
Journal of Cultural Heritage 55 (2022) 158–170 

Contents lists available at ScienceDirect 

Journal of Cultural Heritage 

journal homepage: www.elsevier.com/locate/culher 

Original article 

Corrosion phenomena and patina on archaeological low-tin wrought 

bronzes: New data 

Panagiota Manti a , ∗, David Watkinson 

b 

a Department of Environment, Ionian University, Zakynthos, Panagoula, 29100, Greece 
b Department of Archaeology and Conservation, Cardiff University, Humanities Building, Colum Drive, CF24 4EU, Cardiff, UK 

a r t i c l e i n f o 

Article history: 

Received 8 July 2021 

Accepted 9 March 2022 

Available online 28 March 2022 

Keywords: 

Archaeological bronze corrosion 

Low-tin bronze 

Bronze corrosion 

Cultural heritage materials 

a b s t r a c t 

The study reports a systematic examination and analysis of low-tin wrought bronzes from archaeolog- 

ical burial environments in the Mediterranean. The corrosion profiles occurring on samples taken from 

thirty-six predominantly Corinthian and Illyrian helmets from excavations in Greece, were analysed us- 

ing polarised metallography, SEM-imaging, SEM-EDX and X-Ray Diffraction methods. Analysis confirms 

and expands understanding of existing corrosion models for copper dissolution producing smooth tin en- 

riched patinas that preserve the original surface as a marker layer. SEM-EDX compositional analysis of 

corrosion profiles with complementary imaging is used to discuss the conditions in which certain cor- 

rosion profiles are formed. The study reveals how analysis of samples from many objects of a similar 

manufacture, buried for similar time periods, can be used to develop detailed understanding of corrosion 

processes and provide better understanding of the likely appearance of the objects in antiquity. 

© 2022 Elsevier Masson SAS. All rights reserved. 

I

t

o

t  

B

a

i

r

f

u

p

R

p

l

s

a

i

s

G

i

s

i

d

m

T

O

t

b

n

w

I

i

e

c

b

t

h

1

ntroduction 

Study and analysis of the surface of archaeological bronzes and 

heir corrosion profiles is important for developing understanding 

f the original appearance of objects in antiquity and their produc- 

ion technology, as well as for identifying forgeries [ 1 , 2 ] (p. 349).

ronzes may have been coloured by artificial patination, whereby 

 corrosion layer is deliberately formed to provide colouration that 

ncludes blue, green, red, yellow, black [3] . Understanding of cor- 

osion mechanisms of bronzes developed during their burial is 

undamental for understanding what comprises evidence of nat- 

ral or intentional patination, plating, or other surface ‘finishing 

atinas’. 

esearch aim 

This work aims to advance understanding of corrosion and 

atina formation on archaeological low-tin bronzes (i.e. Cu-Sn al- 

oys with tin content below 14 wt%) during their burial and to con- 

ider how the patina offers insight into the original appearance of 

n object. The paper (i) provides a sample set from objects of sim- 

lar composition and manufacture, by collecting samples from 36 
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reek low-tin wrought bronze helmets from a range of excavations 

n Greece; (ii) records the appearance and composition of corro- 

ion profiles of the samples using polarised metallography, SEM- 

maging, SEM-EDX and X-Ray Diffraction methods; (iii) uses the 

ata collected to discuss the development of corrosion on the hel- 

ets. 

heory 

riginal appearance of objects 

The concept of ‘patina’ goes back to the perceptions of art his- 

orians, predominantly in the Renaissance period, when it was 

elieved that classical bronzes were originally deliberately pati- 

ated black and because of this, in later periods organic coatings 

ere applied on bronzes to darken their appearance [2] (p. 353). 

n the context of archaeological conservation, the term ‘patina’ 

s not strictly defined but is broadly associated with the pres- 

nce of a corrosion layer that marks the original surface [4] . Ar- 

haeological bronzes may acquire a ‘patina’ of corrosion during 

urial and its origins may be difficult to identify, as there are 

he extrinsic factors of the burial environment variables to con- 

ider and intrinsic factors within the object such as composi- 

ion, manufacture and surface finishing processes. A ‘fine’ patina 

an provide information on polishing and other surface finishing 

echniques. 
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Table 1 

Details of helmet samples and their position on helmets. 

Helmet Code Excavation Acc. No. Type Sample Code Sample Position on Object 

Archaeological Museum of Olympia, GR 

OL11 Olympia B7170 Illyrian OL11.1 cheekpiece, right, middle 

OL13 Olympia BE58 Illyrian OL13.1 cheekpiece, right, low part 

OL17 Olympia ab34 Corinthian OL17.1 cheekpiece, right, middle 

OL21 Olympia ab64 Corinthian OL21.1 neckguard, lower part 

OL27 Olympia B9805 Corinthian OL27.1 side 

OL29 Olympia B2608 Corinthian OL29.1 crown, top 

OL31 Olympia B2648 Corinthian OL31.1 crown 

OL4 Olympia B3348 Illyrian OL4.2 crown, top 

OL41 Olympia B10534 Corinthian OL41.1 cheekpiece, right 

OL44 Olympia B7073 Corinthian OL44.1 neckguard, left 

OL46 Olympia B1501 Corinthian OL46.1 neckguard, top 

OL49 Olympia B4411 Corinthian OL49.1 crown, rear 

OL5 Olympia B4821 Illyrian OL5.1 crown, upper left 

OL50 Olympia B4698 Corinthian OL50.1 crown, rear 

OL53 Olympia B6550 Corinthian OL53.1 neckguard, upper left 

OL57 Olympia B10526 Corinthian OL57.1 unknown, loose fragment 

OL58 Olympia B10528 Corinthian OL58.1 unknown, loose fragment 

OL63 Olympia B5177 Corinthian OL63.1 unknown, loose fragment 

OL66 Olympia B7080 Chalkidian OL66.2 crown, middle back 

OL69 Olympia B10527 Corinthian OL69.1 crown, top, by the high ridge 

OL70 Olympia B4799 Corinthian OL70.1 crown, middle back 

OL71 Olympia B5070 Corinthian OL71.1 side, right 

OL73 Olympia B5167 Corinthian OL73.1 neckguard, upper 

OL74 Olympia B5176 Corinthian OL74.1 unknown, loose fragment 

OL75 Olympia B5178 Corinthian OL75.2 crown 

OL78 Olympia B4667 Illyrian OL78.1 crown, front, lower 

OL79 Olympia B5239 Chalkidian OL79.1 unknown, loose fragment 

OL9 Olympia B5115 Illyrian OL9.2 crest-track, left ridge, back 

Archaeological Museum of Pella, GR 

PE1 Archontiko A2001G10 Illyrian PE1.1 crest-track, high ridge 

PE2 Archontiko A2002G194 Illyrian PE2.2 crest-track, middle small ridge 

PE3 Archontiko A2001G9 Illyrian PE3.1 crown, top, by the high ridge 

PE4 Archontiko A2002G189 Attic PE4.3 neckguard, upper 

Archaeological Museum of Thessaloniki, GR 

AP4 Aghia Paraskevi M �16405 Illyrian AP4.2 crest-track, high ridge 

AP5 Aghia Paraskevi M �16423 Illyrian AP5.1 neckguard, lower part 

Pitt Rivers Museum, UK 

PR1 Unknown 1884.32.16 Corinthian PR1.1 crown, front 

PR4 Unknown 1884.32.15 Etruscan PR4.1 side, lower 
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Polychromy in Greek antiquity and on later metals is discussed 

lsewhere [ 1 , 3 , 5 ]. Other practices may have influenced original ap-

earance and corrosion processes during burial. In the case of 

reek armour, it is known from Pausanias 1.15.4 [6] that the 

hields displayed in the Painted Stoa in Athens were cleaned and 

overed in pitch to preserve them [7] . The regular cleaning and 

rotection of bronzes using oils, mentioned in ancient sources, 

ould prevent corrosion during use [2] (p. 355) but it is unlikely 

hat such maintenance-polishing would have preserved an ancient 

rtificial patination. So far, in literature, a ‘finishing patina’ on an- 

ient helmets is most often inferred from a combination of evi- 

ence deriving from ancient illustrations and literature, rather than 

ts survival on metalwork itself. In practical terms, it is believed 

hat it is challenging to discriminate between artificial patination 

nd natural patinas using scientific methods alone [2] (pp. 352–

53). 

orrosion of archaeological copper alloys during burial 

Previous work showed that corrosion of archaeological bronzes 

uring burial could result in the development of blue, green, 

rown and light or dark grey patinas that can preserve polish- 

ng marks [8–10] . Although polishing marks have been reported 

n tin-rich patinas that exhibit an even Type I corrosion [11] , on 

ow-tin α-bronzes [8] and on low-tin bronzes with an α+ δ cast 

icrostructure, in literature polishing marks are predominantly re- 

orted on even patinas on high-tin archaeological bronzes [12–
159 
5] (p. 340). It is reported that the tin concentration in the tin- 

ich layer is related to the original tin concentration of the alloy 

8–10] . The colour is reported to be a factor of the total amount of

oil elements incorporated in the patina (mainly Si, P, Fe and Cl): 

right grey patinas incorporate the least amount of soil elements 

nd blue the most, with green patinas having amounts of soil in- 

ermediate between these two and dark green and dark grey have 

rregular soil element concentrations [8] . 

