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Abstract 
 
The MODHT (Monitoring of Damage in Historic Tapestries) project investigated the history, 
composition and deterioration of metal threads with a textile core. 
Metal thread manufacture has been investigated by Scanning Electron Microscopy (SEM) and 
characteristic deformations established on historic and “model” metal threads. Rare examples of triple 
wrapped silver gilt threads were observed in some 16th century tapestries of the Royal Spanish 
collection.  
SEM, Energy Dispersive X-ray analysis (EDX), X-ray Photoelectron Spectroscopy (XPS) and depth 
profiling Secondary Ion Mass Spectrometry (SIMS) were utilized for chemical compositional analysis 
of the metal layers and alloys and the corrosion products of original metal thread samples.  
Accelerated tarnishing tests on silver and copper were performed to determine the influence of the 
degradation  of the dyed wool and silk fibres on the formation and composition of corrosion products.  
Metal threads and aged metal foils were analysed by SEM in order to establish the morphology of 
corrosion growth due to natural and accelerated ageing. 
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1. Introduction  
 
1.1 History of metal threads 
 
    Decorative metals have been incorporated into textiles for thousands of years, with an early 
reference found in the Old Testament, Exodus 39:2-3; approximately 12th to 13th centuries BC.  
    The earliest metal threads were thin strips of gold, which were cut from a beaten metal foil and 
directly woven or embroidered into textiles. Later these strips were wound around a fibrous core; this 
would introduce more flexibility to the thread and make its uses more versatile. The core fibres were 
usually silk, dyed according to the colour of the metal wrapping, e.g. yellow or red for gold threads, 
undyed white silk for silver threads; though metal threads with a linen, cotton, animal hair or sinew 
core have also been reported (Braun-Ronsdorf 1961; Budney and Tweedle 1985; Indictor and Blair 
1990; Skals 1991). Early examples of wound metal threads are a 3rd century textile fragment found in a 
Roman sarcophagus in Hungary (Geijer and Thomas 1964-65) and the 4th century remains of gold 
filament wrappings from the grave of a woman at London’s Spitalfield market (King 2003).  
    Published data on surviving threads from the 12th century and before suggest that either pure gold or 
alloys with a very high gold content were used (Braun-Ronsdorf 1961; Jaro 1990; King 2003). It is not 
clear when silver or silver-copper gilt metal threads were first introduced but most surviving threads of 
the late Medieval and Renaissance period are of that type (Hoke and Petrascheck-Heim 1977; Darrah 
1987; Garside 2002; Hacke et al. 2003).  
    Early metal threads were “beaten and cut”, where a single sided gilt block of silver or silver alloy 
was beaten into thin foils, cut into narrow strips and joined to filaments. Later the expansion of wire 
manufacturing encouraged the production of metal filaments; a cast silver or silver alloy rod was gilt 
and drawn through die holes of successively decreasing diameters. The wire was then flattened 
between rollers; hence “cast, drawn and rolled”. This produced a metal filament with double sided 
gilding. The earliest account of wire making with draw-plates was given by Theophilus in the early 12th 
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century (Oddy 1977). Towards the end of the 14th century production centres in Italy and Spain took up 
the manufacture of cast, drawn and rolled metal threads (Braun-Ronsdorf 1961) and from the late 15th 
until the 17th century this technique gradually replaced the beaten and cut method in Europe (Jaro et al. 
1990; Montegut et al. 1992; Jaro et al. 2000; Garside 2002; Tronner et al. 2002).  
    There were several possible methods of gilding the blocks or rods of silver; the earliest is believed to 
involve hammering the gold onto the silver surface, while later methods included soldering, welding or  
fire-gilding with mercury amalgam (Hoke and Petrascheck-Heim 1977; Schreier and Bresee 1979; Jaro 
et al. 1990; Jaro and Toth 1994). 
    In the 11th or 12th century the so called “Cyprus gold” began to spread to Europe from Byzantium, 
western Asia or northern Africa through the ports of Cyprus (Braun-Ronsdorf 1961). Cyprus gold was 
a membrane thread, based on a gilt leather or animal gut filament wound around a fibrous core. 
Membrane threads of Chinese or Japanese origin usually had a paper substrate (Darrah 1987). 
Membrane threads are more flexible and lighter than solid metal threads but regarded of inferior quality 
due to the fragility of the gold layer to abrasion and the lower luster compared to solid metal threads. 
By the 13th or 14th century production of membrane threads was also developed in Europe but their 
importance declined by the 16th century. The most common gilding technique was the application of 
gold leaf (Jaro et al. 1990), possibly with animal glue or fat as an adhesive (de Reyer et al. 2002). 
    Determination of the manufacturing technique is often made by means of SEM analysis of the edges 
of metal threads. Sharp angles with tool marks left from cutting indicate “beaten and cut” threads, 
while smooth and round edges and longitudinal striations are characteristic for “cast, drawn and rolled” 
threads. However, SEM analysis of model metal threads, produced, in this study, from flattened 
(rolled) wires, showed that this characterisation can be misleading. Figure 1 shows the edges on the 
model metal threads were also often rough with sharp angles. Therefore, an unambiguous 
determination of the manufacturing technique is limited to the analysis of metal filaments with single- 
or double- sided gilding.  
 
