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Sijilmdsa (south-east Morocco) was one of the most strategic cities in a far-reaching exchange
network, that is, the trans Saharan trade, linking the Maghreb with West Africa during the me-
dieval period (from the 8" to the 15" century CE). It was also one of the most important gold
and silver monetary workshops at the time. If gold came from West Africa, we know from writ-
ten sources that silver was produced in Morocco, although archaeological evidence of silver
mining and smelting has remained elusive. Thanks to a thorough analysis of the lead isotopic
data from silver mining districts in Morocco and from ores and slags of our study, we were
able to refine the tracing of our materials and provide tangible evidence of medieval mining
in the close hinterland of Sijilmdsa city.

KEYWORDS: SIJILMASA, SILVER, PB (LEAD) ISOTOPES, MINES AND SLAGS, TRANS-
SAHARAN TRADE

INTRODUCTION

A far-reaching exchange network developed across the Sahara from the eighth century CE fol-
lowing the conquest of North Africa by the Arabs (Austen 2010; Fauvelle 2018). This
Trans-Saharan trade linked North Africa with West Africa across the desert. One consequence
of these activities was the flourishing of trading cities and entrep6ts on both sides of the Sahara.
Of these, Sijilmasa (in the south-eastern region of Morocco, in the oasis of Tafilalet) was one of
the most important and certainly the most famous. As documented mainly by medieval Arabic
written sources (Levtzion and Hopkins 2000), it was a crossroads for caravans of camels crossing
the Sahara in both directions. Moreover, because Arabic coins were usually stamped with both
the date and the name of the place where they were struck, we know that one of most important
gold and silver monetary workshops in North Africa were run in the city.
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In terms of goods exchanged along these Trans-Saharan routes, it is well established that while
gold and slaves went north, copper-based materials went south. Sijilmasa was one of the North
African outlets of West African gold (e.g Gondonneau ef al. 2000; Roux and Guerra 2000;
Gondonneau and Guerra 2002; Nixon ef al. 2011). Numerous gold coins (called dinar in Arabic,
“dinars”) were minted there from the 10™ to the 14" century (Messier 1973; Roux and Guerra
2000; Gondonneau and Guerra 2002). Dinars minted in Sijilmasa were known throughout the en-
tire medieval Islamic world for their fineness (Cipolla 1956). On the other hand, it is also ac-
cepted that copper and copper alloys in the form of metal bars or manufactured objects were
traded southward to West Africa (Monod 1969; Gouchet et al. 1976; Garenne-Marot et al. 2003).

Although the direction of the circulation of gold and copper is relatively well known despite
some uncertainties concerning the precise location of the mines, that of silver remains a mystery.
Silver coins (called dirham in Arabic, “dirhams”) were minted in Sijilmésa alongside gold coins,
but the origin of the silver has remained a matter of conjecture. Some Arabic texts suggest that
conflicts took place between medieval Moroccan polities for the control of silver production
and transformation (Rosenberger 1970a). Thus, as in Europe in the same period (Bailly-Maitre
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[Q10[Figure 1 ~ Moroccan geological structural units and location of the main Pb bearing mines. 1- Jebel Addana, 2- Jebel
Aouam, 3- Bou Madine, 4- Imiter, 5- Zgounder, 6- Bou Maiz, 7- Gaouz, 8- Mfis, 9- Tadaout (modified from Frizon de
Lamotte et al. 2004). [Colour figure can be viewed at wileyonlinelibrary.com]
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2002), mining resources and related metallurgical sites were certainly of strategic importance
even though the precise relationship between a silver mining area and a political or economic
power has yet to be demonstrated in Morocco.

At present, archaeological evidence for gold and silver mining and workshop activity related
to the trans-Saharan trade remains elusive. Although numerous elemental analyses exist for
copper-base materials (e.g. Garenne-Marot et al. 2003), they are none for gold and silver-base
ones (El Ajlaoui 1994; Magnavita and Mertz-Kraus 2019). An exception, as far as gold is con-
cerned, comes from Tadmekka, in current-day Mali, a medieval entrepdt on the southern edge
of the Sahara, where, according to the authors interpretation, small pieces of mould or crucible
would be an evidence for gold-fire treatment to elaborate some “unstamped’ gold dinars (Nixon
et al. 2011; Rehren and Nixon 2014).

As yet, no evidence for mining and metallurgy from medieval Morocco — and medieval North
Africa in general — (such as slags or waste heaps/tailings materials) has been excavated, dated,
and studied by combining archaeology, geology, and geochemistry. Some slag studies have been
carried out for on North African materials, but they mainly concern iron metallurgy from the
Phoenician and Roman periods (Tylecote 1980; Keesmann 2001; Niemeyer 2001; Hourri ef al.
2017), which are not related to the historical context presented here.

In 2013, during excavations conducted in Sijilmasa by a French-Moroccan team led by F.-X.
Fauvelle and E. Erbati (Fauvelle ef al. 2014, 2018), some non-ferrous slags (highly recognizable,
visually, compared to iron slags) were recovered and dated to around the 10" century. By the
mean of (a) systematic geological survey on lead silver deposits closest to the city, (b) lead
(Pb) isotopes measurements on slags and ores, and (c) petrographic and mineralogical studies
on slags, our study has highlighted a geochemical link between Sijilmasa’s slags and the argen-
tiferous lead mines found in the vicinity of the medieval city.

