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Abstract 

Experimental archaeology was first theorised by Ascher in 1961 and then by Coles in 1973: it 

represents an important research methodology for the study of ancient technologies and 

societies. Since the 1990’s of the last century, the new concept of ‘experimental archaeometry’ 

appears in the wider field of archaeological science. Following this approach, two alchemical 

recipes from a 3rd century AD papyrus were reproduced in the laboratory. In this paper, a link 

between archaeometry and experimental archaeology is established, and a re-interpretation of 

the original recipes is proposed. 
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Introduction1 

Alum rarely appears in the field of metallurgy (Giumla-Mair, 2005). The collection of texts 

that goes under the name of papyri of Leiden and Stockholm (Halleux, 1981) represent an 

important exception. In the documents, dating back to the 3rd century AD, the term ‘alum’ 

appears 15 times, which makes it the most common additive in the metallurgical recipes 

described. As archaeological finds are concerned, it remains challenging to prove whether alum 

is used as finishing or during the alloying process. The question arises as to how it is possible 

to link historical sources with objects from archaeological excavations concerning the use of 

such an elusive material. One possible way is the experimental approach. In this paper, we aim 

at reproducing ancient recipes in the laboratory. 

                                                           
1 This paper is part of a Special Issue on the Contributions of Experimental Archaeology to Excavation and 

Material Studies, guest edited by Frederik W. Rademakers, Georges Verly, Florian Téreygeol and Johannes 

Auenmüller. 
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This approach might be relatively simple when dealing with technical texts from the 

Renaissance period while several problems arise in the case of older metallurgical and 

alchemical recipes. First, it is unclear whether the person who writes is himself an artisan. 

Secondly, the document we read is a translation into a modern language, meaning the translator 

already did an interpretation of the text. Indeed the actual limitation when applying an 

experimental approach to this type of documents is our interpretation. The researcher might 

decide to exclude certain actions or materials for which one does not understand the purpose: 

this may reflect negatively on the outcomes of the study. At the same time, we should be able 

to identify what is confusing and, in our modern view, pointless. 

 

Aim of the study 

In this study, we aim at replicating the processes to obtain ‘edulcorated’ silver when mixing 

copper oxides (in form of copper scale) with silver as described in the papyri of Leiden and 

Stockholm. 

In a copper-rich silver alloy, up to 85% in mass of copper can be present without a considerable 

change in the aesthetical properties of the final product compared to pure silver.2 The alloying 

process can highly reduce the cost of the final artefact but it can be also interpreted as a fraud. 

In the ancient texts considered here, the use of a by-product of copper production, the copper 

scale is reported. The copper scale corresponds to the oxide particles, often in form of platelets,  

that are detached from the metal as hammering is applied during the annealing process. In the 

described recipes, such particles are never used as such, but, before being added to silver for 

melting, they undergo a pre-treatment in an alum-containing bath. This is possibly related to 

the intention of producing a silvery-looking material that would be added to silver during the 

casting. 

 

Corpus of the study 

The present study is based on two recipes reported in the papyri of Leiden and Stockholm. In 

both described processes a copper scale undergoes a ‘pre-treatment’ using a solution containing 

alum and, afterwards, it is melted with silver. These texts were identified in 1830 and a first 

description can be found in (Berthelot, 1889). In his edition, Robert Halleux provides all the 

specific information for these documents (Halleux, 1981, 5-78).  

                                                           
2 Mechanical properties of the alloy improve compared to pure silver. 
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We report the text #6 as found in the papyri of Leiden and Stockholm (English translation from 

Halleux, 1981, page 111): 

 

Holm 6 « Other » [doubling silver] 

Immerse the copper scale in a brine and soak for 6 days in alum and shiny earth 

dissolved in fresh water. Then melt by adding silver. 

 

The recipe is very short. According to the interpretation of Robert Halleux (Halleux, 1981, 

page 111, note 9), the process is carried out in two stages, followed by a melt. The first step 

consists in dipping the copper scale in an unspecified brine. In the second step, the scale is 

plunged into a second bath of alum and “shiny earth”. Robert Halleux proposes a parallel with 

recipe #12 in the papyrus of Leiden3 

 

Leid 12 « Production of Asem » (i.e. silver alloy, see Halleux, 1973) 

Take the copper scale, soak in vinegar and lamellar white alum and soak for 7 

days, then melt with a quarter of copper, 8 of earth of Chio, 8 of Samos earth 

drachmas, 1 of Cappadocian salt, 1 of lamellar alum. Mix and melt by adding 

Adramyttion silver. (Halleux, 1981, p. 87). 