 
 
a 

 

b 

 

c 

 
 

Figure 1. SEM micrographs of edges of metal threads. a: “beaten and cut”, b:”cast, drawn and rolled”, 
c: model metal filament 
 
 
1.2 Description of metal threads in this study 
 
    The metal threads investigated in this study were taken from five European Renaissance tapestries; 
their details of origin and manufacture are listed below: 
 

• ‘Abraham and Melchizedek’ (HCP), Hampton Court Palace, woven by Willem de Kempeneer 
in Brussels, ca. 1535, 112 metal thread samples taken. 

• ‘Christ before Pilate’ (BXL2), National Museum, Brussels, woven in Brussels, ca. 1520, 21 
metal thread samples taken. 

• ‘Dédalo e ĺcaro’ (PNM1), Patrimonio Nacional Madrid, Wilhelm van Pannemaker, Brussles, 
ca. 1545, 27 metal thread samples taken. 

• ‘Júpiter y Ganimedes’ (PNM2) Patrimonio Nacional Madrid, Wilhelm van Pannemaker, 
Brussles, ca. 1545, 17 metal thread samples taken. 

• ‘Neoptolemo y Polixena’ (PNM5) Patrimonio Nacional Madrid, Wilhelm van Pannemaker, 
Brussels, ca. 1545, 15 metal thread samples taken. 
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    The thread diameter, width of metal foil and number of coils per 5 mm thread were measured 
manually through digital imaging analysis. All µm measurements were rounded to the nearest 50 due to 
the relative imprecision of the measurement technique.  
    All metal thread samples in this study consist of solid metal strips wound around a silk core, which is 
white or light yellow for silver threads and dyed in darker yellow shades for gilt threads. All but one 
sample exhibit S twist direction of the metal coils and are categorized according to thread diameter and 
colour of metal strip in Table 1. The metal strip width and number of coils per unit length were found 
to vary with thread diameter. Large diameter threads (≥ 700 µm) generally have wider metal strips and 
fewer coils than medium (< 650 > 350 µm) or small diameter threads (≤ 350 µm), which show the 
finest metal strip width, the most coils per unit length and are also the least corroded, Figure 2. The 
relationship between diameter, width and coil number was also observed in the silver threads and those 
that were heavily corroded.  
 
             Table 1. Categorization of metal threads from five MODHT Renaissance tapestries. 
 

 Group 
 

Number of samples in tapestry 
 

 HCP PNM1 PNM2 PNM5 BXL2  Total 
gilt large diameter (≥ 700 µm) 14 - - - - 14 
gilt medium diameter (< 650 > 350 µm) 25 3 3 5 10 46 
gilt small diameter (≤ 350 µm) 11 6 6 3 - 26 
gilt corrosion 19 7 3 - 4 33 
silver 26 4 4 1 - 35 
double wrapped 12 4 2 1 - 19 
triple wrapped - 1 - 3 - 4 
restoration - - 1 - 7 8 
no assignment 5 2 - 1 - 8 
Total number of samples in tapestry 112 27 17 14 21 193 
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                           Figure 2. Relationship of metal thread diameter, metal strip width  
                           and number of coils per unit length of metal thread (67 samples). 
 
    A total of 23 threads with two or even three layers of metal wrapping were found in samples of four 
out of the five tapestries studied. Metal threads with multiple wrapping have rarely been mentioned in 
the literature (Hacke et al. 2003). Two double wrapped gilt leather substrate metal threads with linen 
and cotton cores were found in a 14th century Near Eastern textile (Indictor et al. 1988). Montegut 
mentions one double wrapped thread from late 15th century Spain or Italy, possibly Venice (Montegut 
et al. 1992), while Indictor identified one double wrapped metal thread of Indian origin (Indictor and 
Blair 1990). Figure 3 shows samples of triple wrapped threads; the abundance of precious metal, their 
intricacy and evenness of structure is striking, indicating that these are threads of premium value, used 
only in textiles of the highest quality such as tapestries of the Abraham series commissioned by Henry 
VIII and the tapestry series of the Fables of Ovid in the Royal Spanish collection. 
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             Figure 3. Triple wrapped metal threads. 
 
    Metal threads in tapestries are in close proximity to wool and silk and it has been suggested that the 
degradation of textile fibres influences the tarnishing of metals (Hoke and Petrascheck-Heim 1977; 
Howell et al. 1999). This study investigates the corrosion products on metal coupons tarnished by 
accelerated ageing, as well as historical metal threads. The combination of X-ray Electron 
Spectroscopy (XPS), Secondary Ion Mass Spectrometry (SIMS) and Secondary Electron Microscopy 
coupled with Energy Dispersive X-ray analysis (SEM/EDX) have been applied to investigate the bulk 
and surface metal alloy contents and corrosion products. These techniques have been previously used 
to study metal threads and provide a powerful complementary approach to characterise surface and 
sub-surface composition and morphology (Howell et al. 1999; Hacke et al. 2003). 
 