GENERAL GEOLOGICAL CONTEXT OF THIS STUDY

Morocco is divided into five geological domains: (from north to south) the Rif, the Meseta, the
Atlas (high and middle), the Anti-Atlas, and the Sahara (Fig. 1). The mining activities (modern F1
and ancient ones) and occurrences deposits (silver, gold, copper and lead) are located in
metallogenetic provinces. Each of them is defined in relation to geodynamic events. Some min-
eralizations are linked with the Archean craton (> 2500 Ma), the Precambrian episodes—the
Eburnean (~ 2000Ma) and the Pan African orogenesis (~ 600 Ma), the Hercynian cycle (~
400 Ma to ~ 250 Ma) and the Alpine one (~ 250 Ma to today). With the exception of Jebel Aouam
(in central Morocco), all the mining districts considered in our study are part of the Anti-Atlas
domain, more specifically the eastern portion of it (Fig. 1). The Anti-Atlas domain, which is
750 km long with a WSW-ESE direction, that is, from the Atlantic Ocean to the Tafilalet region
(Fig. 1), is included in the Pan African orogenic belt. The Anti Atlas represents the main struc-
tural domain of southern Morocco: it is composed of Proterozoic (~ 2500 Ma to 540 Ma) inliers
distributed along two major fault zones (South Atlas Fault, and Central Anti-Atlas Fault) and
covered by Ediacaran formations (Late Neoproterozoic to Paleozoic i.e. ~ 635Ma to 540 Ma;
Gasquet ef al. 2005). This area possesses a number of important lithostratigraphic units that have
been affected by numerous geological events. Thus, it is quite difficult to determine a relative
chronology and to interpret the geological ages through isotopes measurements (Levresse
2001; Tuduri 2005). However, there is a scholarly consensus on the existence of a
Paleoproterozoic to mid-Neoproterozoic basement (~ 2500Ma to 770Ma) and a late
Neoproterozoic to Cambrian cover (~ 635 Ma to 485 Ma).

© 2020 University of Oxford, Archaeometry *e, ** (2020) se—se
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The Anti-Atlas Mountains possess numerous silver-rich lead ore resources. Some mining areas
are actually called “Portuguese mining works” by local people (a designation not to be taken at
face value), and some “old mining works” were often mentioned and orally conveyed by engi-
neers working on modern exploitations. The partial descriptions of such discoveries are often
preserved in anonymous reports of mining companies and remain difficult to access.

MATERIALS

Medieval silver mines in Morocco

During the medieval and early modern periods, both Arabic and Spanish texts mention that Mo-
roccan mines were exploited for silver (Rosenberger 1970a, 1970b, 1970c). They are sometimes
mentioned in connection with Sijilmasa, whose authorities (i.e., the Sultan) levied a tax of 1/5
(named the “quint” tax) on silver (Colin 1954; Rosenberger 1964, 1970a; Monteil 1968). These
mines can be provisionally equated with those of Zgounder (native silver), Imiter (native silver),
and Jebel Aouam (lead and silver) (Fig. 1) (Rosenberger 1970a, 1970b). The legal status of these
mines is not known. Nevertheless, the Sultan would seem to apply a certain right/power to them
(Rosenberger 1970a). This suggests that these mines had certainly a particular status and were
linked to the authorities. Scattered archaeological discoveries made at these three mines by min-
ing engineers include ancient mining works, noria, waste heaps, slags, furnace pieces, stone
grinders, tools, and metallurgical materials, though unfortunately without reliable archaeological
context (Rosenberger 1970b). A radiocarbon analysis carried out on a wood sample from the
mine of Jebel Aouam indicates medieval exploitation of ore (Saadi 1971), although, again, no in-
formation is provided on the archaeological context of the sample. These mines would have been
also the location of silver mint workshops: numismatic data bear witness to a mint at “Mrirt,”
close to the Jebel Aouam mine (Rosenberger 1964) and another at “Todgha,” another ancient site
likely not far from today’s Imiter mine (Colin 1936b; El Ajlaoui 1994). A mint may have been
located at the fortification in Zgounder mining area (Colin 1936a; Colin 1954). All this informa-
tion should be taken with caution because not related to relevant field evidence tha is, no archae-
ological plans and no global chronological context, just some observations, punctual dating, and
brief drawings before modern mining. Thus, archaeological, literary and numismatic evidence
are heterogeneous and cannot help locating precisely the mints. However, for our purpose, the
evidence is enough here to define an area (i.e. from Zgounder, Imiter to Jebel Aouam) where both
mines and smelting workshops were observed. It should be noted, however, that these observa-
tions in Morocco seem to be in line with some archaeological data on both the ancient
mining/metallurgical technics and the spatial location of mines and mints during medieval pe-
riods in Europe (e.g. Bompaire and Sarah 2018).

In addition to silver, the medieval Jebel Addana mines were also an important source of cop-
per. These mines seem to have been connected not with Sijilméasa but with Tamdult, another im-
portant medieval entrep6t and mining centre (Rosenberger 1970c). Indeed, numerous slags were
recovered during prospection in Tamdult, but they have yet to be studied (Cressier 2004).

