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Abstract 

Our project is focused on metal sound objects of the Early Iron Age (Hallstatt Culture), the Roman 

period, and the period of the Avar Khanate in the Carpathian Basin (Early Middle Ages). The idio-

phones originate from burial and settlement contexts. Our goal is to gain new information on their 

function, on tonal inGuence on ancient peoples’ daily lives, and their impact on society. This inter-

disciplinary project combines archaeological, metallurgical, acoustical, psychoacoustical, ethno-

musicological, and psychological methods supported by experimental archaeology and handcraft 

experience, as well as by ancient written and iconographic sources. In this article we report on the 

status of our current results. We present three case studies, one for each period, and an acoustic 

and psychoacoustic overview of all currently investigated sound objects. Analyses of textile re-

mains adhering to pellet bells complete this paper. 

Keywords 

Bells – Pellet bells – Costume accessories – Acoustics – Psychoacoustics – Archaeometallurgy –  

Archaeological textiles 

1 Introduction and the project 

The research project “Metallic Idiophones between 800 BCE and 800 CE in Central Europe” will in-

vestigate metallic sound artefacts (idiophones) of diMerent kinds, dated to three diMerent archae-

ological periods. It is funded by the Austrian Sciences Funds FWF and supported by the Natural 
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History Museum Vienna. The selected sites are located in the heart of Europe, from Western Swit-

zerland, across Austria, and to Western Hungary and Western Slovakia (see Figure 1). The items 

date to the Early Iron Age, the Roman Period, and the Early Middle Ages. 

The Hallstatt Culture (800–450/400 BCE) dominated the Early Iron Age in Central Europe. Fib-

ulae with interlinked chains, rattling pendants and small cymbals, various combinations of ring 

pendants (rings interlinked), fancifully created pendants with jingles and cage-like pellet bells, and 

bobbles with jingles belong to women’s costume accessories of this period. When beaten against 

each other, their jingles and pendants create sounds. This sounding jewellery has been found in 

burials, in both cremation and inhumation graves. The Prehistoric Department of the Natural His-

tory Museum Vienna houses a large part of the excavated objects from the famous Hallstatt ne-

cropolis in Upper Austria in its collection and still is excavating the site (Grömer and Kern 2018). 

Although the Qrst author of this article already investigated a large sample of the objects (Pom-

berger 2016: 112–41), there still remain some items to be examined and analysed. While cage-like 

pellet bells and bobbles are rather rare in Hallstatt Culture, several of these artefacts were found 

in tumuli in western Switzerland (Drack 1966/67). They are now in the collections of the Bern His-

tory Museum (Bachmann-Geiser 2001) and the Archäologischer Dienst des Kantons Bern (Ramstein and 

Cueni 2012). An ensemble of seven cage-like bobbles and house-shaped pendants, both with jingles, 

originate from the Býčí skála cave, an Iron Age sacriQcial site near Brno, Czech Republic, and are 

now part of the collection of the Natural History Museum in Vienna (Parzinger et al. 1995). A large 

number of bells are known from the Roman period. The bells investigated in this project come 

from settlements and military camps along the Roman Limes at the Danube and its vicinity in Aus-

tria: Iuvavum/Salzburg, Ovilava/Wels, Vindobona/Vienna, Carnuntum/Petronell-Carnuntum and 

Bad Deutsch-Altenburg, and Savaria/Szombathely in Hungary. They are housed in the archaeolog-

ical collections of the Salzburg Museums, the City Museum of Wels, the “Wien Museum”, the 

“Stadtarchäologie Wien”, the Museum Carnuntinum, and the Savaria Museum. The pellet bells 

 
Figure 1: Map of sites with timeline. Map data: Google Earth/Google Maps; Design: B. M. Pomberger. 
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from the Early Middle Ages originate from the Avar period in Hungary, Slovakia, and East Austria. 

They are kept in the archaeological collections of the Wien Museum, the Slovak National Museums 

in Bratislava and Martin, the Danube Region Museum in Komárno, the Hungarian National Mu-

seum in Budapest, the Rippl-Rónai Museum in Kaposvár, and the Balaton Museum in Keszthely. In 

total there are more than 500 objects that fall under the purview of this article. We will present 

three case studies, one from each period, and then show an overview of all our acoustic and psy-

choacoustic results so far. However, it must be noted that sounds can only be studied as they can 

be produced and recorded today. Centuries of storage in the ground have corroded the objects. In 

the course of this process, the metals interact with their environment in a physicochemical way 

due to moisture and oxygen. Salts are deposited in the material, thus changing the chemical com-

position on the surface or throughout the entire body (Kaesche 1979). Although copper alloys form 

an oxygen-impermeable protective layer, this impairs the sound of the metal idiophones. Iron ob-

jects react so strongly that only in the rarest cases do they still sound. Corrosion not only changes 

the chemical composition but also the speciQc weight, which along with the shape of the sounding 

body plays an important role in the sound (Mühlhans et al. 2022; Mühlhans and Pomberger forth-

coming). In addition to the above-mentioned investigations and aspects, we also examined textile 

residues that adhered to the sound objects in order to obtain information about their connection 

to the objects and the possible functions of the instruments, as well as the visual appearance (cloth-

ing) of people who carried the idiophones. 