 
 
2. Experimental techniques 
         
2.1 Accelerated tarnishing 
 
    Silver and copper coupons, 5 x 10 x 0.25 mm, > 99.9 % purity, were cut and a pin hole punched in 
each to allow suspension during the Oddy tests. The coupons were cleaned successively in propanol, 
hexane, chloroform and methanol for 10 minutes in an ultrasonic cleaner. Silver and copper coupons 
were incubated under thermal or light Oddy test conditions indicated below with the following wool 
and silk samples: undyed, dyed with weld, woad, madder or brazil. 
 
2.1.1 Thermal Oddy test 
 
    0.2 g of wool or silk yarn was placed in the bottom of a test tube together with Durham tubes (6.5 x 
30 mm) filled with deionised water. Silver and copper coupons were suspended from the top of the test 
tube using nylon filament and the tubes were sealed with a stopper and tape. 12 yarn samples and one 
control were incubated at 60°C for 4 weeks. 
 
2.1.2 Light Oddy test 
 
    Wool and silk fabrics, 4 x 5 cm, were stapled to a cardboard backing and placed in glass cells (2 x 5 
x 15 cm) along with tubes, 6.5 x 120 mm, filled with deionised water. Silver and copper coupons were 
suspended from the top of the cells containing the fabric pieces and one control sample containing only 
the tube with deionised water. The coupons were shielded from direct irradiation with cardboard placed 
around the top of the sealed cells. The fabric samples were irradiated for 300 hours using an OSRAM 
400 W HQ (MB-U) mercury lamp in a Microscal Ltd. Mark V Light Fastness Tester. The cells were 
equipped with a circulating water cooling system maintaining the temperature at 27-29 °C. 
 
2.2 SEM/EDX 
 
    The samples were examined with a Hitachi SEM S-3000N / EDAX system, using the secondary 
electron detector, a medium aperture, approximately 40 spot size, a working distance of ~ 5 mm and a 
5 keV accelerating voltage were used for all samples. EDX spectra were obtained at a 15 mm working 
distance and a 25kV accelerating voltage. Quantification was performed using background subtraction 
and ZAF correction. 
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2.3 XPS 
 
    Spectra of metal coupons were obtained on a Kratos Axis Ultra X-ray photoelectron spectrometer 
using the Al Kα monochromator X-ray source, with a pass energy of 80 eV for wide scans and 20 eV 
for high resolution scans. The analysed area was approximately 300 x 800 µm. Metal threads were 
analysed on a SSX-100 ESCA Spectrometer using monochromated Al Kα X-rays, 152 eV pass energy 
and 150 µm spot size. All data was processed using Casa XPS 2.2.80 software. Quantification was 
performed using appropriate relative sensitivity factors, transmission functions and a linear 
background. 
 
 
2.4 SIMS 
 
    Metal threads were analysed using a CAMECA IMS 4f Magnetic Sector SIMS instrument. The Cs+ 
primary ion beam was operated at 10 keV, with a beam current of 0.1-0.4 nA for positive and negative 
mass spectra, and 20 nA for positive depth profiles. The areas analysed were 250 µm2 for spectra and 
100 µm2 to 200 µm2 for depth profiles. Typical acquisition times were 300 s for spectra and 3000 s for 
depth profiles. A reference crater was measured using a Detak Profilometer; subsequent depth 
calibrations were based on a sputter rate factor. Semi-quantitative values were calculated as relative 
atomic % assuming the same ionization probabilities for CsAg+, CsCu+ and CsAu+ and correcting for 
the natural isotopic abundances. 
 
 
 
3. Results and Discussion 
 
3.1 Alloy composition of metal threads 
 
    SIMS positive ion depth profiles have been obtained from all metal thread exterior sides and one 
interior side only. Figure 4 shows a typical depth profile of the exterior of a gilt metal thread. The 
initial intensities for contaminants such as C, K, Cl and Na containing compounds is high but decreases 
rapidly as the sample surface is etched. In sample PNM5_24 the gold intensity reaches its maximum at 
a depth of approximately 20 nm, and its minimum, i.e. bulk intensity at 200 nm. Other samples had the 
gold layer interface between 100-500 nm (PNM2_19) and 40-300 nm (PNM1_38). These values are 
consistent with other recent studies on metal threads, which revealed lower gold layer thicknesses than 
previously proposed (Enguita et al. 2002; Tronner et al. 2002). 
    Chlorine and sulphur ions are probably derive from corrosion compounds and showed a lower rate of 
decrease than other contamination residues. The lower intensity of 133Cs232S+ compared to 
133Cs235Cl+ was attributed to the lower sensitivity of positive ion SIMS to sulphur. Sulphur 
compounds showed higher intensities in negative ion SIMS mass spectra and XPS analysis indicated 
similar atomic concentrations of chlorine and sulphur. 
    With some samples a second contaminant maximum (CN, Ca, NaCl and KCl) was observed at the 
interface between the bulk metal and surface gild layer and possibly originated from handling of the 
silver – copper alloy prior to gilding or from precipitation of contaminants through the corrosion layer 
and faults in the gold layer.  
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                 Figure 4. SIMS positive ion depth profile of the exterior of metal thread PNM5_24 
 
