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a b s t r a c t

Twenty-six objects (1st to the 3rd century AD) found at the archaeological site of Thamusida (Morocco),
which is a military settlement between the 1st and the 3rd century AD, have been investigated by means
of portable X-ray fluorescence and time of flight-neutron diffraction. The combination of element-sensi-
tive X-ray fluorescence and structure-sensitive neutron diffraction yields, in a totally non-destructive
way, the necessary information to discriminate the copper alloy from corrosion and alteration layers.
Results allowed dividing the repertory into five groups: (a) unalloyed copper, (b) binary alloys made of
Cu and Sn, frequently leaded; (c) unleaded binary alloys made of Cu and Zn; (d) ternary alloys made of
Cu, Sn and Zn, both leaded and unleaded; (e) quaternary alloys made of Cu, Sn, Zn and As. The choice
of alloy is heterogeneous, mainly depending on availability and costs of raw and/or scrap materials
and on technological constraints. Interestingly, the reconstruction obtained for Thamusida could either
anticipate the important change in the Roman use of copper alloys generally referred as ‘zinc decline’,
or more likely, indicate that brass never conspicuously entered the local metal-working activities of this
military site.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The copper-based artefacts recovered in Roman archaeological
sites of northern Morocco (old province of Mauretania Tingitana)
have been the subject of several catalogues and specific publica-
tions [1–3]. Archaeometric studies have been performed on a set
of more than 150 items from Volubilis, Sala, Banasa, Thamusida,
Lixus and Tamuda; however, the compositions obtained by optical
spectrography are semi-quantitative (with errors around
50 wt.%), while X-ray fluorescence has been used for the character-
isation of the alteration patina only [4].

In the light of the current state-of-the-art of the research on
Mauretania Tingitana, the recovery of a further 300 copper-based
objects from the archaeological site of Thamusida (Rabat, Morocco;
Fig. 1) is of outstanding importance as it allows a comprehensive
study of these artefacts from a well-dated Roman military site
(1st–3rd century AD). Archaeological excavations at Thamusida
ended in 2007. Therefore, the archaeological artefacts have not
been published so far, with the exception of a military diploma
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[5,6]. The catalogue is in preparation, while the results of
archaeometric investigations on a first sample set, including
military and daily objects, are published in [7]. This second set of
copper alloy materials was chosen in order to widen our knowl-
edge on such artefacts from Thamusida, and to bring results into
context in a wider perspective on history of productions and
technologies.

The present study was motivated by the state-of-the-art
investigations on Roman copper based artefact, and the stimulat-
ing perspectives offered by the combination of complementary
non-destructive techniques: portable X-ray fluorescence spec-
trometry (PXRF) and time of flight-neutron diffraction (TOF-ND).
PXRF is designed to perform spot chemical analyses directly on
the object surface [8,9], therefore, it is particularly suitable to
investigate the alteration patina and top corrosion layers on an
object. In this sense, this technique provides a similar chemical
analysis like particle induced X-ray emission (PIXE), although with
a lower sensitivity for trace elements but with the advantages of
being portable and providing immediate on-the-spot-analyses.

This technique provides an entirely non-destructive analysis.
TOF-ND is a recognized non-invasive tool in archaeometallurgy for
bulk quantitative phase and structure analyses of metals, for distin-
guishing preserved alloy phases from corrosion and alteration
phases, and for providing micro-structural clues to discriminate
between different working processes the object had been subjected
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Fig. 1. Geographical position of the archaeological site of Thamusida (Rabat, Morocco) and photos of the investigated objects.
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during manufacturing and use [10]. TOF-ND is able to overcome
sampling problems encountered by conventional metallography,
due to its deep penetration into the bulk of materials and the
absence of invasive effects. Neutron beam sizes are big enough
to illuminate large parts of an object, thus overcoming a major
disadvantage of many conventional methods, where point sampling
does not necessarily provide the characteristic material properties
of the whole object. Providing phase-separated signals from the in-
ner (unaltered alloy) as well as of the alteration layers, TOF-ND data
are to a large extent insensitive to geometry and shape of the objects
under examination, hence no preparation is needed. These latter
advantages distinguish this technique to the conventional XRD
instrument.