Robbiola et al [8] characterised the corrosion structure of ar- 

haeological bronzes based on the preservation of the marker of 

he original surface as: Type I for even or ‘noble’ corrosion sur- 

aces that preserve original surface features and Type II which in- 

ludes uneven or coarse or ‘vile’ patinas. There are several devi- 

tions from these proposed microstructural models; the tin-rich 

urface in Type I forms due to selective dissolution of copper dur- 

ng oxidation of the bronze [8] and consists of hydrated tin com- 

ounds, cupric compounds and a small amount of extraneous ele- 

ents [9] . The two types are a result of different corrosion mech- 

nisms. According to this model, corrosion growth in Type I struc- 

ures proceeds inward, with oxygen and hydroxyl anions migrat- 

ng inwards and copper cations migrating outwards controlling the 

orrosion process. Its formation is clearly related to a movement 

f oxygen anions inwards to the alloy, but further investigation is 

ecessary to determine precisely if the process is under control of 

nterfacial reactions or controlled by cationic reaction (Cu cations) 

r anionic oxygen migration. Such tin-rich corrosion is related to 

he original tin concentration of the bulk alloy and forms via inter- 
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Fig. 1. Images of representative surface corrosion present on helmets, as grouped in Table 1 . 
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al oxidation phenomena characterised by the outward migration 

f copper cations (Cu 

+ , Cu 

++ ) from the bronze and the inward mi-

ration of anions of soil elements (such as O, P, Si, Fe, Ca) [8] . In

ype II structures, corrosion growth proceeds outwards, resulting 

n the loss of the marker of the original surface; copper cations mi- 

rate from the bronze surface to the aqueous environment, whilst 

nions migrate inwards and control the corrosion mechanism. 

Generating more analytical data from low-tin archaeological 

ronzes will be useful to confirm and/or extend these existing clas- 

ifications, and to further understanding of corrosion mechanisms 

nd resulting formation of fine patinas. Because of the association 

f the word patina with what marks the original surface, this pa- 

er uses the word patina to refer to natural or artificial corrosion 

urfaces that preserve the marker of the original bronze surface 

nto which copper compounds are deposited as corrosion products 

rom interaction with soil elements during burial. Naturally formed 

rey/silver or black patinas on low-tin bronzes may cause interpre- 

ation problems when assessed in the field as silvery or bright to 

ark grey surfaces on archaeological bronzes can look deceptively 

imilar to corroded tin coatings [16] or silvering [17] . Understand- 

ng of what constitutes evidence of tinning on low-tin archaeologi- 
160 
al bronzes has been published [ 16 , 18 ] but more work is necessary

o investigate the visual impact of a corroded metallic coating or 

orrosion resulting from a coating of a dissimilar metal on a low- 

in bronze. 

aterials and methods 

This is part of a larger project involving the examination 

nd documentation of 154 helmets from (a) excavations includ- 

ng the sanctuary at Olympia by the German Archaeological In- 

titute, from Archaic period cemeteries held at the Archaeolog- 

cal Museum of Thessaloniki and helmets from the Archontiko 

emetery at Pella; (b) helmets from collections belonging to the 

shmolean, the Pitt Rivers, the Fitzwilliam and the National Mu- 

eum of Wales. Of those, 36 helmets were selected likely to 

e untreated and sampled from areas with undisturbed surfaces 

rom cleaning to permit investigation of their fine grey, black or 

ther corrosion surface and are presented in this study ( Table 1 ) 

ermission to study and sample the helmets was formally is- 

ued by the Ministry of Culture-Greece (Related permissions: 

��O/ �ϒNT/ �44/3650/72468; 3297/63795; 2054/142699; and 
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Table 2 

Characterisation of helmets/samples based on the abundance of azurite and/or malachite established by macroscopic qualitative observation. 

Helmet/ Sample Helmet side analysed Surface appearance Predominant deposit on helmet Patina colour on helmet Colours in Corrosion profiles 

OL27.1 Outer Group A Malachite - pustules Grey B/B 

OL31.1 Outer Group A Malachite - pustules Black B/B 

OL5.1 Outer Group A Malachite - pustules Black/grey B/B 

OL74.1 Outer Group B azurite / mal Black B/B 

OL75.2 Inner Group B azurite / mal Black B/B 

OL79.1 Inner Group B azurite / mal Black B/B 

OL79.1 Outer Group B azurite / mal Black B/B 

OL46.1 Outer Group B azurite / mal Soiled B/G 

OL73.1 Outer Group B azurite / mal Black/grey B/G 

OL75.2 Outer Group B azurite / mal Black B/G 

OL71.1 Inner Group C azu / mal Brown B/B 

OL49.1 Outer Group C azu - mal Brown B/G 

OL57.2 Outer Group C azu - mal Green B/G 

OL71.1 Outer Group C azu - mal Brown B/G 

OL9.2 Outer Group C azu - mal Green B/G 

OL9.2 Inner Group C azu / mal Green B/G 

OL4.2 Outer Group C azu - mal Green B/G 

OL50.1 Outer Group C azu - mal Brown B/G 

OL78.1 Outer Group C azu - mal Green B/G 

OL66.1 Outer Group C azu - mal Green B/R/G 

OL58.1 Outer Group D mal / azu Green B/R/G 

OL58.1 Inner Group D mal / azu Green B/R/G 

OL78.1 Inner Group D mal / azu Black B/R/O/Y/G 

PE1.1 Outer Group D mal / azu Grey B/R/O/Y/G 

PR1.1 Outer Group E Malachite Dark Green-Red B/R/G 

PR4.1 Outer Group E Malachite Dark Green-Red B/R/G 

AP4.2 Outer Group E Malachite Dark Green-Red B/R/O/Y/G 

AP5.1 Inner Group E Malachite Dark Green-Red B/R/O/Y/G 

AP4.2 Inner Group E Malachite Dark Green-Red B/R/O/Y/G 

AP5.1 Outer Group E Malachite Dark Green-Red B/R/O/Y/G 

OL21.1 Outer Group E Malachite Dark Green-Red B/R/O/Y/G 

OL21.1 Inner Group E Malachite Green B/R/O/Y/G 

OL41.1 Outer Group E Malachite Brown/Red B/R/O/Y/G 

OL44.1 Outer Group E Malachite Brown/Red B/R/O/Y/G 

OL53.1 Inner Group E Malachite Dark Green-Red B/R/O/Y/G 

OL53.1 Outer Group E Malachite Dark Green-Red B/R/O/Y/G 
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860/35872). Sampling of metal cross-sections was performed by 

he author (PM) using metal cutters; a small fragment was re- 

oved from each helmet were possible within the conservation 

uidelines. Selected corrosion powders were removed for further 

nvestigation in several areas of the helmets. 

The physical condition of the surface on the helmet samples 

as investigated using scanning electron microscopy (SEM) with 

ackscattered electron imaging (BSE) employed in top-view be- 

ore embedding the sample, and in cross-section of the embed- 

ed polished sample. Cross-sectional investigation of the surface of 

he samples was undertaken using SEM-BSE imaging, energy dis- 

ersive X-ray spectroscopy composition analyses (SEM-EDX), SEM- 

DX mapping and bright-field polarised microscopy (BFOM). These 

ethods were also used to investigate the manufacture and the 

omposition of the helmets, results of which are to be reported 

n detail elsewhere. Metallurgical evaluation was supported by 

acroscopic observations, x-radiography, and neutron diffraction 

exture analysis of selected helmets [19] . CuK α X-ray diffraction 

XRD) at the National Museum of Wales and synchrotron radia- 

ion X-ray diffraction (SR-XRD) at Daresbury Laboratory (SRS, Syn- 

hrotron Radiation Source UK) were used selectively [20] to char- 

cterise crystalline corrosion compounds on archaeological sam- 

les. 

The surface condition of all samples was evaluated and docu- 

ented prior to their analysis, using a Nikon SMZ10 0 0 TM stere- 

microscope fitted with a Nikon CoolPix 4500 TM camera. Samples 

ere mount in Struers Epofix TM epoxy resin, and their sections 

ere ground and polished using the Struers Labopol-5 TM with 

rogressively finer grit of silicon carbide papers (180- 40 0 0) and 

etadi TM diamond polishing pastes (3–1/4 μm). Non-aqueous me- 
161 
ia and white spirit were used for polishing all archaeological sam- 

les to prevent dissolution of water-soluble species such as chlo- 

ide from the corrosion layers. Polished blocks were kept in des- 

ccated storage prior to analysis. Samples were carbon coated for 

oth top-view before embedding in resin and cross-sectional SEM 

bservation using the Emitech K450 TM Carbon Coater with carbon 

bre strands. 