    The SIMS, XPS and EDX analyses present values in relative atomic % of metallic components only, 
Table 2. EDX, at 25 kV accelerating voltage, has a depth analysis of > 0.2 µm, while XPS probes the  
surface to a depth of < 10 nm and SIMS depth profiles in the range of 0 to 2 µm. All PNM samples 
showed gilding on the exterior side only, with the highest Au concentrations in the PNM5_24 sample. 
The concentrations of copper and silver exceeded that of gold on the surface and throughout the gold 
layer of all samples indicating that the surfaces were not gilt with pure gold but with silver – copper – 
gold alloy or the alloy formed during gilding or the silver and copper ions precipitated through the gold 
layer. Precipitation of Ag and Cu ions was also supported by the XPS results, which showed low gold 
concentrations at the outer surface. The SIMS depth profile of the interior of PNM1_38 showed the 
highest copper concentration near the surface and decreased with increasing depth to the bulk value 
determined with the exterior face analysis. Previous SIMS depth profile analyses of the interior of 
single sided gilt metal threads showed similar results (unpublished analyses of MODHT samples), 
suggesting copper ion migration towards the surfaces of the metal filament. 
    BXL2_15 had comparatively low gold concentration and showed no substantial decrease of 
contaminations throughout the depth of analysis by SIMS (maximum depth was 2 µm). This was 
attributed to the very uneven and damaged surface. The metal filament proved very brittle when 
unwinding it from the silk core and SEM analysis revealed a heavily corroded, broken and delaminated 
surface. The metal thread also differed from the other samples by having a very low copper 
concentration.   
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Table 2. EDX, XPS and SIMS positive ion depth profiling analyses of the alloy compositions of 
exterior and interior surfaces of metal threads. 
 

External relative atomic% Internal relative atomic %  
Analysis 

 
Sample Ag Cu Au Ag Cu Au 

EDX   
 PNM1_38 83.2 9.6 7.3 84 16 0.0 
 PNM2_19 75.5 15 9.5 88 12 0.0 
 PNM5_24 80.3 8.8 10.9 88.5 11.5 0.0 
 BXL2_15 98.7 0.0 2.7 92.2 4.6 3.3 
XPS   
 PNM1_38 79.5 15.8 4.7 76 24 0.0 
 PNM2_19 82.1 17.5 0.4 67.9 31 1.1 
 PNM5_24 85.9 11.8 2.3 63.8 36.2 0.0 
 BXL2_15 96.9 0.0 3.1 92.8 7.2 0.0 
SIMS (external crater 0 µm and maximum depth of analysis 0.5-2 µm) 
 PNM1_38 59.95 29.53 10.52 88.94 11.05 0.01 
 PNM2_19 73.8 25.4 0.8 92 7.8 0.2 
 PNM5_24 61.68 18.33 19.99 89.61 10.36 0.03 
 BXL2_15 93.17 1.31 5.52 98.71 0.42 0.87 
SIMS (internal crater 0 µm, Cu max 0.14 µm and maximum depth 1.8 µm) 
 PNM1_38    88.8 11.1 0.0 
     83.8 16.1 0.1 
     88.0 11.9 0.0 
SIMS (external crater Au max, 0.02-0.1 µm) 
 PNM1_38 61.1 24.4 14.5    
 PNM2_19 70.3 20.9 8.8    
 PNM5_24 60.17 15.83 24    
 BXL2_15 90 0.6 9.4    

 
 
3.2 Accelerated tarnishing and corrosion on metal threads 
 
    Both thermal and light Oddy tests produced visible tarnishing on the Ag and Cu coupons incubated 
with the textile samples, but none on the control coupons. Ag and Cu coupons incubated with wool 
showed significantly more discolouration than those coupons incubated with silk. This was expected 
due to the higher levels of sulphur containing amino acids in wool than silk. Discolouration was more 
obvious on Ag than on Cu and most evident around the edges of the coupons. Thermal degradation of 
the dyed fibres produced similar levels of tarnish with blue to black shades observed. However, greater 
variation was observed due to the photo degraded dyed fibres. The undyed wool was the only sample 
that caused complete blackening of the Cu coupon, while all other wools caused patchy black 
corrosion. The silk caused no visible tarnish on Cu. Tarnish on the silver coupons was observed at 
varying shades of yellow, green, red, purple, blue and black. There was a gradation of tarnish from 
yellow and red at the centre of the coupons, to blue or black at the edges of the metal coupons, 
suggesting that the different colours were caused by varying tarnish film thicknesses rather than 
chemical composition of corrosion products. Table 3 lists the observed tarnish colours on both sides of 
the metal coupons subjected to photo degradation of the differently dyed fibres. Although all fibres 
caused the tarnishing of silver coupons, woad and madder dyed wool, and undyed silk appeared to 
cause the highest levels of tarnish. The tarnishing of the dyed wool samples may be due to greater light 
absorption of the dark shades increasing sulphur volatilisation, while with silk the nature of the effect is 
at present unclear.  
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                      Table 3. Colour variation of tarnish on Light Oddy tested silver coupons.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                           * number for dominant tarnish colour is stated first  
 