Other, possibly less significant, mines cited in Spanish and Arabic texts can be assumed to be
located closer to Sijilmasa (Rosenberger 1970b). They can tentatively by identified as those of
Bou Madine, Bou Maiz, Gaouz, Mfis, and Tadaout, which are still active today (Muqaddasi
1950; Zigari 1963; Rosenberger 1970b; Fig. 1). However, despite their geographical proximity
—they are located in a radius of just a few dozen kilometres from the site —a direct connection
between these mines and Sijilmasa has never been proven until now.

© 2020 University of Oxford, Archaeometry *e, ** (2020) se—se
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The ores typology in close hinterland of Sijilmasa

The mineralized ores of Tadaout, Mfis, Bou Maiz, and Gaouz have recently been exploited for
lead and silver, and currently are for barite. The mineralized structures exhibit two orientations,
that is, N-S and W-E. The latter is largely dominant. Most lodes are several kilometers in length
with a thickness of more than 3 meters. The enclosing rocks are pelitic sandstone and are more
granitic in the Mfis mining area. The mineralization is composed of galena and barite associated
with quartz and calcite. The mineralization hosts also the presence of pyrite, chalcopyrite, and
malachite. Three ore assemblages of paragenesis were identified during our surveys. The first
one is composed of galena included in a strongly oxidized pelitic sandstone (Fe-rich); the oxida-
tion effect has produced some nodules of galena (called “patate” in French, “potatoes,” by local
people). The second paragenesis is composed of galena associated with barite and sometimes
with calcite; the galena could be also scattered in barite. The last paragenesis is composed of ga-
lena associated with calcite and quartz in a ferruginous enclosing rock.

Archaeological context of slags uncovered in Sijilmasa

Sijilmasa is a medieval Islamic city located in the oasis of Tafilalet, in south-east Morocco. The
ruins of the site are located in the suburbs of the current town of Rissani. Following scanty and
ill-documented excavations conducted in the 1960s and 1970s, American-Moroccan team spent

Figure 2 Sijilmdsa, sector T25. A: Floor AU 11 (arrows show the slags). B: Local test pit in floor UA 11 down to the
bedrock (orange color). C: Wall made of schist blocks which UA1l abuts (OMission Archéologique a Sijilmdsa, 2013).
[Colour figure can be viewed at wileyonlinelibrary.com]
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five archaeological seasons there in the 1990s (Messier 1997; Messier and Miller 2015), and a
French-Moroccan mission took over from 2012 on (Fauvelle et al. 2014). In addition to
uncovering high and thick remnants of surrounding walls belonging to several periods from
the 10" to the 15" century CE (Fauvelle et al. 2018), the excavations yielded built remains of
various types and functions—a mosque and residential complex; dwellings; hydraulic structures
such as basins, pipes and latrines—associated with artifacts, mostly ceramics. The dominant ar-
chitectural feature in the excavated areas is rammed earth (called pisé in French and tabiya in Ar-
abic), a local construction technique in Southern Morocco, still commonly used today to build
fortified quadrangular villages called ksur (sing. ksar). Subject to intense erosion, this material
requires constant maintenance and repairs (Boussalh ez al. 2005), as well as periodic abandon-
ment and rebuilding of the entire construction (Darles et al. 2016), a cycle that may explain
the alternation of phases of occupation and abandonment observed in the stratigraphic sequence
(Fauvelle ef al. 2018). Only very small numbers of luxury or prestige items were found by the
archaeologists, possibly due to the poor preservation of the built structures or to centuries of
looting (Fauvelle et al. 2014). Certainly, finds of gold were very rare: only a few medieval gold
coins and one tiny ring made of gold filigree (Messier 1997). A series of basins connected by
canalizations was interpreted as a facility to wash mineral ores (Messier 1997), although this in-
terpretation remains dubious both on functional grounds and because no ore was found there
(Soubira et al. 2015). Furthermore, investigators found no structure that could plausibly have
been a gold mint nor devices such as molds and crucibles. The near absence of gold artefacts
and tools related to gold transformation and/or minting is at odds with the abundance of written
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and numismatic evidence testifying to Sijilmasa’s role as a gold emporium. It is probably the
most striking paradox of the ‘City of Gold’.

Interestingly, the case for silver is different. Digging deeper in a trench (T25) previously exca-
vated by the American-Moroccan team that had uncovered a hydraulic complex (Messier 1997),
the French-Moroccan team found a well-preserved floor made of a very compact sand and silt
mortar containing lime (Fig. 2). As is often the case with similar floors belonging to the earliest F2
phases of occupation elsewhere on site, this floor (AU = Architectural Unit 11) was reinforced
with mineral components of homogenous module that were sunk into it. In this case, they were
found to be small cobbles (max 3 cm), which immediately turned out to be non-ferrous slags, a
fact that was confirmed by analyses (see 5.1 Results Section). Because the excavators did not dis-
mantle this archaeological feature, no quantification of the slags could be made, but there is no
question that slags were voluntarily used as the exclusive mineral component of this floor. The
rationale behind the use of slags as a construction material, which, to the best of our knowledge,
has no parallel in Sijilmasa or elsewhere in the Islamic world, remains unclear, and we cannot
assess whether slags were used for technical reasons or opportunistically. Nevertheless, the pres-
ence of these slags embedded in an early architectural feature in Sijilmasa is, we believe, an op-
portunity to date them and prove a relationship between the city and a mine. Indeed, the slags
either were waste products of a transformation process carried out in the city from ores coming
from the mine, or were brought to the city from a mine or its workshop.