The study presented here is aimed at characterising object
compositions by means of a scarcely-used combination of two
non-destructive analytical techniques. The efficiency of this
methodology has been validated by our previous study [7]. The
characterisation of the object group from Thamusida will further
provide key information on the bronze and brass production tech-
nology, and determine the conservation state of the collection.
Technological information will be further exploited to relate com-
position vs. functional destination of each object here considered.
2. Materials

A set of 26 objects were selected for analysis on the basis of
assumed object destination, function and type. The assemblage
includes objects which can be surely related to the Roman army,
or to daily objects that can be either associated to local inhabitants
or military equipment (Table 1; Fig. 1). Military fittings include
various types of harness fittings, a fragment of a parade helmet
and an arrowhead. Sample THAM 264, which has been classified
as a weight, could have been also used as a projectile. Daily objects
are represented by (a) household goods, including furniture and
vessel decorations and lamps, (b) ritual objects, which may also
include THAM 296, (c) surgery and/or toilet tools, including a
probe (specillum or stylet), a hair pin, objects used for body cleans-
ing (strigilis or strigil) or for mixing soft substances (spatula or flat
spoon), (d) clothing and jewellery, including a stud, a finger ring
and objects for fixing leather and textile clothes, such as a brooch
(fibula), and (e) few objects which can be ascribed to none or more
than one of the above object classes, such as a bridle-bit, a fishing
hook and a cymbal. In the process of cataloguing, the functions,
typologies and chronologies of these objects will surely be more
precisely specified. Therefore, some of the distinctions and classifi-
cations here adopted are open to revision.

The conservation states of the chosen objects for analysis has
not primarily influenced its selection, but identifying and quantify-
ing the corrosion state is rather a further objective of this study.
Visually, the conservation state of the objects is variable, ranging
from very altered (e.g. THAM 12, 140) to slightly altered (e.g.
THAM 188, 300).

The collection, maintained by the Department of Archaeology
and History of Arts of the Siena University, can be dated back to
within the 1st–3rd centuries AD, corresponding to the permanence
of the Roman army in the Thamusida settlement.
3. Experimental

3.1. Portable X-ray fluorescence

A Bruker Tracer III–V portable X-ray fluorescence spectrometer
was used to analyze the metal artefacts. The flattest side of each
artefact was subjected to an X-ray beam of 7 mm2. Given the ab-



Table 1
Sample list. Weight expressed in grams.

Category Inventory
no.

Description Weight

Group 1 Military
THAM 48 Loop 22
THAM 65 Sheet (embossed decoration)

(Parade helmet?)
12

THAM 243 Strap end (balteus?) 18
THAM 264 Weight/projectile 38
THAM 293 Rounded socket/arrowhead 20

Group 2 Household goods
THAM 2 Flower 2
THAM 12 Flat disk with raised centre 13
THAM 57 Brim (vessel?) 17
THAM 120 Sheet (embossed decoration) 11
THAM 188 Lion shaped brazier/table foot 1
THAM 218 Plug (lucerna?) 3
THAM 230 Handle? 25
THAM 250 Lamp (lucerna) 4
THAM 295 Hold/handle 5
THAM 301 Brim (vessel?) 39

Rituals THAM 7 Ladle (simpulum) 6

Surgery and toilet THAM 100 Strigil (strigilis) 10
THAM 229 Spatula 14
THAM 271 Pin 15