    SEM micrographs of the corrosion morphologies on silver and copper are shown in Figure 5. In 
areas with little corrosion the initial growths were found to develop along scratches and pits on the 
surface. Generally the corrosion growths on copper were more rounded and accumulated than 
corrosion on silver, which formed a more evenly distributed layer with uniformly sized corrosion 
crystals and little differences in height. In addition, some of the copper coupons associated with 
photodegradation of wool showed regular longitudinal crystals. 
    The morphological appearance copper sulfide corrosion on metal threads has been described as 
“trees”, “bushes” or “black spot disease”, while silver sulfide crystals have been described as 
“dendrites” breaking the gold layer (Hoke and Petrascheck-Heim 1977), “whiskers”, “black fuzzies”, 
“flower-or tree-shaped” and “mushroom-shaped bubbles” (Jaro and Toth 1997). While these 
descriptions are subjective, there does seem to be a clear distinction between sharp and rounded 
crystals. The cause for the different growth behaviour of the sulphide crystals is unknown. Corrosion 
morphologies on metal threads in this study were found to be rounded crystals, Figure 6. Corrosion 
cracking, flaking and delamination were observed on all samples, particularly BXL2_15. 
    Delamination and differences in the cracking structure have previously been attributed to either 
stress-corrosion causes, or the manufacturing technique, for example folding and stretching of a metal 
foil or strip prior to cutting into narrower strips for winding (Jaro and Toth 1997), or joining of thin 
foils by hammering and subsequent cutting into strips (Hardin and Duffield 1986). However, corrosion 
growth in layers and cracking of corrosion crystals has been observed on heavily corroded samples of 
the modern Oddy tested coupons, Figure 5.  
 

Silver 

 

Silver: Oddy thermal 

 

Silver: Oddy light 

 
Copper 

 

Copper: Oddy thermal 

 

Copper: Oddy light 

 
 

Figure 5. Corrosion crystal morphology on Thermal and Light Oddy tested silver and copper coupons. 
 
 

Textile material Side A* Side B*  Legend 
Control 0 0 0 0  0 = no tarnish 

undyed 5 4 1 4  1 = yellow 
weld 3 5 1 3  2 = green 
woad 5 1 1 5  3 = red 

madder 3 1 1 5  4 = purple 

Silk 

brazil 3 3 1 3  5 = blue 
undyed 0 6 2 2  6 = black 

weld 2 2 2 2   
woad 5 1 4 1   

madder 5 4 3 6   

Wool 

brazil 1 5 2 2   
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BXL2_15 delamination 

 

BXL2_15 round crystals 

 

PNM1_38 corrosion cracking 

 
PNM2_19 delamination 

 

PNM2_19 round crystal 

 

PNM5_24 scratched gilt surface 

 
 

Figure 6. Corrosion on metal threads. 
 
    XPS analysis of the coupons showed that the relative levels of oxygen and carbon were significantly 
higher on copper coupons than on silver coupons, with the atomic ratio O/Cu being ~ 2.5 and C/Cu ~ 5, 
while O/Ag was ~ 0.5 and C/Ag ~ 1.3. These ratios did not change significantly due to the accelerated 
tarnishing tests. Other low level contaminants were chlorine and nitrogen. Only the sulphur to metal 
atomic ratios showed significant increases due to accelerated tarnishing, Table 4.  Both the sulphur 
atomic % and the atomic ratios of sulphur to metal were higher on silver than on copper, and were also 
higher due to the degradation of wool than silk. This agreed with the visual assessment of levels of 
tarnishing. The sulphur levels were higher on those metal coupons exposed to light irradiated wool and 
silk compared to thermally degraded wool and silk. This could be due to the relative exposure periods 
or the greater degradation of the light.  
    XPS high resolution scans of the S (2p) peaks showed that sulphur was mainly present in its S2+ 
form; only small amounts of S6+ were detected on copper coupons, probably as sulfates, Figure 7. The 
maximum atomic sulphur to metal ratios were > 0.5 indicating that sulphur was present not only as 
Ag2S and Cu2S, which would yield maximum ratios of 0.5 if the whole metal surface was converted to 
sulfide. The nature of this additional sulphur concentration is at present uncertain. However, future 
research will focus on establishing the nature of the corrosion layer, its durability to aqueous washing 
and possible detergent adsorption on clean and corroded surfaces. 
    XPS analysis of metal threads showed the presence of sulfide on all samples, and low levels of 
sulfate on PNM2_19 only. Chlorine was also present on all samples, usually in similar concentrations 
to the sulphur. The highest ratios of sulphur to metals were detected on the interior of BXL2_15, where 
atomic % S/(Ag+Cu) = 0.34.  
 
              Table 4. Relative sulphur levels on tarnished Oddy tested silver and copper coupons. 
 

