Iran, Cu and
Cu+As, extraction technology and alloying process de-
veloped through the exploitation of successive intrusions
from gabbroic to syenitic and quartz saturated granitic
rocks (Emami, 2006). Metallurgical traces consist of slag
and broken ceramics. Additionally, some remains of be-
neficiated stone pieces, containing low amounts of ore,
are found. Preliminary field investigations were able to
find furnace remains.

Archaeo-metallurgical research on the regional sulphide
ore resources in this site, allows the reconstruction of no-
madic but cognizant metallurgy at this area. The area des-
cribed in this paper forms part of a northwest-south-east
positioned mountain chain consisting mainly of Tertiary
lavas and tuffs (Fig.3).

. Pyroclastics

Ngvc Volcanomict conglomerates
and sandstone

. Hornblende phenoandesite

Trachybasaltic and
trachyandesitic
lava flows and porphyrite

Ngar Altered Rocks

Figure 3. Geological formation of Meymand and Lasoleiman in Central Iran.
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The most prominent stratigraphic feature in the investi-
gated area is a transgressive limestone overlapping pro-
gressively the metamorphic rocks from west to east, color
melange and the "Alimoradi Formation". This limesto-
ne-termed the "Saidabad Limestone Member"-overlays a
sequence of coarse grained sandstone and conglomerate
containing limestone.

This formation, collapsed in the south with the "Chahr
Gonbad Formation", is very important because of its me-
tallic ore bearing intrusions. The mineralization forms
rich swelling and pinching veins, also in lenses and/or
disseminations. The primary ore is chalcopyrite, chalco-
site and pyrite, and a very minor amount of galena. The
gangue minerals are calcite and quartz. The plagioclase
and feldspar minerals are common minerals contained in
the rock formation in the region.

In some cases there is albite, associated with biotite, due
to the albitization process. This paragenesis developed
mainly through formation under hydrothermal conditions
(Ness, 2004). Secondary minerals are malachite, azurite,
bornite, siderite, dolomite, rhodochrosite and very little
gypsum. In the Meymand area, several forms of minera-
lization can be distinguished;

1. Mineralization associated with faults and fault inter-
sections.

2. Veined mineralization in diorite-porphyrite, sedimen-
tary and volcanic rocks.

3. Mineralized interface between diorite-porphyrite and
sediments.

4. Veined mineralization partly concordant with stratifi-
cation in sedimentary rocks.

5. Mineralization along plane of transgression between

andesite and limestone.

The common economic ores are mainly chalcopyrite,
pyrite, chalcocite, siderite and hematite. The main eco-
nomic ore formations in this region are hydrothermal ore
deposits, such as copper and iron. Copper layers are se-
ttled within huge sequences of iron (NGO of .R.-IRAN,
2003). Hydrothermal copper and subordinate lead oc-
currences are scattered throughout the northern part of
this area. The Lasoleiman occurrence is of the porphyry
copper type, containing Cu-carbonate, chrysocolla and
limonite in the zone of superficial alterations, together
with primary pyrite and disseminated chalcopyrite. Vein
type Cu, mineralisation occurs at Chah-Messi with pyri-
te, chalcopyrite and galena as well as in area of Chehel
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Dokhtatarn. In this sequence, quartz veins contain mag-
netite and malachite. On the south slope of this area there
is a hydrothermally altered bearing Cu and Pb minerali-
zation. This mineralization is, at least partly, related to
Neogene volcanism.

SAMPLE DESCRIPTION AND METHODOLOGY

Lasoleiman is located in the south part of the Zagros
polymetallic orogeny and south east of Meymand village.
Archaeco-metallurgical sampling has been carried out on
the preserved metallurgical workshop residues, i.e. on the
slag found on the surface. In the Lasoleiman area, two
large slag heaps have been identified. They have been ca-
refully sampled, paying attention to the influence of wea-
thering on the samples. The two heaps are located close to
each other (at a distance of ca. 20 m.) and are mentioned
in table 1 as M.La.l and M.La.2. The amount of slag of
both heaps has been estimated to weigh ca. 5 tons. The
slag remains are scattered on an area of ca. 650 m?.

The investigated samples from this area are samples
which are optically dissimilar in their external appea-
rance. The external surfaces are smooth and glassy, with
noticeable flow structure on them. The flow structure su-
ggests high viscosity and consequently high SiO,-content
in the liquid (Bachmann, 1982). The colour of the sam-
ples varies. Dominant colours observed are: black, dark
red, green and -in many samples- bluish. The reddish
slags could be identified as a reaction part between acidic
slags and the furnace lining (Kronz & Eggers, 2001).