In terms of stratigraphy (Fig. 3), the slag-containing floor (thickness: 17 cm) sits atop a prep- F3
aration layer (32 cm) made of an earth mortar containing cobbles (this latter layer was considered
to belong to the same floor, AU 11) which was laid directly on the bedrock. AU 11 itself abuts a
wall base made of schist blocks and earth mortar, which in turn was found, at its western end, to
overlay another floor (AU 2), made of thick and extremely hard lime concrete. This floor yielded
two radiocarbon dates: SIJ-2013-E1l (Beta 396369)=1220 +/—30 BP=Cal CE 690-750, 760—
885 (20) (micro-charcoal coming from within the floor); SIJ-2013-E6 (Beta 396370)=1110 +/
—30 BP=Cal CE 885-995 (20) (charcoal coming from a tiny fireplace in a cupule on top of
the floor). Though the stratigraphic relationship between floors AU 11 and AU 2 was not ob-
served, the chronological attribution of floor AU 11 is secure: it cannot be later that the end of
the 10" century CE.

METHODS

We carried out systematic geological survey in the mining districts close to Sijilmasa, namely
Mfis, Tadaout, Gaouz, Bou Maiz, Bou Madine, and Imiter. Because no mineralogical and geo-
chemical data were available for Mfis, Tadaout, Gaouz, and Bou Maiz, and also because the ge-
ology of Morocco is very complex, a systematic ores sampling (n ~ 80) was conducted according
to the three assemblages of paragenesis observed during fieldwork, in order to outline the lead
isotopic signatures of these areas.

Bulk multi-elemental analyses on slags were obtained commercially from ALS Global (www.
alsglobal.com) to measure slag matrix composition (normalised to 100%) but also to assess the
Pb isotopes measurements. Several slags samples were cut into thin sections at GET laboratory
(CNRS, Toulouse, France). A first identification of the mineralogical composition of the samples
was performed by microscopic observations in reflected and transmitted light in the TRACES
and GET laboratories (CNRS, Toulouse, France). A selection of samples was collected for more
detailed mineralogical investigations by scanning electron-microscopy with energy dispersive
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spectroscopy (SEM-EDS) and electron microprobe analyses, performed at GET laboratory and
the Raymond Castaing Micro-Characterisation Centre (CNRS, Toulouse, France), respectively.

66 ores samples (galena) and six slags samples were chemically processed for lead (Pb) isoto-
pic analyses in a Class-1000 clean room in Toulouse (GET, CNRS laboratory, France). All re-
agents used were double distilled in PFA stills. Galena’s and slags Pb isotopic compositions
were measured with a MC-ICP-MS (Neptune type), following the procedure reported by Baron
et al. (2009). The values used for reference are those of NIST-SRM 981 Pb as reported by

1 : Ag-Pb-Cu-Sb-Au
2 : Chalcocite

3 :Lead metal

Grey slag (SIJ-14-SCG3)

1:Pbrich: spherules and veins

2 : Silicate phases : very abundant,
large in size in the form of an
elongated, dark-coloured rod

3 : Iron oxide phases :
large (skeletal and hexagonal
shaped) or dentritic crystals
4 : Cu-Pb-Fe alloy

Figure 4 SEM pictures showing the mineralogy of clear and grey slags (Samples SIJ-14-CS6 and SIJ-14-SCG3
respectively).
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Thirlwall (2002). The NIST-SRM 981 Pb precision and accuracy of all the reported isotopic ra-
tios are better than 100 ppm (2 o).

Pb—Pb model ages were calculated using a two-stage model (Stacey and Kramers 1975) and
adapted for archaeological issues (Albarede et al. 2012). The measured Pb isotopic data of ores
and slags, associated with their calculated Pb—Pb model ages (T, p, ), are reported in Table S1.

At Gaouz, we were able to collect a micro-charcoal from the surface of a slag with adhering
technical ceramic (presumably a furnace wall fragment). The charcoal sample (SIJ-2016-E15)
was analysed by Beta Analytic (Beta 451470).

RESULTS

Chemical and mineralogical compositions of slags uncovered in Sijilmasa

The bulk multi elemental analyses (normalised to 100%) of the whole slags (n=14) gave a me-
dian value of 45.9wt.% of SiO,, 9.8 wt.% of Al,Os, 7.5wt.% of Fe,O3, 12.2wt.% of CaO,
2.4wt.% of MgO, 3.8 wt.% of Na,0O, 1.9wt.% of K,0, 13.5wt.% of Pb, 0.27 wt.% of Cu, and
90.2ppm of Ag. The chemical composition of slags from Sijilmasa suggests that these
byproducts are coming from a non-ferrous metallurgical process, namely the reduction of
silver-rich lead ores (argentiferous ores whose copper content comes from the mineralization
as observed during our geological prospecting). The global positive correlation between the al-
kali elements of the slag matrixes suggests a common origin, that is, the slags come from the
same type of ore. The reduction slag samples from Sijilmasa can be divided into two groups ac-
cording to their bulk chemical composition, mineralogical aspect and composition identified by
microscopic observations, SEM-EDS, and electron microprobe analyses.