Jewellery and
clothing

THAM 26 Finger ring 22

THAM 206 Brooch (fibula) 9
THAM 300 Stud 31

Varia THAM 140 Cymbal 19
THAM 145 Bridle-bit 37
THAM 182 Fishing hook 36
THAM 296 Spoon 16
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sence of a perfect plane surface of an object, the penetration depth
is in the range of 10–30 lm, also considering the lower penetration
depth for several elements (e.g. iron). The instrument uses a thin
Rh target in the X-ray tube, a Peltier cooled Ag-free SiPIN detector,
and a Ti–Al filter to minimize certain peak overlaps. The settings
selected for the present analyses were 40 kV and 4 lA with count-
ing times of 30 s for each analysed point. Instrument calibration
was achieved using a series of certified alloys (BCR 691, see [11]),
available as a set of five polished discs of 35 mm diameter and
2 mm thickness, supplemented with a range of mixed alloy powder
standards. Given that results provided by a spot analysis cannot be
referred to the whole object and that the limited penetration im-
plies that in some cases the alteration patina gives an overwhelm-
ing contribution to the analysis XRF signal, XRF data were only
qualitatively interpreted. The data of 26 objects were used as guid-
ance and for cross-checking the alloy compositions as obtained
from the TOF-ND data.
3.2. Time-of-flight neutron diffraction

Bulk measurements of the objects were performed by
TOF-neutron diffraction at the INES (Italian Neutron Experimental
Station) and ROTAX beam-lines of the ISIS neutron source
(Rutherford Appleton Laboratory, UK). ISIS is a pulsed source oper-
ating at 50 Hz (160 lA proton current). Neutrons are produced by
stopping 800 MeV protons in a tungsten target clad with tantalum.
The analysis of samples on both instruments is performed on sta-
tionary samples. Both instruments are able to accommodate rela-
tively large objects which can be analysed in vacuum or air. Both
instruments have detectors installed in the horizontal scattering
plane at forward and backscattering angles. The energy-dispersive
white-beam TOF technique facilitates the analysis of objects of
complex shapes since each detector element provides a diffraction
pattern with a series of Bragg peaks as a function of time-of-flight
(TOF). The flight time (TOF) is related via Bragg’s law and the de
Broglie relationship to the crystallographic d-spacing (d):

TOF ¼ ðmn=hÞ � 2 � L � d � sin h ¼ 505:56 � L � d � sin h ð1Þ

where TOF is measured in ls, L is the flight path from source to
detector in meters, and the d-spacing is measured in Å. h is Planck’s
constant, mn the mass of neutron, h is the half-angle between the
incident and diffracted beam directions, i.e. 2h is the scattering
angle. The peak width of Bragg peaks as a function of d-spacings
is determined by the properties of the neutron moderator, by the
sample thickness, and by microstructural properties of the sample.
A special characteristic of TOF diffractometers is that the diffraction
patterns recorded at backscattering angles is practically indepen-
dent of the sample thickness. As a consequence, sharp diffraction
lines can be obtained from thick objects in backscattering.

INES is installed on an ambient water moderator (316 K) with a
maximum of the flux distribution around a neutron wavelength of
about 1 Å. The neutron wavelength bandwidth ranges from 0.2 to
3.2 Å. The flight path from source to sample is 22.8 m. One hundred
and forty four squashed 3He gas detectors are installed in a half-
circle around the sample position in a distance of 1 m at scattering
angles from 12� to 171�. INES is characterized by a diffraction res-
olution of 0.1% in backscattering and can access d-spacings up to
12 Å.

ROTAX views a cold liquid CH4 moderator (110 K) with a max-
imum of the flux distribution around a neutron wavelength of
about 2 Å. ROTAX uses neutrons between 0.5 and 5 Å at a flight
path of 14 m from moderator to sample position. ROTAX uses
two position-sensitive Li-glass scintillation detector banks cover-
ing 2h ranges from 25� to 75� and 95� to 145�, respectively. ROTAX
has a diffraction resolution of 0.4% in backscattering, and can ac-
cess d-spacings up to 10 Å. For the measurements the objects were
fixed with Al-tape on an aluminium frame and mounted in the
sample chamber in the path of the neutron beam. For hollow ob-
jects a cadmium sheet was mounted inside the cavity to prevent
scattering from the material on the backside, thus preventing
double-diffraction patterns. An object was irradiated with a neu-
tron beam of 4 � 4 cm2 size (covering the whole object) on INES,
and with a beam of 1.5 � 3 cm2 cross section on ROTAX. Counting
times were 3 h on both INES and ROTAX. After the measurements,
the objects were stored in a lead case for a variable decay time
never exceeding 48 h after which the activation had vanished
below detectable limits.