Compositional analysis employed a CamScan 2040 SEM (20 kV 

ith 120 × 96 μm spot area) with an Oxford Link Pentafet 5518 

ispersive X-ray spectrometer and the Isis 300 software, housed 

t the Conservation Section Laboratories at Cardiff University. The 

pectrometer’s super thin atmosphere window (ATW2) permits X- 

ay detection of light elements (Z > 4). Calibration involved pure 

lements, mineral and bronze standards (No. 4629, from Micro- 

nalysis Consult ant s Ltd). Oxygen calibration used wollastonite 

CaSiO 3 ) and showed 1.8% mean relative error of accuracy and 1% 

elative precision on the oxygen wt% measurements. All reported 

nalysis is the average of at least three area analysis of the same 

eature. Accuracy and precision were reduced when analysing cor- 

oded surfaces as micro-roughness is inevitably encountered after 

olishing due to hardness differences and some loss of material on 

he corrosion layers. 

X-ray diffraction (XRD) was undertaken using an XPERT-PRO 

ANalytical X-Ray diffractometer at the National Museum of Wales, 

ardiff. Selected flat samples were analysed in situ on a fixed stage 

ith divergent beam footprint of 10 0 or 20 0 mm 

2 for 20–60 min

cquisition time depending on the sample. Data was analysed with 

he X’Pert HighScore V2.1.2 software using the PDF-02 database, 

ith the 2005 Release ICDD library. A small number of samples 

as analysed using Synchrotron-XRD at Daresbury SRS Facility UK 
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Fig. 2. Selected SEM-BSE images of the surface of helmet samples showing polishing marks preserved in the smooth patina marking the original surface layer (MOS) [OL79.1, 

OL74.1]. OL9.2 shows top-view SEM-BSE and characteristic morphology of corrosion deposits - flat layer of fibrous corrosion situated between a flat compact corrosion layer 

and porous MOS that resembles the fibrous nature of the deposit. OL69.1: SEI detail of ‘sea urchin’ like corrosion deposit. The scale is 50 μm at X500 and 20 μm at x10 0 0 

magnification. 
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sing reflection geometry at beamline 10.1 and in transmission ge- 

metry at beamline 14.1 [20] . 

esults 

acroscopic surface characterisation of the helmets 

The fineness and colour of the surface of the helmets and sam- 

les was characterised using simple qualitative criteria. Although 

isual observation and colour assessment is subjective, its use 

ere makes the results more relevant to common practice in the 

eld. The helmets were grouped based on the prevalent colour of 

heir corrosion deposits and the colour of the exposed underlying 

ne corrosion layer (patina) if present ( Fig. 1 ; Table 2 ). Helmets

n Group A exhibit localised voluminous malachite pustules (con- 

rmed with XRD) with areas of smooth grey or black patina. Hel- 

ets OL5 and OL31 from this group have azurite deposits (con- 

rmed with XRD) on their inner sides. The characteristic malachite 

orphology is used to group these helmets. Group B comprises 

elmets with predominantly azurite deposits and a fine black or 

rey patina, which is largely free of deposits on several of the hel- 

ets. Group C is formed from helmets that are largely covered by 

zurite and malachite deposits with a brown or green patina. In 

roup D helmets, malachite is more abundant relative to azurite 

nd the patina appears dark-green or brown with areas of a red 

urface exposed. Group E helmets have areas of exposed dark or 

ed patinas covered by malachite (confirmed with XRD), which is 

n mostly voluminous (e.g. PE4, AP4, AP5, PR1). 

This basic, preliminary, macroscopic assessment shows that a 

ner patina is more frequently observed on helmets where blue 
162 
eposits predominate. The exposed patina is finer in these groups 

nd, in several cases, the patina appears black or grey (Group B). 

hen the deposits of malachite (confirmed with XRD) are more 

revalent on a helmet, the underlying patina appears brown to 

ark red in colour, indicating that the underlying layer contains 

uprite (Group E) ( Table 2 ). These observations form the hypoth- 

sis that fine black or grey and red/brown patinas are related to 

ifferent burial corrosion processes favouring the formation of azu- 

ite or malachite deposits. In general, red patinas are encountered 

ith malachite deposits and black or grey patinas are predomi- 

antly found in the presence of azurite. 

-Ray diffraction of crystalline surface corrosion products 

Fifteen samples of representative crystalline corrosion deposits 

n the form of powders or in situ directly on the sample surface) 

ere analysed using CuK α XRD or SR-XRD to characterise them. 

nalysis confirmed that the blue deposit found on several sam- 

les is azurite and the dark green/green deposit is malachite, con- 

rming earlier visual identification of these products. Analysis from 

he surface of selected samples confirmed the presence of cuprite 

dark red / brown patine). 

Of particular interest are helmets OL79, PE1 and OL74 ( Fig. 1 , 

upplementary material), because of their fine smooth dark 

rey/black, grey and dark green patina, respectively. SR-X ray 

iffraction analysis in reflection geometry on the surface of frag- 

ents from these helmets shows that the patinas of OL79 and PE1 

re composed predominantly of azurite and for OL74 both mala- 

hite and azurite. Silica is present on OL74 and OL79 in a small 

mount and cuprite is detected on PE1. Cassiterite or other crys- 
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Fig. 3. BFOM, SEM-BSE image and EDX maps of OK α, SnL α and CuK α, showing 

‘sea-urchin’ shaped spiky malachite crystals elongating from a spiky cuprite layer. 

The key notes x-ray counts for CuK α. Sample OL78.1 inner helmet side. 
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alline tin-oxide was not detected using this methodology ( Fig. 1 , 

upplementary material). 

EM-BSE imaging of the surface (top-view) of the samples 

SEM-BSE examination of the surface of un-mounted samples 

ecorded the smooth corroded surface (patina) preserved on the 

ajority of the samples. A smooth but often cracked patina pre- 

erves polishing marks and it forms the marker of the original sur- 

ace, which is visible when it is free of corrosion deposits ( Fig. 2 ).

n one case (OL74.1), polishing marks that were preserved on the 

atina were imprinted on the underside surface of a flaked off

ayer of azurite (confirmed by SR-XRD). This suggests that these 

brasions are evidence of polishing in antiquity, rather than a post 

xcavation ‘cleaning’ process. BSE observation at high magnifica- 

ions determined that 12 helmets retained evidence of polishing 

arks on the marker layer for the original surface (MOS). For 11 

f the helmets overlying corrosion deposits obstructed close obser- 

ation of their surface. Polishing marks are detected mainly on the 

urface of samples from helmets in Group A and B either because 

hey are relatively free of corrosion deposits or deposits only cover 

hem locally. 

Fig. 2 shows additional morphological examples of corrosion 

eposits covering the surface. OL9.2 has a layered corrosion de- 

osit, where a flat and compact outer layer overlays a fibrous cor- 

osion deposit. Thicker corrosion deposits composed of several lay- 

rs predominate on samples from Group E and a smooth marker 

f the original surface is not visible, being either obscured by this 

orrosion deposit or absent beneath it (OL69.1). The exterior layers 

f these deposits often have a spiky ‘sea-urchin’ like appearance 

t high magnification ( Fig. 3 ). Elemental analysis of cross sections 

evealed copper and oxygen concentrations to be high in these ar- 
163 
as and combined with its green colouration it was thought to be 

alachite with a base of cuprite (OL78.1, Fig. 3 ). 

EM-BSE and BFOM imaging of the cross-sectioned samples 

The corrosion profile of the zone below the marker of original 

urface (MOS) was characterised based on the number of corrosion 

ones within the corrosion profile and the presence or absence 

f an inner cuprite zone at the patina/bronze interface. With the 

xception of two samples that have a single fine corrosion layer 

Corrosion Profile 1, Fig. 4 ), cross-sections exhibit two corrosion 

ones below the marker of the original surface. Several of the sam- 

les with two corrosion zones exhibit a characteristic cuprite red 

nd/or orange/yellow inner corrosion zone visible in Bright Field 

olarised Microscopy, the lower limit of which interfaces with the 

ronze (Corrosion Profile 4, Fig. 4 ). The colour of the outer corro- 

ion zone, the upper limit of which is the MOS, varies from light to 

ark green in these samples. Several samples that do not have an 

nner red/yellow zone (Corrosion Profile 2, Fig. 4 ) have a fibrous 

icrostructure or an unusual chemical distribution of major ele- 

ents seen in SEM-EDX maps. A small number of samples exhibit 

ifferent characteristics when comparing the inner and outer side 

f the helmet. 