Two kinds of slags were identified based on their colour (clear or grey), which are derived
from their iron oxide content, ‘that is, the clear slags highlight a median Fe content of
25.6 wt.% (Fe,03), whereas the grey ones highlight a median Fe content of 5.3 wt.% (Fe,O3).
In the two kinds of slags, the Pb is in the form of metal and located in the prills (which are in
inclusions with various sizes), in the venules, and in the matrix phase (Fig. 4). In more details, F4
the two slags exhibit some mineralogical differences. The clear slags are very vitreous (Pb con-
tent in matrix phase is less than 30%) and contain rare mineral phases like silicate phases and
chalcocite (copper sulphide). The grey slags are little vitreous (Pb content in matrix phase is more
than 35%), better crystallized than the clear slags, and highlight new mineral phases like numer-
ous silicate and iron oxide phases. Numerous metallic prills, in all the analysed slags, highlight
the presence of lead, silver, and copper metal (Fig. 4).

Gaouz charcoal dating

The charcoal sample (SIJ-2016-E15) yielded the uncalibrated result: 1340+/—30 BP = Cal CE
650-690, 750-760 (2 ). We acknowledge that there is a growing body of evidence (albeit poorly
published) indicating that the C-14 analysis of charcoal inclusions in slag tend to produce older
dates (e.g. Gassmann and Schifer 2018). The reason is not fully understood, but it could be
caused by contamination either during the smelting or perhaps through mineralisation in the
burial environment. However, in our case, the sample was not found buried but on the ground,
and the micro-charcoal was found on the surface of the slag, in close contact with the technical
ceramic fragment. In the current state of the literature, we cannot assess whether it is a weakening
or reinforcing argument.
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Radiogenic Pb isotope composition and calculated model ages of ores and slags

The Pb signatures of ores from the close vicinity of Sijilmasa present some homogeneous isoto-
pic compositions: Tadaout, Mfis, Bou Maiz and Gaouz have Pb isotopic compositions ranging
between 18.102 to 18.169, 15.579 to 15.624 and 38.123 to 38.322 for **°Pb/***Pb, **’Pb/***Pb
and 2°*Pb/2**Pb ratios, respectively. The Bou Madine ore Pb signature is 18.016, 15.553 and
37.807 for 2°°Pb/***Pb, 2°’Pb/2*Pb and 2°®Pb/***Pb ratios respectively. The Pb signatures of
ores from Imiter mine range between 18.123 to 18.147, 15.557 to 15.575 and 37.817 to
37.881 for 2°Pb/?**Pb, 2°7Pb/***Pb and 2°°Pb/***Pb ratios respectively.

The Pb signatures of slags from Sijilmésa are also very homogeneous. Their Pb isotopic com-
position range between 18.076 to 18.155, 15.590 to 15.616, and 38.136 to 38.284 for
206pp/294p, 207Pb/29*Ph and 2“®Pb/?**Pb ratios respectively.

The Pb signatures of radiocarbon-dated slag sample SIJ-2016-E15 from Gaouz is 18.154,
15.579 and 38.160 for 2°°Pb/>**Pb, 27Pb/>*Pb, and 2°%Pb/***Pb ratios respectively.
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et al., 2016 and this study), Bou Madine (Abia et al. 1999 and this study), Jebel Aouam (Watanaby, 2001; Nerci 2006;
Tarrieu 2014), Zgounder (Marcoux and Wadjinni 2005), ores near Sijilmdsa (this study), and of slags from Imiter (Milot
et al., 2016) and Sijilmdsa (this study). [Colour figure can be viewed at wileyonlinelibrary.com]
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The calculated Pb—Pb models of ores and slags from our study thus demonstrate that the min-
erals were Palaeozoic, ranging from ~ 330 to 450 Ma. The mean T model age of ores from Imiter,
Tadaout, Mfis, Bou Maiz, and Gaouz are 340+8Ma, 410+11M, 410+9Ma, 404 +5Ma and
360+ 2 Ma respectively. The model age of ores from Bou Madine is 406 Ma (one sample). The
mean model age of slags from Sijilmasa is 427+ 1 Ma, and model age of slag from Gaouz is
352 Ma (one sample). The 2*3U/***Pb ratio (u) and >**Th/**3U () values, for the whole samples
from this study, are ranging between 9.52 to 9.77 and 3.75 to 4.03 respectively.