Residual charcoal from the burial remained in the tex-
ture of some pieces, and will be very helpful for dating
the slags in future studies. Some of the slags show high
porosity with respect to the high amount of volatile cons-
tituents, such as CO, and SO,, during the cooling and sla-
gging process. Typical samples from this area are shown
in figure 4. Because of the lack of recent and systematic
archaeological excavations in this region, no traces of
furnaces and/or crucibles are reported in this region.

The analytical strategies used in this study are:

i. Quantitative X- ray diffraction for the identification
of the crystalline phases with supplementary Rietveld
refining methods.

ii. XRD for determining the bulk chemical composition.

iii. Optical microscopy in reflected as well as transmitted
light for the mineralogical characterization as well as

petrographic features.
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Table 1.
Crystalline phase composition of the slags and their external properties
Major Phases Minor Phases Trace color Weight External Structure
Phases (g)
M Ls.1.01.06 Augite - Quartz - Amor-| ) Black Blueish | 138.9 Glassy with flow Structure,
phous porous
M.Ls.1.02.06 Amorphous - Augite Quartz - Cristobalite |- Black 2552 I?ciizi}s, with flow Structure,
M.Ls.1.03.06 Amorphous - Augite - - Black 524,6 Selzzzy with flow Structure,
. Fayalite - Quartz - Glassy with flow Structure,
M.Ls.1.04.06 | Augite Cristobalite - Sanidine |~ Black 180,5 dense
M.Ls.1.05.06 | Fayalite Augite - Magnetite | - Black 729,5 | Glassy with flow Structure,
porous
M.Ls.1.06.06 Fayalite Augite - Magnetite - Black 335 Glassy with flow Structure,
porous
M.Ls.1.07.06 | Amorphous - Cristobalite | Quartz - Augite - Black 74 Glassy with flow Structure
M Ls.1.08.06 Aqglte - Amorphous - | Quartz Dark Brown | 50.8 Glassy with flow Structure,
Cristobalite porous
M.Ls.1.09.06 Quartz - Schorl - Goethite | - - Dark Brown |224,6 Glassy with flow Structure,
porous
M.Ls.1.10.06 | Augite - Fayalite - - Dark Brown | 1754 | O1assy with flow Structure,
porous
M.Ls.1.11.06 Wastite - Iron Larnite - Magnetite - Dark Red 607,1 | Glassy with flow Structure
M.Ls.1.12.06 Augite Quartz - Sanidine Brochantite | Dark Red 354,8 | Glassy with flow Structure
M.Ls.1.13.06 Augite - Amorphous Magnetite Quartz Dark Brown |720,7 | Glassy with flow Structure,
M.Ls.1.14.06 Amorphous - Augite - - Dark Brown [256,2 | Glassy with flow Structure
M.Ls.1.15.06 Augite - Magnetite | Dark Brown |353,9 | Compact structure dense
M.Ls2.16.06 | Augite Magnetite Quartz Dark Brown | 101,2 gl‘;’sr;f;a“ structure and
M.Ls.2.17.06 Augite y Quartz - - Magnetite | Dark Brown |66,4 Compact structure and
Anorthite glassy
M.Ls.2.18.06 Amorphous Cristobalite - Augite Quartz Dark Brown |101,2 ;zz;;;act structure and
. . . Compact structure and
M.Ls.2.19.06 Augite - Amorphous Cristobalite Quartz Black 193.6 glassy
M.Ls2.20.06 | Augite Magnetite - Quartz Black Blueish | 122, | Compact structure and
Brochantite porous
M.Ls.2.21.06 Augite Cristobalite Quartz Black Blueish | 157,6 ;(;Is?;aa structure and
M.Ls2.22.06 | Augite - Fayalite ; Quartz Black Blue  |493,1 g{;‘;‘y’w structure and
Amorphous - Compact structure and
M Ls.2.23.06 Cristobalite - Augite Quartz i Black 1383 glassy
M.Ls.2.24.06 Augite Amorphous - Dark Green | 1339 Compact struf:tupe Wltl.l
green malachite inclusions
M.Ls.2.25.06 Amorphous Augite - Cristobalite |- Black 509,3 gl(:s:saa structure and
M.Ls.2.26.06 Augite - Copper - Quartz | - - Dark Green 138,2 Compact stru.cture Wlﬂ.l
green malachite inclusions
M.Ls.2.27.06 Augite - Monticellite Tenorlt'e - Magnetite -] _ Dark Green | 130,8 Compact struf:tu?e Wlt}.l
Hematite green malachite inclusions
M.Ls.2.28.06 Augite Quartz - 2.28.06 69,2 Compact structure, dense
M.Ls.2.29.06 Augite - Cristobalite Quartz - Brown 358,5 | Compact structure, dense
M.Ls.2.30.06 AITIOI’phO.U.S - Augite - - - Brown 611,5 Compact structure, dense
Cristobalite
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Figure 4. Sampled slags with their typical external features from Lasoleiman site.