 

In this latter recipe, the binary rhythm of the work is clearly stated. The second step which 

consists in including the earthy elements and which is described here as a cast, can only be a 

chemical treatment in solution: this might be an indication of the fact that the writer of the 

recipe is not fully acquainted with the metallurgical work. In addition, unlike the first, this 

second recipe promotes the use of vinegar as a reactive element. 

 

From reading both recipes, the interpretation of them leads to several questions: 

1. Are we dealing with a forgery recipe? 

2. What is the role of the alum solution bath?  

3. Which is the most efficient way to obtain the desired effect (whitening of the scale 

surface)?  

4. What is the meaning of working with copper scale to produce a copper-silver alloy? 

                                                           
3 This observation seems consistent considering the fact that the two recipes were originally part of the 

same collection of texts and they were separated after their discovery (Halleux, 1981). 
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In order to answer these questions, we set up an open experimental plan following on one side 

the process described in the texts stricto sensu (apart from the supposed cast in Leid 12) and, 

on the other side, the interpretation suggested by Robert Halleux for the Holm 6 text. Our 

approach focuses on the ‘pre-treatment’ of copper scale. Finally, a comparative test is carried 

out by melting the treated scale with silver. Both the raw materials and the products obtained 

from the different experiments are characterized using a multi-analytical approach. 

 

Materials and methods 

Choice of raw materials 

In order to follow the processes described above in the most accurate way, it is necessary to 

employ materials, which we do not usually find in a chemistry lab. 

Sea salt, vinegar and alum are employed without any further purification. Drinking water 

(pH=7.5 at 20°C) is used instead of the deionized one. The role of the different earths cited in 

the ancient texts is not investigated here as we suppose it not to be of primary importance for 

the whole process. 

 

Figure 1. Raw materials, from left to right: copper scale, alum and sea salt. 

 

Sea salt: unrefined sea salt is employed. Main component is NaCl. 

 

Vinegar: red wine (6°) vinegar is employed. Measured pH at 20°C is 2.9. 
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Copper scale: copper scale is generally obtained by delamination of the oxide layer during 

hot-working of copper. The one employed in this study is produced by heating at 900°C a 

copper foil (99%, Alfa Aesar) of ca. 25 µm thickness. The atmosphere in the oven is not 

controlled and a natural ventilation is provided. After 2 hours, the foil is completely 

transformed: it appears black and brittle. Diffraction and Raman analysis are performed on the 

scale in order to determine its composition and are presented in the Results section. Synthetic 

cuprite (97%, Sigma-Aldrich) is employed in one of the experiments. 

 

Alum 

A natural crystal of alum retrieved from a drugstore in Yemen is employed (Figure 1). The 

exact crystallographic identification is presented in the Results section. Some considerations 

about this material are necessary. As Maurice Picon pointed out in the occasion of the 

conference on alum in the Mediterranean basin (Borgard et al, 2005), various natural, artificial 

and synthetic materials can be ascribed to the term ‘alum’. Among the artificial alum, meaning 

the one produced by transforming the mineral, we can find potassium or ammonium alum 

((NH4)Al(SO4)2·12H2O). 

Natural alums are hydrated double salts of aluminium sulphate and another cation; the most 

common being halotrichite (FeAl2(SO4)4∙22H2O), pickeringite (MgAl2(SO4)4∙22H2O) and 

alunite (KAl3(SO4)2(OH)6). In order to be employed, they undergo a simple handpicking, while 

more complex production process is required to obtain artificial alum from alunite or, more 

recently, from pyritic schist. 

 

 

 

Experimental plan 

1. Pre-treatment of the copper scale: choice of the procedure 

 

The interpretation of the texts mentioned above lead to the set-up of several recipes selected 

for the experimentation. 