DISCUSSION

Sijilméasa is known from numismatic data to have struck silver coins and we now have archaeo-
logical and geochemical evidence that silver ore was transformed either at or in the vicinity of
Sijilmasa. Because the city (or its silver workshop) could have received its ore from multiple
sources, it is necessary to discuss and interpret in detail the isotopic lead data from all potential
mining sources, identify those sources and assess their respective potential contributions. The
isotopic signatures of the Sijilmasa slags are very homogeneous and similar to those of the
nearest lead—silver mines. Nevertheless, the Sijilmasa slags signatures are positioned within a
vast isotopic field which encompasses various Moroccan silver mines (Fig. 5a,b). This might F5
suggest a potential averaging effect of the Sijilmasa slags isotopic composition that could be
due to mixing ores from several different silver mines. However, a deeper knowledge of the
Pb isotopic signatures of ores (from literature and our results) and Sijilmasa slags can provide
a better understanding of this seeming mixing effect and attribute an eventual single source.

Terms and conditions of ores implementation of silver mines

Figure 5 reports the Pb signatures of ores from the silver mines surrounding Sijilmasa versus the
Pb signature of slags recovered from the site of Sijilmasa proper (Fig. 5a,b). The corresponding
calculated model ages both with isotopic Pb compositions on galena from literature and the pres-
ent study are reported in Figure Sc and d. The mining districts taken into consideration are Bou
Madine, Imiter (ores and slags), Jebel Aouam, Zgounder, and lead-silver mines near Sijilmasa
city. The most heterogeneous Pb isotopic composition are from Jebel Aouam and Bou Madine.
The wide extent of Pb isotopes from some mining districts, in classical Pb/Pb diagrams, coupled
with isotopic overlappings, reflect the strong complexity of the ores implementation through geo-
logical times (Fig. 5a,b). Indeed, the different ore sources has been implemented over a very long
period of time (such as Bou Madine and Jebel Aouam mining districts; Fig. Sc, d). No isotopic
data are available for the Jebel Addana mining district and related slags.

The - polymetallic Jebel Aouam mining district was formed by successive
magmatic-hydrothermal pulses, namely one at 295-280Ma (porphyry-style-Au-W
mineralisation) and another one at 254+ 16Ma (epithermal-style-Pb-Zn-Ag mineralisation;
Watanabe 2002; Nerci 2006; Tarrieu 2014; Rossi et al. 2016). This produced a superposition
of two independent mineralisation events as illustrated by the Pb isotopic signatures on
Figure 5 (a and b). Calculated Pb—Pb model age of Jebel Aouam, from some galena, indicates
older ages (~ 400-500 Ma) and high g values (> 4.00), which are an indication of magmatic in-
heritance originating from melting Palaeozoic crustal rocks (Fig. 5c). Other galena are much
younger (< 100Ma) with low g values (< 3.80) (Fig. 5c), indicating multiple intrusions of
Cordilleran-type calco-alkaline magmatism during the late Variscan to Permo-Triassic geological
period (Michard et al. 2008; Rossi et al. 2016). The Pb—Pb model ages of slags from Sijilmasa
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are quite similar to some galena ores from Jebel Aouam, suggesting that the ores source of
Sijilmasa slags were implemented at the same time as some ores of Jebel Aouam mining district
(~ 400-500 Ma) (Fig. 5c, d). Nevertheless, the Pb signature of Sijilmasa slags is not aligned on
one of the mixing lines formed by the Jebel Aouam (Fig. 5 a, b and Fig. 6a). This leads us to re- F6
ject Jebel Aouam as a source for the ore of the non-ferrous slags from Sijilmasa.

The mineralization of Bou Madine took place during the late Neoproterozoic (Precambrian) as
a result of open-space filling in relation with Pan-Africa orogeny (~885-555 Ma; Fig. 5c, d). Bou
Madine is an epithermal polymetallic deposit composed of several veins with Fe, Pb, Zn, and Cu
sulphides with significant concentrations of Ag, Au, and Sn (Bouabdellah and Levresse 2016).
The Pb—Pb model ages of Bou Madine also highlight the complexity of the ores implementation
(four ores paragenesis and three stages divided in several episodes). Indeed, the calculated ages
of the galena ores range from ~ 870 to ~ 200 Ma, that is, from Precambrian to late Liasic period as
also mentioned in Abia et al. 1999. The origin of the mineralisation is thus interpreted as

(@
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Figure 6  a) model 235U/ pp (1) versus model ~ ‘AU (x) of ores from Imiter (Levresse et al., 2016, Milot et al.,
2016 and this study), Bou Madine (Abia et al. 1999 and this study), Jebel Aouam (Watanaby, 2001; Nerci 2006; Tarrieu
2014), Zgounder (Marcoux and Wadjinni 2005), ores near Sijilmdsa (this study) and of slags from Imiter (Milot et al.,
2016) and Sijilmasa (this study), b) model 228y (x) versus 25U/ (1) of ores from Imiter (Levresse et al.,
2016, Milot et al., 2016 and this study), Tadout, Mfis, Bou Maix and Gaouz (this study) and of slags from Imiter (Milot
et al., 2016), Sijilmdsa (this study) and Gaouz (this study). [Colour figure can be viewed at wileyonlinelibrary.com]
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reflecting a binary fluid mixing and a fluid—rock interaction with Neoproterozoic crystalline base-
ment rocks (Bouabdellah and Levresse 2016). This is consistent with the calculated high
232Th/?38U ratio (x>4.00, for average 50% of ores), which characterizes a lower crustal rocks
contribution (Blichert-Toft ef al. 2016), such as the Neoproterozoic crystalline basement. A Pb
isotopic average effect of slags from Sijilmasa and ores from Bou Madine could persist, as is well
illustrated by the >°®Pb/***Pb versus 2*°Pb/?**Pb ratios (Fig. 5b). The Th/U () ratios of Sijilmasa
and Bou Madine are quite similar although more heterogeneous for Bou Madine (3.99 +0.02 and
3.98+0.16, respectively; Fig. 6a), but their U/Pb (n) is quite different (9.71+0.03 and
10.00£0.39, respectively), and very heterogeneous for Bou Madine (Fig. 5d and 6a), and so
are the ages of slags from Sijilmisa and galena from Bou Madine (~ 427+ 14Ma and ~
530+ 175 Ma, respectively). The similarities of Th/U ratios illustrate that the ores smelted in
Sijilmasa or at its workshop could derive from the same dynamic history of this mining province.
The differences between the mean ages and U/Pb ratios (Fig. 5d and Fig. 6a) leads us to reject
Bou Madine as a source for Sijilmasa’s slags.