Quantitative Rietveld analysis of the diffraction patterns
(d-spacing range between 0.4 and 8 Å) was performed using the
GSAS software [12,13] in order to refine lattice parameters of the
copper alloys (Cu/Sn and Cu/Zn ratio; see [14,15]) and determine
phase compositions. For the copper alloy phase the neutron scatter-
ing length of copper (7.7 fm) was used taking advantage of the fact
that scattering lengths of Sn (6.2 fm) and Zn (5.6 fm) are relatively
close to give sufficiently accurate copper alloy phase fractions.
Reference structural models of cuprite, nantokite, malachite, quartz
and calcite (symmetry, space group, lattice parameters, atom posi-
tions) were taken from the ICSD database (Inorganic Crystal Struc-
ture Database, Germany & National Institute of Standards and
Technology, USA, 2004 [16]) and not further refined. The structure
model of Pb, in particular the lattice parameter and the Debye
Waller parameter, were obtained from the analysis of a pure Pb
sheet.

One sample (THAM 12) was measured on both INES and ROTAX,
i.e. on beamlines with different count rate and resolution charac-
teristics, and with different beam sizes. The results give an indica-
tion of the systematic errors of lattice parameters and weight
fractions of the TOF-ND analysis.
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4. Results

PXRF data helped distinguishing between binary, ternary and
quaternary alloys. Samples can be grouped as follows:

(a) unalloyed copper: THAM 229;
(b) binary alloy Cu–Sn (henceforth called unleaded bronze):

THAM 26;
(c) binary alloy Cu–Sn + Pb (henceforth called leaded bronze):

THAM 2, 7, 188, 243, 264;
(d) binary alloy Cu–Zn (henceforth called unleaded brass):

THAM 65, 100, 206;
(e) ternary alloy Cu–Sn–Zn (henceforth called unleaded

gunmetal): THAM 48, 120, 230, 250, 271, 293, 296, 301;
(f) ternary alloy Cu–Sn–Zn + Pb (henceforth called leaded

gunmetal): THAM 12, 57, 145, 182, 218, 295, 300;
(g) quaternary alloy Cu–Sn–Zn–As (henceforth called

quaternary alloy): THAM 140.

In this regard, it is worth emphasising that As is clearly present
in THAM 140 only, but weak peaks have also been detected in
THAM 12 and 182. Weak peaks of Fe are further present in all ob-
jects, but consistently present in samples THAM 206, 229, 264 and
in the pistil of THAM 2.

Phase analysis was performed on all samples by TOF-ND
(Table 2; Fig. 2) allowing both a measurement of the average lead
contents, and the characterization of alteration phases and super-
ficial incrustations.

Lead is absent in 11 samples (THAM 26, 48, 100, 120, 140, 229,
230, 250, 293, 296, 301), 61 wt.% in five samples (THAM 12, 65,
206, 271, 300), between 3.0 and 4.5 wt.% in four samples (THAM
57, 182, 218, 295), between 6 and 10 wt.% in two samples (THAM
145, 264), between 16 and 28 wt.% in four samples (2, 7, 188, 243).