The corrosion profiles in the samples are characterised by the 

ollowing description: 

• Corrosion Profile 1: includes samples that exhibit a single, rel- 

atively uniform corrosion zone between the marker of original 

surface (MOS) and the bronze metal. 
• Corrosion Profile 2: includes samples that exhibit two cor- 

rosion zones (outer and inner) and are free of cuprite or 

orange/yellow compounds at the inner corrosion zone. This 

group includes samples with characteristic fibrous microstruc- 

ture mainly present at the inner zone. The outer part of the 

patina is black, blue or light green/blue in colour and it is not 

covered extensively by deposits. 
• Corrosion Profile 3: includes samples that do not exhibit a fi- 

brous microstructure, similar in cases to Piccardo’s ‘tentacle- 

like’ corrosion features [21] , although some samples have inter- 

granular corrosion filaments in the bronze and are covered ex- 

tensively by corrosion deposits; they can have localised patches 

of cuprite-red or a thin inner zone of red, orange/yellow in- 

ner compounds with no evidence of preserved slip lines in this 

zone. 
• Corrosion Profile 4: includes samples with a cuprite layer 

present at the inner corrosion zone. This group includes sam- 

ples with a thick distinctive cuprite or orange/yellow inner 

zone, which preserves extensive evidence of preserved slip lines 

in this zone. 

Samples in Corrosion Profile 4 exhibit fine straight lines that 

re either parallel or cross each other in batches, with each batch 

eeming to have a different orientation ( Fig. 5 ). These lines resem- 

le slip lines observed in work-hardened α-bronze grains seen in 

he metallic bronze. This indicates cuprite can preserve the met- 

llographic structure of the bronze in the form of pseudomorphs, 

hich must occur via an in-situ corrosion diffusion mechanism. 

haracteristically, this evidence of strain stops at the inner/outer 

orrosion zone interface where a green corrosion zone starts as an 

uter layer. A schematic of profiles 3 and 4 is shown in Fig. 2 -

upplementary material. 

EM-EDX composition of the core metal 

SEM-EDX composition analysis of the core metal of the sam- 

les showed that they are made of low tin with concentrations be- 

ween c. 5 and 14 wt% (wt%) Sn ( ± 0.1 to 0.4 Standard Deviation). 
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Fig. 4. Images of polished cross-sectioned samples showing characteristic corrosion profiles, with or without corrosion deposits on the corroded surface. Left column: BFOM 

Images. Right column: SEM-BSE Images of the same sample. 
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he samples are homogenised α-bronzes produced by hammering; 

he presence of twinned grains and the reduced grain-size is clear 

vidence that the helmets were exposed to cycles of cold work- 

ng and annealing. Reduction in grain size and thickness by cold 

orking increases the tensile strength of a given solid solution in a 
164 
eproducible quantitative manner [22] (p. 66). Extensive hammer- 

ng can also result in banding of alloying elements, which in turn 

ould affect corrosion of the core, and likely the surface corrosion 

nd appearance of an object. Intensive hammering may explain the 

referential banded tin depletion and corrosion observed in some 
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Fig. 5. BFOM images showing cuprite and/or orange yellow compounds forming an inner corrosion zone. OL69.1: detail showing fine straight line pseudomorphs of slip 

lines. OL53.1: slightly etched polished section showing slip lines in the strained work-hardened α-bronze grains continuing into the cuprite zone. OL21.1 and OL41.1: detail 

showing cuprite slip line pseudomorphs changing into orange/yellow colour as they elongate into the green/blue outer corrosion zone where they are no longer visible in 

BFOM images. 
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amples. This agrees with a previously published sample from a 

0 wt% Sn Greek bronze shield (5th c. BC), which exhibits banding 

nterpreted to be due to intensive hammering and which in turn 

esulted in the fine white/grey cassiterite layer present on the sur- 

ace [23] . XRD did not confirm the presence of cassiterite on any 

f the samples, here. 

EM-EDX composition analysis of corrosion layers in cross-sections 

Table 3 records SEM-EDX wt% composition analysis averaged 

rom at least 3 area/spot analysis on each feature of interest in the 

ross section of each helmet sample. Data shows that the compo- 

ition of the outer part in the patina is richer in Sn compared to 

he inner zone. Loss of Cu is related to the uptake of O; Total Soil

lements (TSE) tend to appear elevated with elevated Sn concen- 

ration at the outer surface. The number of elements that are in- 

orporated from the soil such as Si, P, Fe, Al, Cr are expected to be

roportional to the decuprification and the dissolution of copper 

s evident by the uptake of the amount of oxygen, where low Cu 

oincides with high O and vice versa ( Fig. 3 , supplementary mate- 

ial). The Sn-enrichment observed in the outer corrosion zone due 

o the dissolution of copper is related to the original Sn concen- 

ration of the low-Sn bronze alloy ( Fig. 3 , supplementary material). 

he colour of the patina is influenced by the amount of soil ele- 

ents present, as the black/grey patinas have the highest amounts 

f silica ( Fig. 4 , supplementary material). 

Plotting the Cu, Sn, O Atomic% (at%) normalised concentration 

n a ternary diagram ( Fig. 6 ) shows that data from inner cuprite

ones from samples grouped in CP3 and CP4 are on a distinct area 

f the ternary diagram. Data from copper carbonate deposits are 

lso shown. The positions of tin oxides are plotted for reference. 
165 
amples that cluster at the area with higher Sn concentrations are 

isible as fine black, black/grey patinas. 

iscussion 

Results show that samples have: 

(a) fine black or grey smooth patinas often with a fibrous mi- 

rostructure associated with azurite; 

(b) smooth patinas with an inner cuprite/cuprite rich zone, 

hich appear red/brown macroscopically often associated with 

he predominant presence of malachite although azurite can be 

resent on the helmet; 

(c) patinas with a broadly defined but uneven marker of the 

riginal surface that is extensively covered by malachite. 

Malachite and azurite develop under different burial conditions, 

epending on the amount of dissolved CO 2 , pH, temperature, dis- 

olved ions amongst other factors [24] . Although the burial condi- 

ions of the helmets are unknown, data indicate that the corrosion 

rofile of patinas is linked to the abundance of azurite or mala- 

hite deposited on their surface. Helmets covered predominantly 

y azurite exhibit black or silver/grey patinas, while those covered 

y malachite have a red/green patina. 

Smooth black/grey or red/brown patinas on helmet samples are 

ich in oxygen and exhibit higher tin-concentration in the outer 

one compared to their lower-tin inner zones. Samples with an un- 

ven MOS have a lower tin-concentration in their outer corrosion 

one, and when plotted on the Cu-Sn-O Atomic% ternary diagram 

heir composition is located towards that of copper carbonates in 

he plot ( Fig. 6 ). The inner corrosion zone at the interface with the

emaining metallic bronze can contain lower tin-concentration or 

o detectable tin at the areas of cuprite-red. Cuprite was detected 

n samples of this group (e.g. OL53, OL69). The orange/yellow fea- 
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Table 3 

SEM-EDX weight% composition normalised on the analysed elements; data is of corrosion features in the corrosion profiles. 

Helmet Sample Analyses code Helmet side analysed Corrosion zone O Al Si P S Cl Ca Cr Fe Cu Zn Sn 

AP4.2 AP4.2_L2O Inner Outer 21.5 0.0 0.6 3.3 0.1 0.1 1.7 0.0 0.4 52.4 0.0 20.1 

AP4.2_LI Outer Inner 17.3 0.0 0.3 0.0 0.5 1.1 0.1 0.0 0.1 68.5 0.0 12.2 

AP4.2_LO Outer Outer 34.0 0.0 0.7 0.2 0.2 0.1 0.4 0.0 0.2 48.7 0.0 15.5 

AP5.1 AP5.1_L2I Inner Inner 16.8 0.0 0.3 0.2 0.7 0.9 0.1 0.0 0.2 68.3 0.0 12.4 

AP5.1_L2O Inner Outer 36.2 0.0 1.1 1.6 0.3 0.2 0.7 0.0 0.2 43.2 0.1 16.5 

AP5.1_LI Outer Inner 34.7 0.0 0.6 5.1 0.3 1.1 1.3 0.0 0.3 40.4 0.1 16.1 

AP5.1_LO Outer Outer 30.7 0.0 0.6 5.9 0.2 1.4 2.1 0.0 0.3 32.6 0.0 26.0 

OL13.1 OL13.1_LO Outer Outermost 26.4 0.1 2.2 0.6 0.0 0.0 0.7 0.1 1.2 25.6 0.1 43.0 

OL21.1 OL21.1_L2O Inner Outer 32.0 0.1 4.2 0.1 0.3 0.0 0.7 0.0 0.4 16.4 0.1 45.5 

OL21.1_LI Outer Inner 36.1 0.0 3.6 0.2 0.2 0.3 0.5 0.0 0.4 23.8 0.0 34.8 

OL21.1_LO Outer Outer 31.6 0.1 4.0 0.1 0.3 0.1 0.7 0.0 0.4 15.0 0.0 47.5 

OL27.1 OL27.1_L2O Outer Outermost 30.1 0.1 2.8 1.2 0.1 0.2 1.2 0.0 0.6 20.4 0.0 43.3 