iv. AFM for the investigation of the surface of glassy
slags to identify the recrystallization or decomposi-
tion in the liquid. AFM is a method which is usua-
lly used for surface characterisation and hardness of
inhomogeneous phase constituents. In addition, this
method is used on these samples for characterising the
crystalline phases in the melt.

RESULTS

3.1. X- ray fluorescence analysis

For the identification of bulk chemical composition of
slags, 30 samples were analysed by the XRF method. The
major oxides are SiO,, FeO, CaO and AL O,. To interpret
the coexisting phases in the samples, the data were in-
vestigated in two main phase systems, namely CAfS and
Cu-Fe-S; (C= CaO+Na,0+K,0, A= ALO,, F = FeO+M-

nO+MgO + ZnO, S= SiO,) (Keesmann, 1999; Hezarkha-
ni & Keesmann, 1996).

In the CAFS system the oxides are measured in mol per-
cent (Keesmann, Bachmann & Hauptmann, 1984). The
chemical composition in Mol % is shown in Table 2. Ba-
sed on this diagram the chemical compositions of major
oxides in the samples are characterized as siliceous-cal-
cium-iron rich slags (Figure 5). The point analyses pro-
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Figure 5. System SAfC and the composition of chemical composition
of elements

ved that based on the CFS plane the material are rich in
Ca0, content and slightly Al,O,-poor. This composition
has a tendency to form pyroxene and/or fayalite bearing
slags. High amounts of CaO, and FeO, associated with
SiO,, can lead the composition toward the formation
of some pyroxene phase closed to augite-hedenbergite
composition (Hauptmann, 1985). Magnetite and wiistite
have been detected in the samples, but because of the low
amount of Al O,, hercynite was not formed. Neverthe-