Alteration phases are those generally detected at the surface
layers of ancient bronzes, consisting of Cu salts generated in soil,
in the atmosphere or in seawater (e.g. nantokite, malachite and
Table 2
Results of multiphase analysis of 26 samples by TOF-ND. The lattice parameter of the co
parameter are typically 0.0001 Å. The absolute weight ratios in the probed volume are rep

THAM # Description PXRF Copper alloy L

a (Å) wt.% w

229 Spatula Copper 3.6102 91.9 –
26 Finger ring Bronze 3.6144 78.5 –

264 Weight/projectile Bronze 3.6464 54.7
243 Strap end Bronze 3.6589 71.0 2

2 Flower Bronze 3.6701 83.3 1
188 Lion shaped foot Bronze 3.6583 75.6 2

7 Ladle Bronze 3.6747 70.4 2
206 Brooch Brass 3.6595 86.1

65 Sheet Brass 3.6621 92.0
100 Strigil Brass 3.6641–3.6189 89.8–16 –

12 Flat disk Gunmetal 3.6146 39.3
12 Flat disk Gunmetal 3.6178 35.2

271 Pin Gunmetal 3.6153 96.7
57 Brim Gunmetal 3.6180 15.0

250 Lamp Gunmetal 3.6199 74.7 –
230 Handle? Gunmetal 3.6230 95.8 –
300 Stud Gunmetal 3.6383 96.7
145 Bridle-bit Gunmetal 3.6507 88.9 1

48 Loop Gunmetal 3.6559 88.6 –
182 Fishing hook Gunmetal 3.6622 38.6
296 Spoon Gunmetal 3.6637 96.6 –
293 Arrowhead Gunmetal 3.6677 79.2 –
218 Plug Gunmetal 3.6727 90.2
295 Hold/handle Gunmetal 3.6756 92.9
120 Sheet Gunmetal 3.6729 81.9 –
301 Brim Gunmetal 3.6989 17.3 –
140 Cymbal Cu–Sn–Zn–As 3.6449 78.6 –
atacamite). Nantokite and malachite are present in most unleaded
alloys. Atacamite has been detected in four samples only, consist-
ing of unleaded and low-lead gunmetal. It is generally accepted, at
least for Cu–Sn alloys (see [17]), that phases above mentioned cov-
er a cuprite layer that is in contact with the metal core. In fact,
cuprite is always present, showing values particularly low for
high-lead tin bronzes. The sums of alteration phases vs. Pb con-
tents show that highly leaded tin bronzes are less altered than
the other alloy types. Quartz and calcite have been randomly
detected.

The two measurements performed on THAM 12 are a good
example for the systematic error of the TOF-ND analyses made
with different beamsizes (Table 2).

The Sn and Zn fractions were further determined from the
TOF-ND data for bronzes and brasses from calibration curves using
the refined lattice parameter of the copper alloy [14]. For gunmet-
als, i.e. copper alloys with more than one alloying element, the esti-
mation of the element composition via Vegard’s rule is ambiguous.
However, it is still possible to determine an upper concentration
limit for the presence of a given element.

Results provided in Table 3 show that the Sn wt.% content al-
lows THAM 26 to be included in the group of unalloyed copper
materials. Similar consideration may be applied for samples THAM
12 and 57, described as gunmetal by PXRF, with refined lattice
parameters close to pure copper. Table 3 shows estimates for Sn
and Zn contents for gunmetals THAM 12 and 57 on the assumption
of binary Cu–Sn and Cu–Zn phases, in order to emphasize the low
proportions of Sn and Zn in these alloys.

In high-lead bronzes (THAM 243, 2, 188 and 7) the copper alloy
shows Sn values ranging from 7.6 to 10.4 wt.%. In brasses, the cop-
per alloy exhibits Zn contents ranging from a minimum of 19.7 to a
maximum of 21.7 wt.%. The diffraction patterns of THAM 100 indi-
cate a large variation of the alloy composition by displaying broad
structured alloy peaks. In this case, a Rietveld fit was carried out by
including two copper alloy phases in the refinement model, repre-
senting minimum and maximum limits of a range of compositions.
pper alloy was refined in the Rietveld analysis. The statistical error bars of a lattice
orted. The error bars are of the order of 0.5 wt.%.