 

The ‘pre-treatment’ solutions are reported here: 
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 Solution 1 (“sol.1”) is prepared by dissolving alum in 10 mL water until saturation is 

reached. 10 mL of vinegar are added to the solution. Final pH is 2.5 at 20°C. 

 

 Solution 2 (“sol.2”) is prepared by dissolving alum in 20 mL water until saturation is 

reached. Final pH is 3.2 at 20°C. 

 

 Solution 3 (“sol.3”) is prepared by dissolving sea salt in 20 mL water until saturation is 

reached. Final pH is 7.3 at 20°C. 

 

 Solution 4 (“sol.4”) was prepared by mixing 10 mL alum-saturated solution in 10 mL 

sea salt-saturated solution. Final pH is 2.9 at 20°C. 

 

 

Leid 12 : ‘Two-steps procedure’ 

 

Step 1: 1 g of copper scale is immersed for 7 days4 in sol.1 (alum-vinegar). After 7 days, a first 

sampling is made on the scale. 

Step 2: sol.1 is eliminated and the scale is immersed in sol.4 (salt-alum) for other 7 days. The 

scale is air dried and analysed. 

Leid 12 : ‘One-step procedure’ 

 

1 g of copper scale is immersed for 7 days in sol.2 (alum). No rinsing and no drying are 

employed. 

 

Holm 6 : ‘Two-steps procedure’ 

 

                                                           
4 7 days is the immersion time adopted for all the recipes based on Leid 12. 
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Step 1: 1 g of copper scale is immersed for 7 days in sol.3 (salt). After 7 days, one part of the 

scale (sample 3a) is air dried without rinsing. The other part (sample 3b) is rinsed with water 

and air dried. 

Step 2: Sample 3a and 3b are immersed separately in sol.2 (alum) for 7 days. The scale is air 

dried and analysed. 

 

Holm 6 : ‘One-step procedure’ 

 

1 g of copper scale is immersed for 7 days in sol.4 (salt-alum). In this case, different processes 

are applied after immersion: 

 No rinsing and no oven drying: sample 4a 

 3 times water rinsing followed by air drying: sample 4b 

 1 time water rinsing followed by air drying: sample 4c 

 

Holm 6 : ‘synthetic cuprite’ 

 

1 g of synthetic Cu2O is immersed for 14 days in “sol. 4”: sample 5. 

 

2. Melting operations 

After the first phase, two melting experiments were realised. Each was performed in an electric 

oven at T=1000°C for 15 minutes in a ceramic crucible. 1 g of silver and 0.2 g of copper scale 

are employed. 

In one case, copper scale without any pre-treatment is added and in the second case, the pre-

treated copper scale ‘sample 4b’ was employed for the melting. We base our choice on the fact 

that the sample undergoes a change in colour comparable to the one described in the reference 

texts. 
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Characterization techniques 

 

Different analytical techniques are employed for the characterization of both the raw materials 

and the materials obtained with the experimental study. 

 

X-Ray Diffraction (XRD) analysis is carried out using a Rigaku RU200 diffractometer 

equipped with a Mo X-Ray tube. An acceleration voltage of 55 kV and a current of 21 mA are 

used. The monochromatic and focalized beam has an energy corresponding to 17.5 keV and a 

surface of 100x100µm2. The sample is irradiated by a flux in the order of 20∙106 photons/s. 

Diffraction images are collected on photosensitive screens and diffraction patterns are 

elaborated using the software Fit2D (ESFR). The identification of the phases is made using the 

software DiffracEVA (Bruker AXS) with reference to the X-Ray diffraction database of the 

International Centre for Diffraction Data (ICDD). 

Using the same apparatus, X-Ray Fluorescence (XRF) spectra are obtained through a SDD 

detector with an active area of 10 mm² and then analyzed thanks to the PyMca software (Solé 

et al., 2007). 

For the Raman spectrosocpy, a Renishaw® Invia Reflex µ-spectrometer is employed. It is 

equipped with a 532nm Nd:YAG laser and an optical microscope. The surface analyzed is of 

about 1µm2. Calibration is made via a Silicon wafer with a Raman band at 520.5 cm-1. 

The spectra are collected using a 50X objective; the energy used was 5 to 1% of laser power 

corresponding to 1 to 0.1 mW. Raman spectra have a resolution of 2 cm-1 and are processed 

using the software Wire3.4. They are presented here without baseline correction. 