The Pb signature of ores from Zgounder is the result of four main geologic events beginning
ca. 815 Ma, during the Pan-African orogenic cycle. The last event, at 564 + 15 Ma (Precambrian,
dated by U/Pb analysis on zircons), produced the hydrothermal albitization of the Zgounder
epithermal Ag-Hg deposit (Pelleter ef al. 2016). This last date is similar to the calculated Pb—
Pb isotope model age of ~550 Ma realised on galena by Marcoux and Wadjinny (2005). Unfor-
tunately, a deeper discussion regarding Zgounder remains difficult because the available Pb sig-
natures (n=2) are too few. Regardless, and on the basis of the current knowledge, the differences
between Pb—Pb model ages of Zgounder ores and slags from Sijilmasa (Zgounder being older)
would exclude a common origin (Fig. 5c,d).

The Pb signatures of the Imiter mine is less heterogeneous than those of Jebel Aouam and Bou
Madine. Silver mineralisation of Imiter occurred in two distinct periods. Around 570-550 Ma
(Pan-African age), a magmatic fluid initially produced a low-Ag precipitation. Due to
geodynamic events affecting the Anti-Atlas, a second fluid input, around 300-250 Ma, reworked
the older Ag deposits by lixiviation producing the implementation of the main rich-Ag ores
(Essarraj et al. 2016). Calculated Pb—Pb model ages of ores from Imiter (Pasava 1994, Levresse

et al., 2016; Milot et al., 2018 and this study) are consistent (323 +56 Ma age and a Th/U ratio of

3.78+0.08) whereas the slags from Imiter have a 270+78Ma age and a Th/U ratio of
3.89+0.03. By conserving the original Pb signature of the fluid ore mineralisation, the ancient
slags from Imiter are a good illustration of this geological history.

Linking Sijilmasa slags with Imiter (ores and slags) would be tempting, because the Pb signa-
tures are very close and a possible mixing might even have occurred, especially if we consider
207pp/2%4Ph versus 2°°Pb/2**Pb, and 2°®Pb/***Pb versus 2°°Pb/?**Pb ratios (Fig. 5a,b). This could
lead to equate Imiter with the mine of Todgha mentioned in early medieval text as having been
extant even before Sijilmadsa (Monteil 1968; Rosenberger 1970b; El Ajlaoui 1994). However,
calculated Pb—Pb model ages allow us to reject this hypothesis as galenas (~ 323 +56 Ma) and
slags (~ 270+78Ma) from Imiter are too young compared to the Sijilmasa slags (~
427 + 14 Ma; Fig. 5c,d; Table S1). Furthermore, the >**Th/**8U () versus >**U/?%*Pb (1) diagram
highlights two different mixing lines for Imiter and Sjilméasa (Fig. 6a,b).

A city connected with its close silver mining hinterland

Just because the slags from Sijilmasa were found in a secondary deposit does not mean that
lead-silver smelting took place at the site. On the other hand, slags, being waste products, are
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generally not traded, and we know of no other instances where slags were transported for the pur-
pose of construction material. Rather on the contrary, and it has been well demonstrated in nu-
merous archaeological contexts that they “stay” close to the mines (inter alia Baron et al.
2006; Domergue 2008; Hauptmann 2010; Baron et al. 2014; Fabre et al. 2016; Minvielle
2017; Bompaire and Sarah 2018). This would be enough to argue that the slags recovered from
the eighth to 10" century floor from Sijilmasa came from mines located in the close hinterland of
the city.