ead Cuprite Nantokite Malachite Atacamite Quartz Calcite

t.% wt.% wt.% wt.% wt.% wt.% wt.%

6.2 1.9 – – – –
19.5 1.2 0.5 – 0.3 –

6.2 32.3 – – – 4.5 2.2
8.1 0.9 – – – – –
6.2 0.5 – – – – –
3.9 0.4 – – – – –
5.5 4.1 – – – – –
0.1 13.8 – – – – –
0.2 7.8 – – – – –

24.1 – – – – –
1.3 17.2 12.2 13.6 – 9.4 7
0.3 22.9 9.4 14.2 – 7.3 10.7
0.2 2.4 0.7 – – – –
3.0 53.6 10.7 6.3 9.8 1.5 –

14.1 8.4 – 2.7 – –
1.5 2.2 – – 0.3 –

0.8 2.5 – – – – –
0.3 0.4 – – – – 0.4

10.4 – 0.1 0.9 – –
3.1 58.2 – – – – –

3.3 – – – – –
20.8 – – – – –

3.1 4.2 2.5 – – – –
4.5 2.5 – – – – –

18.1 – – – – –
52.6 6.6 11.4 10.6 1.5 –
16.6 4.6 – – – –



Fig. 2. Rietveld refinements of diffraction patterns from unalloyed copper (THAM 229), bronzes (THAM 243 and 188), brasses (THAM 206 and 65), gunmetals (THAM 271 and
120) and the quaternary alloy (THAM 140).
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Table 3
Estimated Sn and Zn contents, derived from calibration curves using the refined lattice parameters of the copper alloys. For THAM 12 and THAM 57, identified as gunmetals by
PXRF, upper limits for both Sn and Zn concentrations are calculated from the refined TOF-ND lattice parameters and given in parentheses.

THAM # Description PXRF Copper alloy Bronze Brass

a (Å) refined Cu (wt.%) Sn (wt.%) Cu (wt.%) Zn (wt.%)

26 Finger ring Copper 3.6144 99.8 0.2
264 Weight Bronze 3.6464 94.4 5.6
243 Strap end Bronze 3.6589 92.3 7.8

2 Flower Bronze 3.6701 90.4 9.6
188 Lion shaped foot Bronze 3.6583 92.4 7.6

7 Ladle Bronze 3.6747 89.6 10.4
206 Brooch Brass 3.6595 80.3 19.7

65 Sheet Brass 3.6621 79.1 20.9
100 Strigil Brass 3.6189 98.0 2.0

3.6641 78.3 21.7
12 Flat disk Gunmetal 3.6146 (99.7) (0.3) (99.2) (0.8)
12 Flat disk Gunmetal 3.6178 (99.2) (0.8) (97.8) (2.2)
57 Brim Gunmetal 3.6180 (99.1) (0.9) (97.7) (2.3)
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5. Discussion

Based on metal compositions of the analysed objects, our study
described a heterogeneous context. Unalloyed copper, i.e. a rather
soft and malleable metal of pinkish red colour, was used for few
items such as the spatula (THAM 229) and the finger ring (THAM
26). It is worth noting the low quality of the latter item, based
on the fact that, in Roman times, plain rings were usually made
of gunmetal, with high Pb content [18].

In the flat disk THAM 12, the brim THAM 57 and the lamp
THAM 250, there are no significant quantities of alloying elements
detected in the copper alloy. These objects could be either classi-
fied as unalloyed copper or involuntary copper alloys. Dungworth
[18] noticed that bronzes with tin contents of around 1–5 wt.%
were widely used for sheet and wire objects, being mechanically
very similar to pure copper; this observation is in good agreement
with our results. However, results obtained for the lamp are rather
unusual. In their study of copper-alloy lamps from about 600 BC to
800 AD, Hook and Craddock [19] found only for four lamps out of
550 analyses Cu contents above 95 wt.% (nos. 3537, 3782, 3839,
3840) and only one with Cu content above 98 wt.% (no. 3838: Cu
98.3 wt.%, Pb 1.20 wt.%), while most of the analysed collection
was made of bronze or, to a lesser extent, of brass, both frequently
leaded.