2 Research questions, methods, and terminology 

When we were confronted with the plenitude of the diMerent objects, several research questions 

arose, which we try to answer in our project. They can only be answered using interdisciplinary 

methods (see Figure 2) and we therefore created an interdisciplinary network with experts. 

2.1 Research questions discussed in this paper 

First, we wanted to Qnd out what information could be obtained from the sound objects and the 

context of the Qnds that gave evidence about their function. Since we knew that we were dealing 

with sounds as they can be produced and recorded today, and because corrosion changes the ma-

terial and thus the sounds, we needed to determine what information we could gain from the rec-

orded sounds about frequency ranges, sound levels, and psychoacoustic parameters, as well as 

which metal alloys were used to produce the objects, and what their individual chemical composi-

tions were. In addition, we investigated the inGuence of the materials on the produced sounds. 

Some pellet bells had textile residues adhered on their surfaces, so we wanted to determine their 

composition and the relation of this material to the pellet bells (Pomberger et al. 2021a). Finally, 

we investigated the possibility that the sound objects had any additional meaning. 
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2.2 Methods 

First, contextual analyses, measurements of the sizes and weights of the objects, classiQcations 

into types, and statistics regarding the quantitative occurrence within a site were carried out. 

Drawings and photos of the objects were made and extensive databases were created. Furthermore, 

distribution maps of the objects within the settlements and cemeteries were created and com-

pared. In order to collect more information about the function of the idiophones in early history, 

ancient written and iconographic sources were studied (Pomberger et al. 2022a; Hackl and Pom-

berger 2022) and ethnological sources were likewise consulted. The chemical compositions of the 

idiophones were analysed by using X-ray Guorescence analysis and electron scanning microscopy. 

In order to determine the inGuence of metals and metal alloys on the sound, selected idiophones 

 
Figure 2: Model of the interdisciplinary research project. Design: B. M. Pomberger. 
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of the same size but made of diMerent materials were produced and analysed (Mühlhans et al. 2022; 

Mühlhans and Pomberger forthcoming). Standardised analytical methods of textile archaeology 

comprise the analysis of weaving type, technical details about the textile qualities, and the Qbre 

type. The sound recordings of the original idiophones were recorded in a specially designed port-

able recording studio with a damping of 20 mm, which was constructed for recordings in the vari-

ous collections and museums. Even though the insulation cannot protect recordings from very low 

frequency noise, it is still quite su[cient for mid and high frequencies with a dampening eMect of 

21.4 dB on average (Pomberger and Mühlhans 2022). The sound recordings are analysed using 

Adobe Audition 2022. More complex analyses consist of a variety of audio features such as 

MFCCs35, which measures pitch strength0F

1 or impulsiveness1F

2, and are done using a variety of soft-

ware packages within MATLAB or Python. Psychoacoustic parameters are calculated using HEAD 

ArtemiSuite (see also Pomberger et al. 2021b; Pomberger et al. 2020). 

2.3 Terminology and de�nitions of acoustics and psychoacoustics 

The sounds of idiophones have certain physical properties that clearly distinguish them from other 

types of sounds (e.g. aerophones or chordophones). Vibrating strings or air columns (e.g. in Gutes, 

whistles, etc.) always have a fundamental and overtones or partials that are integer multiples of 

the fundamental, meaning from a physical point of view a harmonic oscillation or a sound. This is 

not the case with idiophones (formerly also often called “autophones”). In bodies that vibrate 

when they are excited, e.g. by striking, several partial oscillations are formed. These partial oscil-

lations produce frequencies that are not integer multiples of a fundamental. Since the harmonic 

structure is missing, we speak physically of a “mixture of tones” rather than a sound. In phys-

ics/acoustics, a “tone” is only a single sinusoidal oscillation. What we describe using the language 

of music as a tone is – from the point of view of the physical world – a sound. The harmonic struc-

ture also plays an important role in the perception of pitch. In idiophones this is not clearly or only 

weakly pronounced. 

Psychoacoustics is part of psychophysics and deals with the correlations between human au-

ditory perception and the physical acoustic properties of sounds. The discipline explores which 

are the proportion of measurable acoustic parameters – such as fundamental frequency, partials, 

spectral parameters, temporal Guctuation, etc. – as well as subjective sound characteristics such as 

loudness, brightness, sharpness, roughness, etc. Psychoacoustic parameters are modelled by con-

sidering the properties of the human ear (e.g. critical bandwidths, see Fastl and Zwicker 2007: 149). 