Indeed, a perfect Pb isotopic overlapping between some local ores and the Sijilmasa slags
has been observed and could point to a common origin (Fig. 5). The Pb ratios of silver ores
from the close hinterland of Sijilmasa and its related slags are aligned along the same mixing
line (Fig. 5a,b). Indeed, according to calculated Pb—Pb model ages, the T model age is similar
between Sijilmasa slags and mines near the city (Fig. 5c, d). The best silver mines sources for
the Sijilmasa slags are Bou Maiz, Tadaout, and Mfis, that is, all materials (ores and slags) ex-
hibit the same Pb—Pb model age (~ 410-420Ma) as well as some consistent Th/U and U/Pb
(Fig. 6a,b; Table S1). The Gaouz mining area is quite a bit younger, with an average age
of 360 Ma, and has lower Th/U (x) and U/Pb (n) ratios compared to the Sijilmasa slags data
(Table S1). Nevertheless, they are aligned along the same mixing line, suggesting a genetic
link with the fluid source (Fig. 6b). Thus, this area has to be kept in mind, although still very
few data are available, but because our prospections revealed old and interesting mining works
associated with numerous slags, one being dated to the seventh c. AD, which is contempora-
neous with the birth of Sijilmasa as a city. Further geological investigations and archaeological
excavations at both Sijilméasa and Gaouz, as well as at some other still-undiscovered place that
might have been used as a workshop for processing and smelting, may reveal that the
mining and metallurgical activities began even before the medieval period and the foundation
of the city.

A lead-silver smelting ... for what use?

Silver produced around and in Sijilmasa in the Middle Ages may have been used to strike the
silver dirhams or girats (half dirham; Roux and Guerra 2000); it may also have been used to de-
value gold currency. Indeed, elemental measurements made on Sijilmasa’s gold coins highlight
silver (Ag) and copper (Cu) additions for debasement issues (Gondonneau et al. 2000; Roux
and Guerra 2000; Gondonneau and Guerra 2002). For example, during the Almoravid dynasty
(mid-11" to mid-12™ ¢.), when Sijilmasa was one of the major minting centre for dinars, the el-
emental contents of these gold coins ranged between 84 to 98 wt.% for Au, 3 to 14 wt.% for Ag
and 0.10 to 2.10wt.% for Cu (Roux and Guerra 2000), whereas the values obtained on modern
West African gold nuggets present a fineness of gold beyond 97% (Gondonneau et al. 2000;
Guerra 2002). Natural gold/silver alloys from West Africa have not been studied at all by geol-
ogy and geochemistry with regard to archaeological issues. Thus, today, the elementary (and iso-
topic) signatures of West African gold ores exploited by the ancients are not known. The
elemental signature of a gold nugget depending both on the primary source and the distance from
it doesn’t mean that alluvial gold is necessarily a pure gold. By the way, analyses on gold prills
embedded in crucibles from Tadmekka (Mali) yielded a 98% fineness for gold that was traded
north of the Sahara (Nixon et al. 2011; Rehren and Nixon 2014). This suggests that the gold
was either refined or just melted before its trade. But above all, it suggests that the gold that came
from West Africa was relatively pure, not necessarily due to mainly for geological reasons but
also due to anthropogenic ones, which is, anyway, inconsistent with the elemental contents of
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the silver and copper rich-gold coins minted in Sijilmasa. Therefore, and in view of current
knowledge on the subject (which is very weak), this seems to suggest that some additions (of sil-
ver and/or copper metal) could have been operated in the gold used for coinage at Sijilmasa city.

Another hypothesis is that Sijilmasa may also have exported its silver.

Northwards: Fomin (1990) argue that the silver produced in Morocco may have been traded
north for consumption throughout the Mediterranean basin, perhaps mostly in Europe. Addition-
ally, North African dirhams are commonly found in the Middle East, too (Heidemann 2011), and
this was perhaps a much more important in terms of global figures because most of the North Af-
rican coins found in Europe travelled an eastern route originating from the central lands of the
Caliphate (Kilger 2008).

Southwards: other scholars have hypothesized that silver might also have been traded to West
Africa (Magnavita and Mertz-Kraus 2019), a region where it seems. that silver and copper were
more valued than gold. An ancient map by Giovanni da Carignano (14" c.) (Rosenberger 1970a)
illustrates this silver trade toward Mauritania (Oualata), “Guinea” (i.e. Sahelian West Africa),
Mali (Timbuktu), and Senegal, a region where silver jewellery has been recovered in burials
(Magnavita 2017). More recently, elemental analyses conducted on gold-silver alloy artefacts
found in Senegal also suggest that the silver in the objects derive from a source north of the Sa-
hara (Magnavita and Mertz-Kraus 2019).

CONCLUSION

To conclude, isotopic analysis of slags used as a construction material between the eighth and the
10" century in Sijilmasa revealed that a previously unsuspected local silver mining exploitation
very close to the medieval Islamic city was one of the possible places where silver metal elabo-
ration took place during the Middle Ages.

This result brings to bear robust geological, geochemical, and archaeological confirmation that
silver was produced in the vicinity of Sijilmasa from the very foundation of the city, if not earlier.
Thanks to archaeological dating coupled with geochemistry, it is the first tangible proof of re-
gional silver production in Africa north of the Sahara in this period.

This study, we hope, will push scholars to trace the signature of this silver production in
debased gold coins struck at Sijilmasa, as well as in archaeological artefacts from West Africa
and possibly other regions which were encompassed in Sijilmasa’s trading network.
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SUPPORTING INFORMATION

Additional supporting information may be found online in the Supporting Information section at
the end of the article.

Table S1 Pb isotopic signatures and calculated T (Ma), 2*>Th/”*U (x) and 23%U/%Pb (p)
(Albarede et al. ) of ores from the hinterland of Sijilmasa and the non-ferrous slags recovered
during the excavation of the city.
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