273
less, hercynite is not also detected by optical microscopy.
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Table 2.
1\813?1;:; Si02 | Ca0 | ARO3 Fl\‘;(g)gfz“:g’
M.Ls.1.01.06 | 55,9 | 13,72 9,3 12,76
M.Ls.1.02.06 | 51,78 | 12,91 | 7,73 22,61
M.Ls.1.03.06 | 51,17 | 12,22 | 7,92 23,75
M.Ls.1.04.06 | 47,1 | 13,8 | 7,86 24,94
M.Ls.1.05.06 | 26,93 | 5,74 1,93 55,86
M.Ls.1.06.06 | 28,27 | 5,25 | 1,73 55,14
M.Ls.1.07.06 | 59,75 | 15,19 | 7,19 14,37
M.Ls.1.08.06 | 54,24 | 14,71 | 7,28 18,19
M.Ls.1.09.06 | 64,57 | 1,18 | 6,48 23,59 cu 20 40 0 80
M.Ls.1.10.06 | 40,73 [ 11,59 | 4,92 36,04 Figure 6. System Cu-Fe-S for determining the distribution of sulphi-
M.Ls.1.11.06 | 587 | 15,79 | 148 67,47 desin the slags
M.Ls.1.12.06 | 51,83 | 13,25| 9,33 16,39
M.Ls.1.13.06 | 55,07 | 13,31 | 6,26 18,14
M.Ls.1.14.06 | 51,6 | 14,33| 8.3 20,96
M.Ls.1.15.06 | 50,41 | 12,39 | 6,73 25 Table 3.
M.Ls.2.01.06 | 52,66 | 18,96 | 8,72 14,72 Bulk chemical analysis of slags in system Cu-Fe-S in W %.
M.Ls.2.02.06 | 55 |13,56| 10,55 14,05 S Fe Cu
M.Ls.2.03.06 | 56,17 | 14,1 | 6,85 18,48 M.Ls.1.01.06 | 0,55 8,518 4,076
M.Ls.2.04.06 | 532 |14,45| 8,11 19,28 M.Ls.1.0206 10,162 16,119 0,792
M.Ls.1.03.06 0,061 16,966 0,711
M.Ls.2.05.06 | 48,93 | 10,09 | 6,61 25,04 M.Ls.1.04.06 0272 18.415 1,639
M.Ls.2.06.06 | 51,26 | 13,28 | 8,61 22,27 M.Ls.1.05.06 1,345 42,968 0,436
M.Ls.2.07.06 | 46,58 | 11,88 | 7,28 28,96 M.Ls.1.06.06 | 0,882 42,345 0,361
M.Ls.2.08.06 | 60,17 | 12,03 | 6,04 16,47 M.Ls.1.07.06 10,075 9,68 0,56
M.Ls.2.09.06 | 43,22 | 153 | 9,62 25,42 ﬁt‘:i:ggzgg g:;i i?ig; ég;
M.Ls.2.10.06 | 5534 | 16,94 | 8,74 14,61 M.Ls.1.10.06 0228 27.157 0.355
M.Ls.2.11.06 | 47,6 | 15,62 | 10,85 18,14 M.Ls.1.11.06 0,004 52,277 0,013
M.Ls.2.12.06 | 51,85 | 13,27 | 8,87 20,55 M.Ls.1.12.06 10,384 11,549 4,168
M.Ls.2.13.06 | 53,48 | 15,56| 7,97 17,84 M.Ls.1.13.06 10,729 13,011 2,209
M.Ls.1.14.06 | 0,165 15,335 0,478
M.Ls.2.14.06 | 54,57 | 11,64 | 6,85 18,26 M.Ls.1.15.06 0,055 18212 1,064
M.Ls.2.15.06 | 56 |13,17| 8,32 17,37 M.Ls.2.01.06 0,371 10,233 0,906
M.Ls.2.02.06 0,338 9,834 2,718
M.Ls.2.03.06 0,03 13,018 0,483
One of the important systems for determining the sulphi- M.Ls.2.04.06 0,256 13,76 1,061
dic fraction of slags is the Cu-Fe-S system (Figure 6 and M.Ls.2.05.06 1,164 18,422 3,166
Table 3). This system often summarizes the composition M.Ls.2.06.06 0,254 16,119 0,389
of sulphidic ores and the quality of smelting process for M.Ls.2.07.06 0,059 21,242 0,727
removing sulphide impurities from the extracted ore (Ba- M.Ls.2.08.06 | 0,272 11,927 1,058
chmann, 1982). According to this diagram some points M.Ls.2.09.06 0,068 18,226 1,462
could be highlighted as follows: M.Ls.2.10.06 0,018 9,897 0,978
M.Ls.2.11.06 0,005 12,542 3,687
1. The samples are Fe-rich and the Cu is a coexisting M.Ls.2.12.06 0,094 15,209 1,519
phase derived from chalcopyrite ore relics (Emami, M.Ls.2.13.06 0,084 12,738 0,831
2005). M.Ls.2.14.06 | 1,292 13,312 3,062
M.Ls.2.15.06 0,141 12,305 0,783
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2. With respect to the low amounts of Cu and S in most
of the samples, no high amounts of copper sulphi-
de phases in the samples are present. This is due to
the extraction of Cu under roasting-reducing process
(Blanderer, 1964; Marechal, 1985).

According to figure 3, the reaction has been done in two
steps according to the sulfidic ores (Rehren et al., 2012).

L Roasting the ore (partial smelting)

- Cu2S + 202 — CuO + SO2
- 2FeS + 302 — 2FeO + 2502

1. Smelting for matte and slag forming

a) CO does notreduce Cu,S or FeS. It forms matte or
(Copper-stone) which consists of different sulphi-
des such as: Cu_S, CuS, Fe S, FeS.

b) 2FeO + SiO2 — 2Fe0.Si0O2 (Slag)
¢) CuO + CO — Cu (Metal) + CO2 1
The entire results of the bulk chemical composition of

major, minor and trace elements are given in the Table 4.
Surprisingly, the amount of As, in the slags is very low.

Qualitative and quantitative X- ray diffraction analysis

To elucidate the exact crystalline structure of the phases,
XRD analysis was performed qualitatively using an ins-

trument from PANalytical X'Pert Pro Power. 10 samples
have been analysed with XRD and refined with Rietveld
refining methods to determine the best preferred orienta-
tion of constituent’s minerals with respect to the factor
of degree of fitness of each phase. Figure 7a, shows the
general results of the XRD analysis with the major crys-
talline phases in the matrix of slags.