A small group of objects is made of leaded bronze: the weight
(THAM 264), the strap end (THAM 243), the flower (THAM 2),
the lion shaped foot (THAM 188) and the ladle (THAM 7).

Tin percentages in the alloys are above 5 wt.%, hence it is likely
that its introduction was intentional [20]. It is well known that the
addition of tin to copper has numerous advantages: increase of the
hardness of the metal, lowering of the temperature of the melt (e.g.
1085 �C for pure copper against �1000 �C for a copper alloy with
10 wt.% Sn), easier casting procedure by increasing the fluidity of
the molten metal, conferment of a golden appearance to the object
(see, e.g. [21,22]). The correlation between alloy type and object
destination and function works rather well. The weight did not re-
quire a particular hardness or a golden appearance; in fact, it
shows the lowest values of tin. Conversely, easy casting, hardness
and golden appearance could have been sought for the production
of the lion shaped foot and the strap end, showing intermediate tin
values (7.6 wt.%), and the flower and the ladle, showing the highest
tin values (9.6 and 10.4 wt.%, respectively).

The other advantages of tin addition, i.e. lower working temper-
ature and easier casting, are somehow shared with lead; for in-
stance, the melting temperature of a bronze can drop to less than
800 �C with the addition of about 25 wt.% Pb [23]. In all bronzes,
lead was intentionally added, showing variable contents between
10 and 29 wt.% [22]. The technical advantages of decreasing the
viscosity of the molten metal during casting without detracting
the strength of the alloy, should have been particularly aimed
for the production of complex cast objects [24], such as the flower,
the lion shaped foot and the ladle. It is important to remind that
lead helps casting but complicates hammering, as it does not enter
the alloys, segregating separately in droplets (see, e.g. [18,22]);
hence, the high contents of lead in the strap end are not easily jus-
tifiable. Lastly, lead was cheaper and denser than tin, hence it had
the property of increasing the weight of the object, decreasing pro-
duction costs (see, e.g. [19]). In this regard, however, it is worth
noting that the weight THAM 264 is the one with the lowest con-
tent of lead among these bronze objects.

Another even smaller group of materials is made of unleaded
brass: the sheet decoration THAM 65, the strigil THAM 100, and
the brooch THAM 206.

Suitable for casting and hammering, indeed brass was techni-
cally appropriate for the production of these objects. The variable
contents of Zn are important in order to hypothesise whether
cementation brasses (with 15–28 wt.% Zn; see [25,26]) or remelted
brass (decreasing Zn content due to volatilisation) has been used
[19,25,27–30]. Showing high Zn contents, the three investigated
brass objects should be then described as cementation brasses. In
this regard it is worth reminding that the thesis stating brass pro-
duction as a state monopoly [27,31,32] found a robust argument in
the fact that Roman military brasses were predominantly cementa-
tion brass, with Zn average contents higher than those of civilian
brooches [19,26,29]. However, the analyses of 1212 Roman copper
alloys by Dungworth [18] show that the availability of brass is not
always related to Romanised sites, being abundant in the indige-
nous manufacture of small rural sites. The scenario depicted by
the analyses of Thamusida artefacts is rather different from those
generally shown for military sites, since only a very small percent-
age of items is made of brass: 12% in the present research, none in
the previous study on 22 copper alloys from Thamusida as well [7].
With Cowell et al. [33], it is maybe possible to list Thamusida with-
in the areas where brass was slowly adopted and bronze was con-
tinuously used over centuries. Still, the high Zn content in
Thamusida brasses is remarkable, as such high values are scarcely
represented in Roman alloys [18]. Lastly, it is possible to hypothe-
sise that high peaks of iron (detected with XRF) in THAM 206 could
suggest the use of smithsonite in making brass. In fact, iron con-
tents below 0.25 wt.% are generally referred to as impurity while
higher levels should suggest the use of smithsonite [21,34,35].
Unfortunately, this hypothesis cannot be verified since manganese,
which has been identified as a diagnostic feature of smithsonite
brass (see also [36]), has not been detected by PXRF in our samples.
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Most of the analysed samples are made of leaded and unleaded
gunmetal: the loop THAM 48, the sheet decoration THAM 120, the
bridle-bit THAM 145, the fishing hook THAM 182, the plug THAM
218, the arrowhead THAM 293, the handle THAM 295, the spoon
THAM 296, the stud THAM 300 and the brim THAM 301. Consider-
ing both function and destination of these objects it is clear that
the choice of the alloy type is unrelated to a specific technical issue,
except maybe for lead. For instance, spoons, sheet decorations or
flat brims were frequently wrought instead of cast, requiring thus
low Pb contents.