OL27.1_LO Outer Outer 30.8 0.0 1.7 1.4 0.0 0.0 1.0 0.1 0.6 22.5 0.1 41.6 

OL31.1 OL31.1_LO Outer Outer 33.2 0.1 1.8 4.6 0.1 0.1 3.0 0.1 4.5 16.0 0.1 36.4 

OL4.2 OL4.2_LD Outer Deposit 33.7 0.1 0.1 0.2 0.0 0.1 0.1 0.0 0.1 65.5 0.0 0.2 

OL4.2_LO Outer Outer 27.4 0.1 1.5 0.4 0.1 0.1 0.4 0.0 0.9 30.6 0.1 38.5 

OL41.1 OL41.1_LI Outer Inner 31.4 0.0 1.7 0.6 0.1 0.1 0.3 0.0 0.6 36.6 0.1 28.4 

OL41.1_LO Outer Outer 34.6 0.2 2.5 0.5 0.2 0.1 0.8 0.1 1.8 18.8 0.1 40.5 

OL44.1 OL44.1_LI Outer Inner 18.1 0.0 0.6 0.0 0.1 0.1 0.2 0.1 0.3 66.2 0.0 14.3 

OL44.1_LO Outer Outer 32.7 0.1 3.2 0.3 0.1 0.0 1.1 0.4 0.7 14.9 0.0 46.6 

OL46.1 OL46.1_LD_1 Inner Deposit 31.7 0.3 0.8 0.2 0.0 0.0 0.6 0.0 0.3 66.1 0.1 0.0 

OL46.1_LI Outer Inner 39.0 0.1 3.2 1.6 0.2 0.1 0.9 0.3 0.6 22.5 0.0 31.6 

OL46.1_LO Outer Outer 33.9 0.1 3.2 1.1 0.7 0.1 0.8 0.5 0.9 15.0 0.3 43.5 

OL49.1 OL49.1_LO Outer Outer 32.4 0.0 3.8 0.1 0.1 0.1 0.7 1.5 0.8 11.8 0.0 49.1 

OL5.1 OL5.1_LI Outer Inner 32.9 0.1 2.7 0.2 0.1 0.1 0.7 0.1 0.5 20.8 1.9 40.0 

OL5.1_LO Outer Outer 28.0 0.2 4.0 0.3 0.2 0.1 1.1 0.3 0.6 15.8 3.7 45.9 

OL50.1 OL50.1_LD Outer Deposit 37.7 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.5 61.2 0.1 0.2 

OL50.1_LI Outer Inner 21.9 0.0 2.5 0.2 0.5 0.1 1.1 0.3 0.8 39.5 0.0 33.1 

OL50.1_LO Outer Outer 33.6 0.0 2.5 0.2 0.2 0.1 0.4 0.0 1.6 34.3 0.0 27.0 

OL53.1 OL53.1_L2O Inner Outer 36.5 0.0 3.9 1.2 0.0 0.0 1.2 0.5 1.1 19.6 0.0 36.0 

OL53.1_LI Outer Inner 30.5 0.0 1.5 0.7 0.1 0.1 0.6 0.0 2.1 29.2 0.1 35.2 

OL53.1_LO Outer Outer 31.0 0.0 3.5 1.2 0.2 0.1 1.3 0.7 1.2 20.4 0.0 40.4 

OL57.2 OL57.2_LI Outer Inner 30.0 0.0 2.7 1.5 0.0 0.3 1.2 0.8 1.2 23.4 0.1 38.8 

OL57.2_LO Outer Outer 32.5 0.2 4.0 1.9 0.2 0.1 1.6 0.6 2.1 14.5 0.1 42.3 

OL58.1 OL58.1_L2O Inner Outer 34.2 0.0 0.8 1.0 0.1 0.0 0.5 0.0 0.2 36.2 0.3 26.6 

OL58.1_L2Ob Outer Outermost 34.1 0.0 0.1 0.8 0.0 0.1 0.2 0.3 0.9 39.7 0.2 23.5 

OL58.1_LO Outer Outer 33.9 0.0 0.4 0.8 0.8 0.0 0.3 0.0 0.2 40.1 0.1 23.4 

OL66.1 OL66.1_LO Outer Outer 31.1 0.0 1.4 1.3 0.0 0.0 0.8 0.0 0.8 40.1 0.0 24.5 

OL70.1 OL70.1_LD Outer Deposit 34.5 0.1 0.4 0.1 0.0 0.0 0.3 0.0 0.1 62.9 0.0 1.5 

OL71.1 OL71.1_L2O Inner Outer 19.6 0.2 2.1 0.0 0.1 0.0 1.0 0.8 0.5 33.3 0.1 42.3 

OL71.1_LI Outer Inner 36.1 0.1 3.4 0.0 0.1 0.1 0.8 0.8 0.1 19.7 0.0 38.8 

OL71.1_LO Outer Outer 34.7 0.2 4.5 0.1 0.2 0.1 1.2 1.7 0.1 10.3 0.0 47.0 

OL73.1 OL73.1_LO Outer Outer 30.2 0.1 3.5 0.0 0.1 0.0 0.6 0.8 0.6 17.0 0.0 47.0 

OL74.1 OL74.1_cpd Inner Deposit 35.3 0.3 0.9 0.1 0.0 0.1 0.3 0.0 0.2 62.5 0.1 0.1 

OL74.1_L-band Inner Outermost 25.6 0.1 3.7 0.3 0.1 0.1 1.0 0.3 0.4 21.4 0.0 47.2 

OL74.1_LO Outer Outer 34.7 0.1 3.9 0.1 0.1 0.1 0.9 0.5 0.5 14.9 0.0 44.3 

OL75.2 OL75.2_L2O Inner Outer 27.2 0.1 3.2 0.2 0.0 0.1 1.0 0.1 2.1 16.0 0.1 49.9 

OL75.2_LO Outer Outer 36.9 0.1 4.0 0.1 0.1 0.1 1.1 1.5 0.3 11.2 0.0 44.6 

OL78.1 OL78.1_L2O Outer Outer 33.8 0.3 2.5 0.9 0.1 0.1 1.1 1.3 1.5 13.6 0.1 44.6 

OL78.1_LI Inner Inner 21.8 0.1 0.5 0.0 0.0 0.3 0.2 0.0 0.2 53.1 0.0 23.7 

OL78.1_LO Inner Outer 32.5 0.1 1.1 0.3 0.1 0.2 0.4 0.0 1.6 30.9 0.0 32.8 

OL79.1 OL79.1_L2O Inner Outer 33.3 0.1 2.7 0.5 0.1 0.0 1.0 0.3 1.7 20.6 0.1 39.6 

OL79.1_LI Outer Inner 32.8 0.1 3.1 0.7 0.0 0.0 1.3 0.7 1.8 16.5 0.0 42.9 

OL79.1_LO Outer Outer 31.0 0.1 3.8 0.9 0.0 0.0 1.9 0.7 2.5 13.2 0.0 45.7 

OL9.2 OL9.2_L2O Inner Outer 34.4 0.3 4.7 0.1 0.2 0.0 1.2 1.1 1.0 8.8 0.1 48.1 

OL9.2_LO Outer Outer 32.7 0.3 4.3 0.1 0.3 0.1 1.3 0.8 1.0 9.7 0.0 49.4 

PE1.1 PE1.1_LI Outer Inner 20.1 0.0 0.8 0.4 0.1 0.2 0.1 0.0 0.1 55.8 0.0 22.3 

PE1.1_LO Outer Outer 29.4 0.1 0.7 0.1 0.2 0.0 0.3 0.0 0.2 24.3 0.1 44.7 

PE1.2 PE1.2_LI Outer Inner 24.3 0.0 1.8 0.4 0.1 0.1 0.3 0.0 0.2 44.6 0.1 28.2 

PR1.1 PR1.1_LO Outer Outer 31.5 0.0 1.2 0.9 0.6 2.0 1.1 0.0 0.2 34.0 0.3 28.2 

PR4.1 PR4.1_LO Outer Outer 25.4 0.1 1.1 0.6 0.2 0.4 0.6 0.0 2.8 37.6 0.0 31.4 
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ures contain tin, have lower oxygen and increased copper con- 

entrations relative to the bulk of the patina ( Fig. 6 ). Published 

nalysis reports that orange/yellow corrosion sites are a mixture 

f cuprite and hydrated SnO 2 oxides [9] . 