Atomic % ratio Oddy test 
set 

Test material 
S/Cu S/Ag 

Control 0.05 0.07 
Silk 0.04-0.09 0.16-0.22 

Thermal 

Wool 0.13-0.39 0.35-0.51 
Control 0.09 0.09 
Silk 0.19-0.33 0.39-0.59 

Light 

Wool 0.43-0.67 0.44-0.62 
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                          Figure 7. XPS high resolution scans of S (2p) on Light Oddy tested  
                            copper coupons incubated with undyed  silk – and undyed wool –. 
 
4. Conclusions 
 
    Measurements of gilt metal threads from Renaissance tapestries indicate a correlation between metal 
thread diameter, metal strip width and the number of coils per unit length of thread. Those threads with 
the smallest diameter (< 350 µm) and most coils (> 10 per 5 mm) appeared to be of “superior” quality. 
Rare triple wrapped metal threads were reported for the first time observed in tapestries belonging to 
the set of the “Fables of Ovid” of the Royal Spanish collection, manufactured in Brussels, 1545. 
    SEM micrographs of silver and copper coupons incubated with wool or silk and exposed to heat or 
light irradiation showed variations in corrosion morphologies, particularly of the copper and silver 
sulfides. XPS analysis of accelerated tarnished coupons and corrosion products on metal threads 
confirmed the presence of mainly sulfide corrosion with some sulfate and chlorine residues also on the 
metal threads. 
    SIMS analysis indicated the presence of thin surface gilt layers with gold concentration maxima at 
depths of 20 – 100 µm. Combined EDX, SIMS and XPS analyses of silver and copper suggested metal 
ion migration and/or application of a gold alloy rather than pure gold to the silver - copper alloy 
substrate.  
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Abstract

The external differential-PIXE technique is presented in this work as an efficient and non-destructive tool for the

characterization of the structure of ancient metal threads. A PIXE analysis for different proton energies has been

performed in a selection of gold and silver threads belonging to the Collection of Textiles of La Alhambra (19th

century) and to the Medieval Collection of Textiles of the National Archaeological Museum of Spain. The threads are

made of metal strips, wound around a silk or cotton core. The use of differential PIXE allows to distinguish strips made

of homogeneous alloys from those made of a silver and copper alloy, coated with a thin gold layer. In the same analysis

it is also possible to detect the presence or absence of some trace elements of archaeological interest, such as Pb or

Hg. � 2002 Elsevier Science B.V. All rights reserved.

PACS: 29.30.Kv; 81.05.Bx; 81.70.-q

Keywords: Archaeometry; Metal threads; PIXE; Differential PIXE; Layer analysis

1. Introduction

There is presently a great deal of interest in the
exact knowledge of metal thread structure and
composition because they can be found in many of
the most important and well-conserved pieces of
textiles. Metallic composition confers on them a
better damage resistance than any other kind of
threads and their usually layered structure could

give very valuable information about the ancient
manufacturing techniques and also about the ap-
propriate treatment for cleaning and conservation
[1–3]. It has even been proposed that the thickness
of the gold layer could be a chronological feature
suitable to detect fakes in textiles as a complement
to radiocarbon analysis [4].
The typical structure of metal threads con-

sists of metal strips wound around a silk or cotton
core. Metal strips can be made of pure gold, gold
alloyed with silver, gilded or gild-silvered copper
and gold-like copper alloys. There are several
studies about composition of metal strips but the
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analytical techniques applied (XRF, SEM-EDX)
barely detect the existence of a layer structure if
it indeed exists [1–5]. Recently, Auger electron
spectroscopy (AES) has been applied to charac-
terize the layer structure of some samples [6], but it
is a destructive technique with the inconvenience
that it needs to be performed in ultra-high vac-
uum. In this work, we present external differential-
PIXE analysis to determine the composition and
structure of the metal strips as an alternative to
AES, with the additional advantage that it is non-
destructive and can be performed at atmospheric
pressure.

2. Description of samples and experimental set-up

2.1. The samples

The samples are metal threads belonging to two
different collections of textiles of the Spanish his-
torical heritage. Two gilded threads from the
Collection of Medieval Textiles of the National
Archaeological Museum of Spain and five different
threads of gilded and silvered aspect from the
Collection of Textiles of La Alhambra (19th cen-
tury) have been analyzed.
The samples were selected from two very dif-

ferent historical periods, with the aim of finding
different structures in metallic strips. In the medi-
eval threads (refs. 65453 and 65444) the strips have
one gilded face while the other one is silvered. The
samples from the Collection of Textiles of La
Alhambra have been previously analyzed with
XRF [7], so we chose one brass (ref. 6425) and one
silver (ref. 6430) thread among them. We also se-
lected some gilded looking threads with high
amounts of silver (refs. 6427, 6426 and 6441).

2.2. Experimental set-up

The measurements were performed with the
KN3000 Van de Graaff accelerator at the Uni-
versity of Florence, using the external-beam PIXE
set-up which has been described in previous works
[8,9]. The 3 MeV proton beam passes through a
140 lm graphite collimator (tenths of mm length),
which defines the transverse dimension of the beam

in vacuum, and is extracted through a Kapton exit
window of 7.5 lm thickness. The beam diameter
on the sample, after traveling roughly 1 cm in the
atmosphere, is about 250 lm.
In order to change the beam energy on the

sample, energy degraders made of a sandwich of
25 lm Upilex� (C28O5N2H14Þn foils were inter-
posed between the exit window and the sample.
The energy loss produced by each foil is about 500
keV. An anti-scattering collimator of 1.5 mm
length and 1 mm diameter helps to reduce the ef-
fects of the spatial broadening of the transmitted
beam due to multiple scattering in the degraders,
drastically reducing the beam halo [9]. This spatial
broadening plays an important role in the inter-
pretation of some results, because the beam di-
mension after three foils becomes comparable to
the thread diameter.