The survey of the Roman copper alloys provided by Dungworth
[18] shows that from the 1st century AD, this ternary alloy (leaded
or unleaded) was increasingly used, together with leaded bronze,
provoking a decreasing amount of brass and leaded brass objects.
The author further adds that brass was rarely recycled on its own
but mixed with bronze (instead of Sn) and that lead was mainly
introduced by bronze itself instead of being separately added. In
the analysed objects, recycling must have been frequent, given that
lead contents are below the limit of the intentional addition in
most cases (see [22]).

Lastly, sample THAM 140 shows a quaternary alloy made of
copper, tin, zinc and arsenic. The presence of arsenic is not surpris-
ing as about 15% of Roman alloys contain this component [18]. The
lack of absolute values for each component does not allow further
considerations on this topic, however, it is maybe important to
underline that, similarly to tin, arsenic permits better casting than
pure copper and analogously to gunmetal, the introduction of ar-
senic in quaternary alloys should be correlated to the remelting
of copper alloys instead of the addition of refined arsenic.

6. Conclusions

The studied collection is quantitatively numerous and typolog-
ically heterogeneous, including military fittings, household goods,
ritual and surgery instruments, toilet and clothing articles, jewel-
lery and numerous objects which can be ascribed to a specific func-
tion (e.g. lucernae, studs, cymbals, fishing hooks, etc.) but not to a
social group (i.e. civilian or army).

The choice of the alloy is heterogeneous as well, depending on
availability and costs of raw or scrap materials and on technologi-
cal constraints.

It is interesting to note that available reconstructions on the
chronological changes in copper alloys demonstrated that the ‘de-
cline’ of brass in favour of leaded bronze and gunmetal should be
dated back to around the 4th century AD. The overall situation
reconstructed for Thamusida, which is a military settlement be-
tween the 1st and the 3rd century AD, seems to fairly anticipate
this important change in the production and use of copper alloys.
The majority of samples are gunmetals (48%), followed by a smaller
quantity of bronze (20%) and few examples of brasses (12%). It is
important to note that unalloyed copper is rather abundant (20%)
if compared to other military sites. Another feasible explanation
is that brass never conspicuously entered the local metal-working
activities of this military site.

Despite the fact that this final scenario could be compromised
by the effective representativeness of our collection, we would like
to note that relatively few collections of copper-based objects have
been systematically characterized so far. The final reconstruction is
far from being established, especially when considering that entire
provinces like the Mauretania Tingitana have never been studied
before.

Lastly, material provenance was not under investigation but it is
interesting to consider that the Roman province of Mauretania
Tingitana was thought to entertain most of its trades with south-
ern-Spain, the latter being one of the two principal areas of metal
production in the Roman Empire (the second was the Britannia).
However, the richness of ore sources in Morocco should be consid-
ered as well, even in the total absence of studies on this topic.
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