During oxidation, once the first corrosion layers form at an 

tomic scale, oxide film growth occurs via transport of metal 

ations or oxide anions (or both) through the oxide layer until a 

teady state is reached [25] . The ionic and electronic properties of 

he corrosion film are important because [26] formation of noble 

atinas is related to movement of oxygen anions through the cor- 
166 
osion zone [27] . The point defect model for steady state growth 

f passive corrosion films explains that migration of ions during 

queous corrosion occurs via the migration of anion and cation va- 

ancies in the growing oxide crystal lattice in contact with a solu- 

ion [28] , assuming that the oxide film is crystalline but contains 

rystal point defects. Where the concentration of point defects is 

arge enough, the film may be regarded as amorphous [29] . More 

nalysis is necessary to confirm this hypothesis . In the case of in- 

ard corrosion growth, corrosion is controlled by the availability 

f anion vacancies in the corrosion film [30] . 
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Fig. 6. Cu-Sn-O at% composition ternary plot showing the relationships between Cu, Sn, and O of the outer and inner corrosion zones in the corrosion profiles for samples 

in all groups. Data is averaged of 3 analysis spots per sample and per area analysed. Data from cuprite and copper carbonate deposits are also shown. The positions of tin 

and copper oxides and copper carbonates are plotted for reference. 
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ine grey/black patinas associated with azurite 

In the case of fine black or grey smooth patinas (described in 

a) above), it is likely that oxidation of Sn to Sn(II) oxide takes 

lace early in the corrosion process at a lower potential than the 

xidation of Cu [ 31 , 32 ] and is followed by the formation of a Cu(I)

xide rich phase and Cu(II) species; then Sn-enrichment occurs in 

he outer corrosion layer because of the dissolution and relative 

oss of copper compared to tin, which remains in the patina due 

o the low solubility and high stability of tin species [ 27 , 32 ]. Pub-

ished analysis shows that the outer part of the patina is com- 

osed of a mixture of Cu 

2 + compounds and sparingly crystalline 

nO 2 .2H 2 O [9] . Crystalline Sn-compounds were not detected on the 

amples during this work. It is reported that the low solubility of 

nO 2 .2H 2 O against a wide range of pH conditions, results in the 

ormation of a physical and chemical barrier against the corrosive 

nvironment encouraging negligible rates of corrosion [ 33 , 34 ]. 

According to the equilibrium Eh-pH diagram of the Cu-CO 2 -H 2 O 

ystem, azurite is stable at acidic to neutral pH and to higher con- 

entrations of dissolved carbonate [24] . During corrosion, the for- 

ation of corrosion products releases hydrogen ions into the solu- 

ion decreasing local pH [35] . Assuming that the system behaves 

ocally as a closed system, the form of carbonate in water de- 

ends on pH [36] (p. 37). Dissolved carbonate must exist chiefly as 

CO 

−
3 n intermediate pH range and as CO 

2 −
3 n basic solutions [35] . 

ow pH favours the presence of H 2 CO 3, which continuously pro- 

ides hydrogen ions in the water. Increased availability of hydrogen 

ons, due to the increased dissolved carbonate in acidic conditions 

nhances the uptake of oxygen and metal dissolution. This is be- 

ause the system provides H 

+ to assist the cathodic half reaction 

37] , which occurs when pH is sufficiently low. In turn, this induces 

 reduction in the amount of dissolved oxygen due to oxygen con- 

umption by copper corrosion [36] . 

ine red/brown patinas associated with malachite deposits 

It is characteristic to this group (c) that in the presence of 

uprite at the inner zone slip lines are preserved as pseudomorphic 

etallurgical evidence of the bronze microstructure due to exten- 

ive cold working. On the contrary, samples in (b) which includes 
167 
amples with smooth patinas and with an inner cuprite/cuprite 

ich zone, they do not show evidence of slip lines and are covered 

ocaly by either malachite or azurite. Recent works have shown 

hat the copper crystal orientation may impact the nature of the 

uprite layer that is formed, producing epitactic relationships to 

he underlying copper that maintains defined crystallographic ori- 

ntations [38] . It may be that the copper-crystal orientation pro- 

uced by manufacturing influences the formation of a stable epi- 

actic cuprite inner layer by favouring in situ oxidation of copper. 

t is thus likely that the extensive hammering of the helmets is 

nfluencing the development of smooth patinas. 

Inner zones where cuprite is present do not contain any de- 

ectable Sn, unlike the orange/yellow compounds which contain 

n, Cu and O evidenced by the SEM-EDX data. It may be that 

rowth of the cuprite zone was slow and the Eh/pH local condi- 

ions favoured dissolution of Sn and transport of Sn ions from the 

ayer. Migration of Sn and Cu species from the inner zone would 

epend also on kinetic factors and the conductive properties of 

uprite, which is pH dependent and at pH about 4 it shows an 

mphoteric acceptor/donor relationship [39] . 

oil elements 

The majority of the samples which exhibit a fine black/grey 

atina is associated with the presence of azurite deposit and they 

ave high contents of Sn/Cu, O as well as soil elements (TSE) es- 

ecially Si and Cr ( Tables 2 and 3 ). Chromate ions act as oxidis-

ng agents or a source of insoluble films by formation of Cr 2 O 3 

40] . A crystalline chromium-based compound was not identified 

n the helmet samples using diffraction methods, but analyses 

howed that measurable Cr-concentrations appear in the corrosion 

rofiles at advanced Cu-dissolution levels. Early literature reports 

hat potassium chromate was used as a corrosion inhibitor to pre- 

ent the corrosion of iron in an aqueous medium during wash- 

ng processes requiring long periods of soaking [41] . However, it 

s unlikely that the chromate in this case is a residue of a past 

onservation treatment because the samples were selected from 

ndisturbed areas of helmets. Literature shows that chromates in 

he aqueous environment accelerate the cathodic reaction of sev- 

ral metals in acidic conditions or act as a corrosion inhibitor if 
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he potential is raised to the passive regime [40] . Acceleration of 

he cathodic half reaction at an early point could have led to the 

aster dissolution of Cu from the bronze helmet samples leaving in 

lace a Sn-rich patina. This could have slowed down the growth or 

he presence of an inner cuprite zone. 

Chromium is rarely reported on archaeological patinas. Its pres- 

nce has been associated with black patinas on Chinese bronzes 

ut its existence due to intentional surface treatment is debated. In 

ddition, the actual role of soil elements and their threshold con- 

entrations in the development of coloured smooth patinas is not 

lear, especially with regards to the silver/grey and black patinas. 

or instance, it was suggested that the presence of 2wt% chromium 

ound in the patina of a c. 12 wt% Sn (with c. 2 wt% Pb) Chinese

ronze spearhead was responsible for its smooth black patina and 

orrosion resistant properties [42] . X-ray Diffraction confirmed the 

resence of CrO 2 and SnO on that object. This was attributed to in- 

entional patination, although other small finds with similar patina 

ound in the same burial context did not contain such a signifi- 

ant amount of chromium (0.2 wt%) [42] , leading Meeks [43] to 

ispute the hypothesis of intentional patination of these Chinese 

ronzes, attributing the presence of the black surface to corrosion 

henomena. More recent work offers further evidence for the non- 

ntentional presence of chromium on Chinese bronzes [44] . 

Chromium exists in the environment in the trivalent Cr III or 

exavalent Cr VI form and its natural source are chromite miner- 

ls (FeCr 2 O 4 ). Relatively high levels of Cr often occur naturally 

n Greek waters due to their passage through chromite deposits 

45] that occur widely in Greece. Occurrences include at Domokos, 

ourino at Volos [46] :315, Rodiani [47] :98, Pindos mountains [48] , 

avdos at Chalkidiki [49] , Peloponnesus and the Aegean islands 

45] . Despite lack of geochemical information from Olympia, where 

he majority of the helmets were unearthed, Peloponnesus has 

imilar geology with the mainland Greece and it would be ex- 

ected that chromite minerals be encountered there too. A chem- 

cal study of bones from the nearby Hellenistic site of Asine, 

howed that they had substantial concentrations of Cr, which was 

ttributed to contamination from the soil [50] . 

Cr III compounds are highly insoluble but they can oxidize to 

ighly soluble Cr VI depending on surrounding ions [51] and the 

H of the solution [52] . Adsorption of C rO 

2 −
4 increases in acidic 

onditions on compounds with exposed hydroxyl groups on their 

urfaces, due to protonation of any hydroxyl compounds and 

ecause adsorption is favored by positively charged surfaces at 

ow to neutral pH [53] (p. 316). There is plenty of opportunity 

or the chromate ion to be adsorbed into the corrosion patina 

n the burial environment during corrosion. The formation of a 

etastable Cu(OH) 2 , the role of which is unclear for the Cu 2 O for-

ation, could offer opportunity for chromate adsorption onto OH 

−

lready in the corrosion profile. Analysis showed that measurable 

r with our set-up occurs in samples with Si content greater than 

bout 3 Atomic %. Silicon has high solubility in the aqueous en- 

ironment and high affinity for oxygen in acidic pH. It is possible 

hat at an early stage, Si 4 + was adsorbed onto OH 

− or O 

− present 

n the corrosion film, in turn facilitating adsorption of the chro- 

ate ion as a next step. Si-content is elevated at smooth grey cor- 

osion patinas which in turn is associated with azurite. The role of 

ilicon on the development of stable corrosion films requires fur- 

her investigation. 

onclusions 

Analysis results support and expand current understanding of 

orrosion mechanisms on low-tin archaeological bronzes. The pres- 

nce of fibrous or ‘tentacle-like’ corrosion feature confirms previ- 

usly reported hypothesis for the complexity of corrosion in the 

urial [21] . Corrosion profiles that form smooth patinas which pre- 
168 
erve polishing marks and act as a marker of the original surface 

an be developed due to the inward migration of oxygen ions and 

he in-situ oxidation of tin or of copper (in the case where cuprite 

s formed at the inner zone). The growth of an inner cuprite zone 

s related to the availability of oxygen and the pH of the solu- 

ion, as seen in equilibrium Eh/pH diagrams for the Cu-CO 2 -H 2 O 

ystem, with prevailing corrosion mechanisms explaining the for- 

ation of azurite or malachite deposits. Kinetics would be impor- 

ant for this, and the role of the Si 4+ to the development of stable

atinas requires further investigation. The occurrence of epitactic 

rowth of cuprite and the pseudomorphic preservation of slip lines 

ikely indicates a role for the manufacturing method in the corro- 

ion mechanisms of archaeological bronzes. Further investigation 

s necessary to elucidate the role of soil elements in the formation 

nd appearance of patinas, with silica seemingly playing an impor- 

ant role. 
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M ουσείου K υκλαδικής T ́ε χνης ., N.P. Goulandris Museum, Athens, 2006: 
pp. 227–236. 