3. Data analysis and results

3.1. Analytical method

The analytical procedure used in this work
consists essentially of comparing the ratios of the
peak areas corresponding to the detected main
elements in the experimental spectra with simu-
lated area ratios for a homogeneous sample and
for a layered sample. For doing so we used the
AgKa, CuKa and AuLb lines (AuLb line was
chosen in order to avoid line overlaps with ZnKa
[10]). In the case of the brass thread, we used the
CuKa/ZnKa ratio to study the sample.
For each thread, we first obtained the apparent

composition (assuming a homogeneous matrix)
with the GUPIX program [11,12]. If the metal
thread was really homogeneous, the same ratios
for the composition of the main elements would be
expected at different energies, but this result was
not found for any of the samples. In Fig. 1 an
example of the apparent composition variation is
shown. The ratios Cu/Au, Ag/Au and Ag/Cu ex-
hibit appreciable changes as a function of the in-
cident proton beam energy and hence as a function
of the sampled depth.
Taking into account the probable non-homo-

geneity of the sample, for all further analysis we
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took the peak areas instead of the apparent com-
position as experimental data. These can then be
compared with different yield ratios from layered
structure simulations obtained with GUYLS (in
GUPIXGUPIX package). The yields obtained by these
simulations had to be corrected for the detector
efficiency and absorber transmission before being
compared with the experimental data. Only as a
confirmation test for the non-homogeneity of the
sample, the yields (areas of the peaks) corre-
sponding to a homogeneous sample, assuming the
apparent composition as obtained at 2.8 MeV
energy, were also simulated. An example of this
analysis (corresponding to ref. 65444) is shown in
Fig. 2, where the ratios Au/(AuþAg), Au/(Cuþ
Au) and Cu/(CuþAg) are plotted in order to
obtain some clues about the composition of the
different layers.
From the comparison between experimental

and simulated yields assuming a homogeneous
sample (Fig. 2(a)) some preliminary conclusions
can be extracted. The amount of Au increases near
the surface of the sample (i.e. lower beam energy),
in comparison with the amount of Ag or Cu, in-
dicating the possible existence of a thin layer of Au
at the surface. On the other hand, the ratio Cu/

(CuþAg) is in good agreement with the simula-
tion for the homogeneous sample, so it is likely
that Ag and Cu were associated as an alloy.
Assuming this simple model of an Au surface

layer over a homogeneous alloy of Ag and Cu, we
varied the two free parameters (thickness of gold
layer and proportion of Ag–Cu in the alloy) until
obtaining the values that better reproduced the
experimental data. The result, shown in Fig. 2(b),
corresponds to a gold layer of 60 nm over an alloy
of 87% Ag and 13% Cu. The fitting process to
adjust these parameters was developed by plotting
Cu/Au versus Ag/Au yield ratios in order to have
the three main elements related in the same series
of points. In Fig. 3, experimental data are com-
pared to simulations fitted to the data at the high-

Fig. 1. Ag/Au, Cu/Au and Ag/Cu apparent composition ratios

as a function of the incident proton beam energy for one ana-

lyzed point in sample ref. 65444, belonging to the Collection of

Medieval Textiles of the National Archaeological Museum of

Spain.

Fig. 2. Yield ratios as a function of the incident proton beam

energy for the experimental data (N, j, ) and simulation (M,

�, ) assuming (a) homogeneous alloy and (b) a layer of 60 nm

of Au over 86.6% Ag and 13.4% Cu alloy.

330 O. Enguita et al. / Nucl. Instr. and Meth. in Phys. Res. B 189 (2002) 328–333



est beam energy, assuming either a homogeneous
sample or a layer of pure gold on top of a ho-
mogeneous Ag–Cu alloy. Moreover, in Fig. 3 the
variation of the simulated results when the thick-

ness of the gold layer is changed by �10 nm (a
change in composition of the alloy of � 2% gives
a comparable variation) is shown.