The results of quantitative phase refinements and the
ICSD number of all phases are given in Table 5. The crys-
talline phases are classified in three groups; as the phases
which existed before melting, the phases which occurred
during the melting and smelting, as well as the phases
which occurred after the metallurgical process. The last
group are those that mainly consist of oxides or weathe-
ring products. The results prove that pyroxene as Augite
(Ca(Fe,Mg)Si,0,), Clinoferrosilite (FeSiO,), fayalite (Fe-
,Si0,) and cristobalite (SiO,) are the dominant phases in
the samples. Tridymite is not expected by increasing the
temperature and decomposed rapidly to cristobalite due
to amount of impurity in the raw material. Larnite and
monticellite from the olivine group also contain mainly
iron-bearing phases within the slags.

Furthermore, magnetite (Fe,0,) and cristobalite (SiO,)
are remarkable phases that occurred via rapid smelting.
Wiistite and hematite formed in the matrix during the
cooling process in oxidising conditions. These phases oc-
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Figure 7a. Diffractogram of one sample with all calculated phases in their best preferred orientation.
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Table 5.
Quantitative measurments of crystaline phases after Rietveld refining method in W%.
The best matched crystal structure is given after ICSD

ICSD No. |W% Best Prefered Orientation | hkl
Cristobalite 44094 0.3-16 20 =22.049 101
Augite 55921 7.2-42 20 =29.795 22-1
Diopside 64977 33-67.7 20 =27.451 221
Clinoferrosilite  |20391 0.4-9.8 20 =129.352 021
Enstatite 24464 5.2-249 20 =38.135 042
Olivine 66191 0.9-4.7 20 =31.598 121
Wouestite 76639 0.8-2.1 20 =41.867 200

cur in the matrix and do not have a well preferred orien-
tation via fitting for calculation of their crystal structure.
Goethite, metallic copper and iron are also seen in the mi-
croscopic picture but they were not measured in powder
samples. The identified phases in these samples are com-
mon minerals found in magmatic rocks and are seen in
granites, granodiorites and other magmatic stones (Klein
& Hurlbut Jr., 1999). The isoline diagram of all samples
shows their variation of phase constituents around 20 ~
28-35° in the figure 7b.

Phase determination and interpretation of paragenesis
by Microscopic
Investigations

Petrographic studies give more results on the investigated
samples, due to the different composition of crystals as

well as different metallic relics in the texture. The results
are presented on the basis of identified phases.

o Silicates

Pyroxenes and olivine are observed in almost all samples.
The distribution of these phases in samples may suggest
a homogenous smelting process and a high amount of si-
licate phases. The variations in colour of the pyroxene
in samples are caused by concentrations of Ca, Mg and
Fe ions within the crystal structure of pyroxene (Figure
8). Different modifications of pyroxenes, such as augite,
hedenbergite, diopside or wollastonite, are observed in
the samples. Pyroxene observed in these samples has a
“horse tail” structure, and is commonly associated with
the copper smelting technology in central Iran (Emami,
2006). Olivine is observed as fayalite in prismatic or plate
habitus (Figure 9). Fayalite formed mostly as idiomor-
phic structure. The formation temperature of fayalite is

B S =
oy AR N e e
& 5 e

Figure 7b. Diffractogram of one sample with all calculated phases in their best preferred orientation.
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Figure 8. Sample No. M.Ls.1.05.06. Pyroxene crystals with high
amount of Fe (augite) that show by succession of colours x 10,2 pol.

about 950°C. Magnetite crystallized on top of the fayali-
te due to the existence of Fe delivered from the fayalite
during the oxidation process. The bipyramidal structure
of fayalite is a reason for the high viscosity of the melt
(Moorey, 1988).

e Oxides and Sulphides

The common oxides in the samples suggest that there are
iron oxides in different ionic charges. This may have oc-
curred because of the high percentage of iron in the slag
composition. Magnetite, hematite and limonite are also
detected in the matrix as accumulations of these phases
in and around the pores. Magnetite appears around the fa-
yalite - and not above it - due to the oxidation of fayalite.
Iron oxide formed as wiistite (FeO), because of reducing

Figure 9. Sample No. M.Ls.2.11.06. Fayalite crystals in dendritic form.
In these crystals the Fe % is low and this is occurred in many of the
slag samples. No. 2. x10, 2 pol

conditions and low oxygen fugacity (low fO,) (Figure
10). Wiistite is stable under 570°C (Kronz & Eggers,
1991; Klein et al., 1999).