[8] L. Robbiola, J.M. Blengino, C. Fiaud, Morphology and mechanisms of formation 
of natural patinas on archaeological Cu-Sn alloys, Corros. Sci. 40 (1998) 2083–

2111, doi: 10.1016/S0010- 938X(98)00096- 1 . 
[9] P. Piccardo , B. Mille , L. Robbiola , Tin and copper oxides in corroded archaeo-

logical bronzes, in: P. Dillmann, G. Beranger, P. Piccardo, H. Matthiesen (Eds.), 

Corrosion of Metallic Heritage Artefacts - Investigation, Conservation and Pre- 
diction for Long-Term Behaviour, Woodhead Publishing for the European Fed- 

eration of Corrosion and The Institute of Materials, Minerals and Mining, Cam- 
bridge, 2007, pp. 239–262 . 

[10] L. Robbiola , T.T.M. Tran , P. Dubot , O. Majerus , K. Rahmouni , Characterisation of
anodic layers on Cu–10Sn bronze (RDE) in aerated NaCl solution, Corros. Sci. 

50 (2008) 2205–2215 . 

[11] L. Robbiola, D. Vilbert, T. Lejars, D. Bourgarit, B. Mille, Characterisation of 
a buried archaeological bronze from the Celtic tomb No. 1002 of La Fosse 

Cotheret (Roissy-En-France)., in: Metal 2001. ICOM Committee for Conserva- 
tion, Metals Working Group, James & James, London, 2001: pp. 237–242. 

[12] T. Weisser , D. Leigh , The De-alloying of copper alloys, in: Conservation in Ar-
chaeology and the Applied Arts, IIC, London, 1975, pp. 207–214. IIC Congress, 

Stockholm . 

[13] W.A. Oddy , N.D. Meeks , Unusual phenomena in the corrosion of ancient 
bronzes, in: N.S. Brommelle, G. Thomson (Eds.), Science and Technology in 

the Service of Conservation, Preprints of the Contributions to the Washington 
Congress, IIC, London, 1982, pp. 119–124. 3-9 September 1982 . 

[14] S. Turgoose , R.C. Janaway , B. Scott , Corrosion and structure: modelling the
preservation mechanisms, in: Evidence Preserved in Corrosion Products: New 

Fields in Artifact Studies, UKIC, Leeds, 1983, p. 1989. Proceedings of a Joint 

Conference Between UKIC Archaeology Section and the Council for British Ar- 
chaeology Science Committee . 

[15] D.A. Scott, Copper and Bronze in Art: Corrosion, Colorants, Conservation, 
Getty Conservation Institute, L.A., 2002 https://www.getty.edu/conservation/ 

publications _ resources/books/copper _ bronze _ in _ art.html . 
[16] N.D. Meeks, Tin-rich surfaces on bronze - some experimental and archaeolog- 

ical considerations, Archaeometry 28 (1986) 133–162, doi: 10.1111/j.1475-4754. 

1986.tb00383.x . 
[17] S. La Niece, Silvering , P.T. Craddock , S. La Niece , in: Metal Plating and Pati-

nation: Cultural, Technical and Historical Developments, Butterworth-Heine- 
mann, Oxford ; Boston, 1993, pp. 201–210 . 

[18] P. Manti , D. Watkinson , Hot-tinning of low tin bronzes, in: P. Mardikian,
C. Chemello, C. Watters, P. Hull (Eds.), Proceedings of the Interim Meeting 

of the International Council of Museums Committee For Conservation Metal 
Working Group, Clemson University, Charleston, Charleston, South Carolina, 

USA, 2011, pp. 92–98. 11-15 October 2010 . 

[19] P. Manti , D. Watkinson , Examination of Greek bronze helmets: sampling and 
project design, in: C. Degrigny, R. Van Langh, B. Ankersmit (Eds.), Proceed- 

ings of the Metal 07, The ICOM-CC Metal Working Group International Trien- 
nial Meeting, ICOM-CC Metals Group, Rijksmuseum-Amsterdam, Rijksmuseum, 

2007, pp. 78–82. 17-21 September 2007 . 
169 
20] E. Bidaud, D. Benedetti, R. Bugoi, B. Comendador, S. Goidanich, P.C. Gutiér- 
rez, D. Garipoli, P. Manti, T. Mifsud, V. Urbina, W. Kockelmann, A.D. Smith, 

F. Bahrami, M.A. MacDonald, A.M.T. Bell, P. Rizkallah, R. Jones J., E. Pantos, 
The COST-G8 master class on SR in cultural heritage at DL-SRS and RAL-ISIS, 

(2006). 
[21] P. Piccardo, M. Mödlinger, G. Ghiara, S. Campodonico, V. Bongiorno, Investiga- 

tion on a “tentacle-like” corrosion feature on Bronze Age tin-bronze objects, 
Appl. Phys. A 113 (2013) 1039–1047, doi: 10.10 07/s0 0339- 013- 7732- 1 . 

22] R.J. Davis , Copper and Copper Alloys (2001) . 

23] Italia Meridionale O. Colacicchi-Alessandri , M. Ferretti , V.S.A.C. Indagini Su 
Manufatti Di Bronzo Del , A. Giumlia-Mair , I. Bronzi Antichi , Provenienti Dalla

Necropoli Di Vaglio, in: Produzione e Tecnologia: Atti Del XV Congresso In- 
ternazionale Sui Bronzi Antichi Organizzato Dall’Università Di Udine, Sede Di 

Gorizia, Grado-Aquilieia, Maggio, 2001, pp. 137–142. 22-262002 . 
24] M. Pourbaix, Electrochemical corrosion and reduction., in: corrosion and metal 

artifacts - a dialogue between conservators and archaeologists and, corrosion 

scientists, National Bureau of Standards, Maryland, 1977: pp. 1–16. 
25] Chapter 2.02 G.T Burstein , R.A. Cottis , J.M. Graham , R. Linsday , S.B. Lyon ,

J.A. Richardson , F.H. Scott , J.D. Scantlebury , Passivity and localised corrosion, 
in: Shreir’s Corrosion, 4th ed., Elsevier, Amsterdam, 2010, pp. 731–752 . 

26] J.H. Payer, G. Ball, B.I. Rickett, H.S. Kim, Role of transport properties in cor- 
rosion product growth, Mater. Sci. Eng. A 198 (1995) 91–102, doi: 10.1016/ 

0921- 5093(95)80063- Z . 

27] L. Robbiola , N. Pereira , K. Thaury , C. Fiaud , J.P. Labbe , Decuprification phe-
nomenon of Cu-Sn alloys in aqueous solution in nearly neutral pH conditions, 

in: W. Mourey, L. Robbiola (Eds.), Metal 98. ICOM Committee for Conservation, 
Metals Working Group, James & James, London, 1998, pp. 136–144 . 

28] D.D. Macdonald, M. Urquidi-Macdonald, Theory of steady-state passive films, J. 
Electrochem. Soc. 137 (1990) 2395–2402, doi: 10.114 9/1.208694 9 . 

29] L.F. Lin, C.Y. Chao, D.D. Macdonald, A point defect model for anodic passive 

films. II. Chemical breakdown and pit initiation, J. Electrochem. Soc. 128 (1981) 
1194–1198, doi: 10.1149/1.2127592 . 

30] Chapter 1 B. Pieraggi , R.A. Cottis , J.M. Graham , R. Linsday , S.B. Lyon ,
J.A. Richardson , J.D. Scantlebury , et al. , Defects and transport in oxides and

oxide scales, in: Shreir’s Corrosion, 06, 4th ed., Elsevier, Amsterdam, 2010, 
pp. 101–131 . 

[31] E. Sidot, N. Souissi, L. Bousselmi, E. Triki, L. Robbiola, Study of the corrosion 

behaviour of Cu–10Sn bronze in aerated Na 2 SO 4 aqueous solution, Corros. Sci. 
48 (2006) 2241–2257, doi: 10.1016/j.corsci.2005.08.020 . 

32] D. Šatovi ́c, L.V. Žulj, V. Desnica, S. Fazini ́c, S. Martinez, Corrosion evaluation
and surface characterization of the corrosion product layer formed on Cu–6Sn 

bronze in aqueous Na2SO4 solution, Corros. Sci. 51 (2009) 1596–1603, doi: 10. 
1016/j.corsci.20 09.04.0 02 . 