4. Results and discussion

A summary of the results is shown in Table 1.
The structure of the metal strip in four of the gil-
ded threads (refs. 65453, 65444, 6426 and 6427) is
almost the same. There is a thin gold layer of 50–
100 nm thickness on top of an alloy of around 90%
Ag and 10% Cu. There is an exception (ref. 6441)
made of 100 nm of pure gold on top of 99.9% Ag
and 0.1% Cu alloy.
In the silvered thread (ref. 6430) the apparent

composition shows a small amount of gold (about
0.5%) at all the different energies. Although the
thread was expected to be approximately homo-
geneous, the comparison between data and simu-
lation suggests an enrichment in Au near the
surface. Using again a model of pure gold over
silver to fit the experimental data, a very thin layer
of gold (about 10 nm) is obtained. As this film
appears to be too thin, one may suspect that if a

Table 1

Composition and structure of the metal strips of the samples analyzed in this work

Thread reference Results

Thickness of the Au surface layer Amount of Ag in the substrate (Ag–Cu alloy)

Gilded threads

65444 (a) 50–90 nm 87.7–90.0%

65453 (a) 60–110 nm 86.6–89.0%

6426 (b) 60–130 nm 82.5–85.0%

6427 (b) 70–100 nm 90.2–93.5%

6441 (b) 60–100 nm 99.9–100.0%

Other threads

6430 (b) Enrichment of gold at the surface of Ag–Cu–Au alloy

97.8% Ag, 0.5% Au, 1.7% Cu ! PIXE (apparent composition at 2.8 MeV)

95.1% Ag, 3.2% Au, 1.7% Cu ! EDX 20 keV

Assumed layered structure: Au top layer: 5–10 nm

Ag–Cu alloy substrate: 97.4–98.3% Ag

Brass thread (probably Pinchbeck alloy)

6425 (b) 95.1% Cu, 4.8% Zn, 0.1% Fe ! PIXE (apparent composition at 2.8 MeV)

92.6% Cu, 7.3% Zn, 0.1% Fe ! PIXE (apparent composition at 1.8 MeV)

69.9% Cu, 30.1% Zn, 0.0% Fe ! EDX 20 keV

(a) Collection of Medieval textiles, National Archaeological Museum of Spain (15th–16th century), Gothic textiles. (b) Collection of

textiles of La Alhambra (18th–19th century).

Fig. 3. Ag/Au versus Cu/Au yield ratios, with the incident

proton beam energy as a parameter for the same four values as

in Fig. 2. Here experimental data are compared to simulations

assuming a homogeneous sample or a layered structure. In the

latter case the range of variation of the yield ratios for a �10
nm change in the thickness of the gold layer is shown.
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gold layer ever existed over the silver it might have
disappeared by mechanical erosion. This hypoth-
esis would be in accordance with the origin of the
thread, which was taken from the backside of a
chasuble. In this sample we have also found some
indication of Hg traces in the spectra; this element
is used in a chemical gilding method, producing
thinner gold layers than when using physical
methods [7].
In the brass thread (ref. 6425) an enhancement

of the Zn apparent concentration at low energy
was found, consistent with the results of EDX
analysis as it is shown in Table 1. This is an in-
teresting result because it is related with the
Pinchbeck technique of production of false gold,
which consists of covering with Zn vapors a Cu
substrate, thus obtaining an alloy of Cu and Zn
with gold appearance whose typical composition is
in accordance with our results.
The large uncertainty in the thickness of the

gold layer is associated with different causes, the
main one being the dispersion between different
points of the same sample, which gives differences
of 30% in the gold thickness (sample 65453). In
some of the samples (65444 and 6426) an increase
of the Cu/Au ratio (in comparison with the simu-
lated ratio) has been observed at low energy,
probably related to the presence of Cu in the upper
layer. A more sophisticated analytical method
would be necessary to obtain quantitative infor-
mation about the amount of Cu present in this
layer; nevertheless it has been estimated as less
than 20% in composition.
In other samples (for example 6427) there is a

decrease of the Cu/Au ratio (in comparison with
the simulated one) i.e. there is an anomalous in-
crease of gold, at low energy. This can be attrib-
uted to the increase of the beam spread due to
scattering in the foils interposed to reduce the en-
ergy. If we consider the cylindrical geometry of the
thread and the way in which the beam strikes the
sample, when the beam size becomes comparable
to the thread diameter, some incident protons
cross a longer path through the gold layer because
their trajectory is not normal to it.
On the other hand, the dispersion found in the

composition of the alloy is very small, about �2%,
including the dispersion between different points

in the sample and the result of the fit at different
energies.

5. Conclusions

External beam differential PIXE is proposed as
a suitable technique for a preliminary character-
ization of the structure of the metal strip in
threads. In contrast to EDX and XRF, it allows
the detection of the layer structure and, in contrast
to AES, it is non-destructive for the sample and it
can be used at atmospheric pressure. To obtain
more quantitative results differential PIXE should
be complemented with RBS, in order to have more
accuracy in the determination of the layer struc-
ture. Furthermore, to avoid uncertainties related
to the geometry and dimensions of the threads and
the lateral spread of the beam, it is recommended
to use an external microbeam. However, in this
case, the decrease of the beam energy can be rea-
sonably achieved only by varying the accelerator
terminal voltage – instead of using degrader foils –
and this procedure is rather time consuming.
The results confirm that most of the threads

have a layered structure, while the remaining ones
have at least an enrichment of some elements near
the surface of the metal strip. A preliminary
characterization of these structures can be done by
a simple external beam differential-PIXE analysis.
Results are semi-quantitative with respect to the
surface layer thickness, but accurate results can be
obtained with respect to the composition, it being
possible to detect trace elements like Hg, Fe or Pb
related to the manufacturing of the threads.
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