 

 

Results 

Characterization of raw materials: copper scale and natural alum 

 

Figure 2 shows the X-ray diffraction pattern of the copper scale. Two copper oxide are 

identified cuprite (Cu2O) and tenorite (CuO) are equally present. 
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Figure 2: Diffraction pattern of the copper scale obtained after heating in the muffle furnace. The scale as it appears after 
heating (green) and the scale grinded (blue). In red, the characteristic signature of cuprite (Cu2O), and in black that of tenorite 
(CuO). 

 

The presence of both copper oxides derives from the lack of control on the atmosphere during 

heating. Optical microscope observations point out the two different appearances of the copper 

scale: one side appears shiny while the other is matte. The difference is highlighted when 

performing Raman spectroscopy on both sides of the copper scale sheet (Figure 3). 
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Figure 3: Raman spectra of the copper scale. 

On one side (recto), the signature of tenorite is identified by the bands at 299, 349 and 635 cm-

1 (Deng et al, 2016); on the other side (verso), the characteristic shifts of cuprite are identified 

(218, 198 cm-1) (Bouchard et al. 2003). 

 

The identification of both cuprous and cupric oxides in the scale leads to the conclusion that 

the material obtained is similar to the one obtained by the smith during annealing and 

hammering operations. It consists of small sheets of copper oxide whose composition is 

subjected to the variability of ventilation and temperature that characterize the traditional 

fireplace. 

The alum used for this experimentation is analyzed. XRF analysis coupled with XRD analysis 

allow to classify it as a potassium-based alum (Figure 4); other trace elements such as of Zn, 

Pb and Cu are detected. By performing XRD analysis, the presence of quartz is highlighted: 

both quartz and the trace elements are a clear indication that the sample is of natural origin. 
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Figure 4: XRD analysis and X-ray fluorescence spectra of the alum crystal (the peaks of Cu, Zn and Pb are highlighted in the 
upright panel. 

 

Figure 5 shows the Raman spectrum of the alum crystal. The signature is characteristic of 

potassium alum (Kishimura et al., 2015). Main shifts are: an intense band at 989 cm-1, a broad 

band as doublet at 450 and 618 cm-1. The doublet at 1096 and 1133 cm-1 is also observed, as 

well as the weak band at 326 cm-1. 
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Figure 5: Raman spectra of the alum crystal (red) and of a specimen of alum-K (RRUFF ID: R040134.2). 

 

Results of the different processes before melting 

With the exception of sample 5, all the experiments produce a change in color of the copper 

scale. The surface structural characterization by Raman analysis shows that immersion in the 

different solutions induces the deposition of a whitish layer of alum on the surface of the 

otherwise black-red scale. 

In Figure 6, the Raman spectra corresponding to the different samples are reported. In samples 

1, 2, 4a, 4b and 4c, potassium alum is detected as major component. In sample 4a, cuprite is 

also detected (by the 219 cm-1 pick) as minor component. In samples 3a and 3b, tenorite is 

detected as the major component, although some alum seems to be present on the surface. 
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Figure 6: Raman spectra of the copper scale after immersion in the different solutions. The presence of alum was determined 
thanks to the peak between 970 and 985cm-1. 

Sample 5 was not analyzed because, after 7 days of immersion in the chosen solution, the 

cuprite powder did not wet at all. We proceed with filtering of the solution and the powder 

shows the same red color of the original synthetic cuprite. Thus, this experiment is considered 

as a failure. 

 

Results after experimental melting 
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A melting experiment using pre-treatment copper scale (sample 4b) is performed. The melting 

is not optimal considering that the stirring is not possible considering the type of furnace and 

the low amount of matter involved (1.2 g).5 A comparison of the XRF spectra for the melting 

experiments with and without pre-treated copper scale is shown in Figure 7. 

 

Figure 7: XRF spectra of, in red, the alloy obtained by melting the silver with copper scale (no pre-treatment), and, in black, 
by melting silver and copper scale pre-treated with alum. 

 

In both cases, the copper scale, with and without pre-treatment, forms an alloy with silver. In 

the case of the copper scale pre-treated with the salt-alum solution (sample 4b), we observe 

that the alloying process is more efficient as a larger amount of copper is found in the alloy 

compared to the not pre-treated scale. The efficiency of the alloying process drastically 

increases. 