Sulphides remain mostly unchanged in slags and can be
used for identifying the ores originally used and the proba-
ble method applied for the extraction of metal from these
ores. Chalcocite is a very common ore in ancient copper
extraction in Iran (Emami 2006). Chalcopyrite-digeni-
te-bornite is the typical structure detected in the samples
(Figure 11). Bornite as an anisotropic pink phase, digenite
as a blue isotropic phase and chalcopyrite as a yellow ag-
gregate are observed. Chalcopyrite in this circumstance is
detected as secondary chalcopyrite that appeared around
the external boundaries of bornite (pink in figure 11).

Figure 10. A micrograph of polished section of Sample M.Ls.2.09.06.
Dendritic wiistite forms on pyroxene crystals in reducing conditions.
%20, 1 pol.

Figure 11. Sample M.Ls.1.11.06. Chalcopyrohtine (light yellow), chal-
cocite (blue-grey) and bornite (pink partially), the eutectic phase is
visible in the center of image. x20, 2 pol.

170



Geologia Colombiana, 2013 - Vol. 38

1.60um

mis1/14topo
20.0%20.0 x 1.64 um

1.28um

0.96um

0.64um

0.32um

0.00um

mis1/05-2topo
AFM AC Ref: -2.941V
Size: 9.26 x 9.26um Bias: 0.000V

1333.0 nm

1253.0 nm

1173.0 nm —— &

1093.0 nm 4 —"/ N T .
1013.0 nm ’ \/
933.0 nm

0.4um 0.8um

1.2um

1.6um 2.0um 2.4um

Figure 12. AFM scan area in AC mode for detection of magnetite crystals on the fayalite grain in the glassy

matrix.

The stability areas of these phases are between 850-
930°C, but - depending on Cu-As composition of the eu-
tecticum,— they can change and reach a temperature of
approximately 690°C (Keesmann & Moreno Onorato,
1999). Chalcopyrite is well defined in the samples. The
presence of chalcocite and chalcopyrohtine associated
with bornite is well-known in the eutecticum of the sys-
tem Fe-Cu-S.

In order to interpret the morphologic deformation of na-
noscopic areas, atomic force microscopy methods were
applied. The investigations were carried out in non-con-
tact mode. Measurements and additional physical proper-
ties (viscosity, rigidity, adhesion, etc.) can be obtained
from the phase decomposition based on cantilever osci-
llations (Emami et al., 2007). This allows the quantifica-
tion of the physical and chemical homogeneity of the ma-
terial’s surface. With this data, it is possible to examine
the dissolution and phase transition in the iron-rich matrix
based on challenges in the face-interface area (Figure 12).
The roughness of the surface at the nano-scale is measu-
red based on the defects caused through the expansion
process. Here, a nanoscopic polycrystalline matrix on the
external surface of fayalite and the formation of magne-
tite as an oxidation product are observed. As mentioned
before, with these methods it is possible to detect the tiny
crystals of magnetite that formed around the fayalite and
not above it.
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CONCLUSION

The analyses presented in this paper are preliminary re-
sults based on archaeo-metallurgical data, and give an
overview of the metallurgical processes executed in the
Meymand region. The high percentage of SiO, in sam-
ples, which is associated with other oxides such as AL, O,,
FeO, CaO and MgO, suggest that they are probably re-
mains of ores smelted on this site.

The metallurgical process in Meymand can be related
to copper smelting of copper-iron sulphide polymetallic
ores. The ores contain a high amount of sulphides and
a considerable percentage of Fe. As a matter of fact the
extractive metallurgy of sulphide ores was known after
oxides were experimented with by human by the end of
the first millennium BC. Accordingly, the metallurgical
process is well known in this area and will not be older
that 1** millennium BC. The extraction was carried out
via roasting and matte forming to the reduction of copper
sulphide. Indeed the extraction of copper seems to review
very well due to the high amount of iron in the rest smel-
ted materials.

The extractive metallurgy carried out on both slag depo-
sits was similar with respect to the paragenesis of diffe-
rent copper sulphides in different stages, which present
digenite-chalcopyrite as well as digenite-bornite-cha-
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lkopyrite paragenesis. This is an equilibrium system in
solid solution and consists of slag, ore and deposited pha-
ses. The main technology in this area was roast-reduction
of copper, due to the forming of copper sulphides around
metallic copper and pyrite or magnetite. This process was
followed by roasting and matte formation. The tempera-
ture was between 750 to 950°C based on the stability re-
gion of the phases. The granite and granodiorite rocks of
this area were the main economic bearing metals used for
the extractive process.
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