33] S.C. Britton , The Corrosion Resistance of Tin and Tin Alloys, Tin Research Insti- 

tute, Greenford, Middx, 1952 . 
34] L. Robbiola , L.P. Hurtel , Standard nature of the passive layers of buried archae-

ological objects: the example of two roman half-length portraits, in: Metal 95. 
International Conference on Metals Conservation, James & James, Semur en 

Auxois, 1997, pp. 109–117. 25-28 Sept. 1995 . 
35] I.T. Vargas, P.A. Pastén, G.E. Pizarro, Empirical model for dissolved oxygen de- 

pletion during corrosion of drinking water copper pipes, Corros. Sci. 52 (2010) 
2250–2257, doi: 10.1016/j.corsci.2010.03.009 . 

36] K. Krauskopf , D. Bird , Introduction to Geochemistry, 3rd ed., McGraw-Hill In- 

ternational Editions, New York, 1995 . 
37] I.T. Vargas, M.A. Alsina, P.A. Pastén, G.E. Pizarro, Influence of solid corrosion 

by-products on the consumption of dissolved oxygen in copper pipes, Corros. 
Sci. 51 (2009) 1030–1037, doi: 10.1016/j.corsci.2009.02.014 . 

38] J. Kunze, V. Maurice, L.H. Klein, H.H. Strehblow, P. Marcus, In situ STM study of
the duplex passive films formed on Cu(111) and Cu(001) in 0.1M NaOH, Corros. 

Sci. 46 (2004) 245–264, doi: 10.1016/S0010-938X(03)00140-9 . 

39] W. Wang, D. Wu, Q. Zhang, L. Wang, M. Tao, pH-dependence of conduction 
type in cuprous oxide synthesized from solution, J. Appl. Phys. 107 (2010) 

123717–4, doi: 10.1063/1.3452383 . 
40] Chapter 2.01 G.S. Frankel , R.A. Cottis , R.A. Cottis , J.M. Graham , R. Linsday ,

S.B. Lyon , J.A. Richardson , J.D. Scantlebury , et al. , Principles of Corrosion in Liq-
uids, in: Shreir’s Corrosion, 4th ed., Elsevier, Amsterdam, 2010, pp. 725–731 . 

[41] J.D. Fenn, K. Foley, Passivation of iron, Stud. Conserv. 20 (1975), doi: 10.1179/ 

sic.1975.s1.033 . 
42] H. Rubin , M. Zhaozeng , W. Zengjun , T. Ko , Studies in the black passive oxide

film on bronze arrowheads unearthed with the terra-cotta warriors near the 
Qin Tomb (210bc) at Lintong, Xian, Stud. Hist. Nat. Sci. 2 (1983) 295–302 . 

43] N.D. Meeks , Surface characterization of tinned bronze, high-tin bronze, tinned 
iron and arsenical bronze, in: Metal Plating and Patination: Cultural, Technical 

and Historical Developments, Butterworth- Heinemann, Oxford ; Boston, 1993, 

pp. 247–275 . 
44] M. Martinón-Torres, X. Li, Y. Xia, A. Benzonelli, A. Bevan, S. Ma, J. Huang, 

L. Wang, D. Lan, J. Liu, S. Liu, Z. Zhao, K. Zhao, T. Rehren, Surface chromium
on Terracotta Army bronze weapons is neither an ancient anti-rust treat- 

ment nor the reason for their good preservation, Sci. Rep. 9 (2019) 5289, 
doi: 10.1038/s41598- 019- 40613- 7 . 

45] S. Karavoltsos, A. Sakellari, N. Mihopoulos, M. Dassenakis, M.J. Scoullos, Eval- 

uation of the quality of drinking water in regions of Greece, Desalination 224 
(2008) 317–329, doi: 10.1016/j.desal.2007.06.013 . 

46] Encyclopedia of European and Asian Regional Geology, Kluwer Academic Pub- 
lishers, Dordrecht, 1997, doi: 10.1007/1- 4020- 4495- X . 

https://doi.org/10.1016/j.culher.2022.03.004
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0001
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0001
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0001
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0003
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0003
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0003
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0003
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0004
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0004
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0005
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0005
https://doi.org/10.1016/S0010-938X(98)00096-1
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0009
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0009
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0009
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0009
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0010
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0010
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0010
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0010
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0010
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0010
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0012
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0012
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0012
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0013
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0013
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0013
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0014
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0014
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0014
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0014
https://www.getty.edu/conservation/publications_resources/books/copper_bronze_in_art.html
https://doi.org/10.1111/j.1475-4754.1986.tb00383.x
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0017
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0017
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0017
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0017
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0018
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0018
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0018
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0019
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0019
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0019
https://doi.org/10.1007/s00339-013-7732-1
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0022
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0022
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0023
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0023
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0023
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0023
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0023
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0023
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0023
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0025
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0025
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0025
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0025
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0025
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0025
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0025
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0025
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0025
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0025
https://doi.org/10.1016/0921-5093(95)80063-Z
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0027
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0027
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0027
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0027
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0027
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0027
https://doi.org/10.1149/1.2086949
https://doi.org/10.1149/1.2127592
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0030
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0030
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0030
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0030
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0030
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0030
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0030
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0030
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0030
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0030
https://doi.org/10.1016/j.corsci.2005.08.020
https://doi.org/10.1016/j.corsci.2009.04.002
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0033
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0033
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0034
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0034
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0034
https://doi.org/10.1016/j.corsci.2010.03.009
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0036
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0036
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0036
https://doi.org/10.1016/j.corsci.2009.02.014
https://doi.org/10.1016/S0010-938X(03)00140-9
https://doi.org/10.1063/1.3452383
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0040
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0040
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0040
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0040
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0040
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0040
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0040
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0040
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0040
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0040
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0040
https://doi.org/10.1179/sic.1975.s1.033
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0042
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0042
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0042
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0042
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0042
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0043
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0043
https://doi.org/10.1038/s41598-019-40613-7
https://doi.org/10.1016/j.desal.2007.06.013
https://doi.org/10.1007/1-4020-4495-X


P. Manti and D. Watkinson Journal of Cultural Heritage 55 (2022) 158–170 

[

[

[  

[  

[

[47] S.S.P. Augustithis, Atlas of the Textural Patterns of Ore Minerals and Metallo- 
genic Processes, De Gruyter, 1995, doi: 10.1515/9783110895506 . 

48] M. Economou-Eliopoulos , I. Vacondios , Geochemistry of chromitites and host 
rocks from the Pindos ophiolite complex, northwestern Greece, Chem. Geol. 

122 (1995) 99–108 . 
49] C. Christodoulou , D.M. Hirst , The chemistry of chromite from two mafic—ultra- 

mafic complexes in northern Greece, Chem. Geol. 49 (1985) 415–428 . 
50] J. Edward , J.M. Fossey , L. Yaffe , Analysis by neutron activation of human bone

from the hellenistic cemetery at Asine, Greece, J. Field Archaeol. 11 (1984) 

37–46 . 
170 
[51] L. Reyes-Gutiérrez , E. Romero-Guzmán , A. Cabral-Prieto , R. Rodríguez-Castillo , 
Characterization of chromium in contaminated soil studied by SEM, EDS, XRD 

and mössbauer spectroscopy, J. Miner. Mater. Charact. Eng. 7 (2007) 59–70 . 
52] Z. St ̨epniewska , K. Bucior , M. De Boodt , Chromium and its forms in soils in the

proximity of the old tannery waste lagoon, Int. Agrophys. 15 (2001) 121–124 . 
53] D. Adriano , Trace Elements in the Terrestrial Environment: Biogeochemistry, 

Bioavailability, and Risks of Metals, 2nd ed., Springer-Verlag, New York, 2001 . 

https://doi.org/10.1515/9783110895506
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0048
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0048
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0048
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0049
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0049
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0049
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0050
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0050
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0050
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0050
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0051
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0051
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0051
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0051
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0051
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0052
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0052
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0052
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0052
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0053
http://refhub.elsevier.com/S1296-2074(22)00056-5/sbref0053

	Corrosion phenomena and patina on archaeological low-tin wrought bronzes: New data
	Introduction
	Research aim

	Theory
	Original appearance of objects
	Corrosion of archaeological copper alloys during burial

	Materials and methods
	Results
	Macroscopic surface characterisation of the helmets
	X-Ray diffraction of crystalline surface corrosion products
	SEM-BSE imaging of the surface (top-view) of the samples
	SEM-BSE and BFOM imaging of the cross-sectioned samples
	SEM-EDX composition of the core metal
	SEM-EDX composition analysis of corrosion layers in cross-sections

	Discussion
	Fine grey/black patinas associated with azurite
	Fine red/brown patinas associated with malachite deposits
	Soil elements

	Conclusions
	Funding
	Data availability statement
	CRediT authorship contribution statement
	Acknowledgments
	Supplementary materials
	References