                                                           
5 We did not investigate further the quality of the alloy formed in this way since the conditions are too 

far from those of a melting carried out in a historical furnace. 
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Discussion 

 

The central aspect of all recipes detailed in the introduction is the color. Reference to the color 

is found in both steps: first, in the preparation of the copper scale that will be added to silver 

and, secondly, in the description of the final alloy obtained by the mix of copper scale and 

silver. 

Following the interpretation of R. Halleux, we can assume that the purpose of treating the 

copper scale with alum is to deceive the client who is assisting to the melting. The goldsmith 

needs to add the copper scale, which has, without any treatment, a black-to-red color, to the 

white silver metal. The pre-treatment of the copper scale, as it is described in the texts, leads 

to a silvery-looking material. This is what is obtained by pre-treating the copper scale with 

solutions 1, 2, 4b, 4c and, to a lesser extent, 4a. 

Moreover, it must be kept in mind that the alloy itself will remain silvery-white as long as the 

mass of copper does not exceed 85%. The title of the recipe (“doubling of silver”) can be 

interpreted as an increase in mass. Therefore, the fraud is possible until 85% in mass of copper 

is added. By adding 85 to 92% in mass of copper, the color of the alloy will shift to a red hue 

that may arise suspicion, and beyond 92%, the alloy obtained can no longer be mistaken with 

silver. 

Even without taking the term “doubling” literally, adding the right amount of copper scale, will 

easily allow to deceive the customer. 

Moreover, the meaning of the recipes seems not to be related merely to a fraud by a change in 

color of the raw materials. In fact, as demonstrated by the XRF analysis on the alloy, the amount 

of copper that can be introduced into the solid solution with silver increases when a pre-

treatment of the copper scale based on alum is performed. This results in a more efficient 

process. Therefore, the smith could consider adopting the pre-treatment operations involving 

the use of alum. 

We did not proceed further with the experiment, but it is likely that the alloy can be obtained 

even in the case of different coloration of the copper scale. These differences highlight two 

aspects of the treatments that are not mentioned in the text: the importance of rinsing after the 
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immersion in solution of the scale and the change in color as a function of the time after 

immersion. In the case of sol. 4, only drying and rinsing operations allowed to obtain a whitish 

scale. In parallel, the recipe based on ‘Leid 12’, the copper scale turns white after the second 

and last immersion. The intermediate test carried out using only ‘sol.2’ containing a saturated 

solution of alum, also leads to white scale but only after several days of exposure to air and 

without any further operation such as rinsing or drying. Such protocol does not appear in any 

of the recipes. 

A last interesting remark concerns the experiment carried out using synthetic cuprite powder. 

The composition of the raw material is the same as expected for the copper scale but its 

reactivity with the solution is different. Such difference could be due to the nanometric grain 

size of the synthetic powder; the presence of pollutants adsorbed on the surface of the grains 

derived from the industrial synthesis could also influence the reactivity of the mineral. The 

failure of such experiment stresses the importance of using materials as similar as possible to 

those that could be found in ancient times. 

Conclusion 

The experimentation carried out leads us to the conclusion that the procedures described in the 

two recipes have a double meaning. On one side, the operation described turns the black copper 

scale into a whitish material, more suitable to trick a client who is assisting to the melting of 

an artefact. In this sense, this family of recipes seems to be part of a workshop practice aiming 

at deceiving “visually” a customer. The process involving the pre-treatment of the scale using 

alum can be related to an act of forgery. 

On the other side, we demonstrate that it seems possible to melt silver and copper in a more 

efficient way by adding a copper scale pre-treated with the alum solution. We observe here a 

case in which recycling of a waste material has a positive effect on the production process. The 

goldsmith could easily get cheap copper scale from a coppersmith, considering that the scale 

can be defined as a production waste of the latter. 

At the present state, it is not possible to assess whether or how common the process described 

in the papyri was for the production of silver objects; a regular production of pre-treated scale 

seems to be difficult to realize on a large-scale production. Nevertheless, the experimentation 

shows that alum, if employed following a precise procedure, can have a positive effect on the 

alloying process of silver. 
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