 This enables sounds and noises to be calculated by a computer and compared directly with each 

other. 

                                                           
 1 MFCC stands for ‘mel frequency cepstral coe[cients’ and is commonly used to calculate spectral similarities 

in sounds. 
 2 Pitch perception is subjective but depends mainly on the harmonic structure of a sound, and thus can be 

predicted with pitch strength. 
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In 1984, Wolfgang Aures wrote in his publication that the “sensory euphony [...] is inGuenced 

by roughness, sharpness, loudness and sonority” (Aures 1984: 735). These parameters also play a 

central role in today’s psychoacoustic research and are used for calculating the measurement of 

the sound objects at hand. Loudness (German: Lautheit) describes the subjective perception of the 

objectively measurable intensity of a sound event. The physical unit that measures this objective 

intensity is sound pressure (Pa, pascals) or sound pressure level (SPL, decibels). This measure, if 

given in decibels, is commonly referred to as level (German: Pegel). If talking about the perceived 

intensity, which is called loudness, the units sone (German: Lautheit) or phon (German: Lautstärke-

pegel) are commonly used. The distinction in the German language does not exist in English. Both 

units are well deQned in research resulting from various psychoacoustic experiments, and thus can 

be called psychoacoustic parameters. Volume (German: Lautstärke) and other terms often found on 

the knobs of audio equipment, are not clearly deQned, have no scientiQc unit of measurement and 

can therefore not be used in a scientiQc context. 

Loudness depends, among other things, on the sound pressure or sound pressure level, but 

must not be equated with it. Especially in the frequency range of the sound objects to be examined, 

for example between 2 and 5 kHz, the human ear is particularly sensitive (Gelfand 2010: 166). 

Therefore, the sound pressure level can lead to the subjective impression of high loudness/volume. 

Heinrich Barkhausen introduced the unit phon as a measure of loudness level in 1926, where 0 

phon represents the human hearing threshold and 1 phon represents the smallest perceptible 

change in magnitude. In 1933, the curves of equal loudness levels were deQned by Fletcher and 

Munson (Fletcher and Munson 1933: 91). In 1958, Eberhart Zwicker introduced the unit sone as a 

measure of loudness (Völz 1999: 51). At 1 kHz, a sound pressure level of 40 dB corresponds to a 

loudness level of 40 phon or a loudness of 1 sone. For the phon, an increase of 10 corresponds to a 

doubling (40 → 50 → 60 → 70 ...), for the sone a doubling of the number itself (1 → 2 → 4 → 8 ...). 

Sharpness is a parameter that depends predominantly on the spectral density and envelope, and 

again, the range in which the human ear is sensitive plays an essential role. The unit for sharpness 

is acum. A band noise with a critical bandwidth and a centre frequency of 1 kHz at 60 dB sound 

pressure level is deQned as 1 acum. The following also applies to sharpness: doubling of the unit 

corresponds to a doubling of the perceived sharpness. In contrast to sharpness, which depends 

exclusively on spectral properties, roughness is determined exclusively by amplitude modulation 

(AM) – i.e. temporal Guctuation. 

With a slow amplitude modulation up to about 15 Hz, the impression of a beat is created. Be-

tween 15 and 300 Hz AM, the impression of roughness is created, peaking at 70 Hz AM. From 150 Hz 

AM, the ear begins to perceive two separate tones. Roughness is indicated with the unit asper ac-

cording to DIN (Deutsches Institut für Normung/German Institute for Standardisation) 45631 / A1. 

Tonal content (formerly called ‘tonality’) describes the perception of tonal substance in the spec-

trum without considering the noise components. Brightness is the psychoacoustic parameter that 

is most strongly correlated with an acoustic parameter, namely the spectral centroid (SC) fre-

quency (Pomberger et al. 2020: 225–26). 
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3 Case studies and results 

For the case studies presented in this article we chose idiophones from three sites, one dating to 

each period: the sounding Hallstatt Culture jewellery from the Býčí skála Cave near Brno (CZ), the 

 
Figure 3: Path of the human audio perception from the outer (1), middle and inner (2) ear, over the auditory pathway (3) to 

the auditory cortex (4) in the brain. Single spectrograms (a-c) of three objects, sharpness over time in acum (d) and 
loudness over time in sone (e) for all three combined and table of brightness as the spectral centroid in Hertz (f). 
Design: J. Mühlhans. 
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bells from Roman period Vindobona/Vienna (AT), and the Avar pellet bells from Keszthely in Vas 

County (HU). 

3.1 Sounding costume jewellery from the Býčí skála Cave, Czech Republic 

The Hallstatt culture was the dominant culture in Central Europe during the Early Iron Age, being 

named after the famous site in Hallstatt-Hochtal in Upper Austria. This period is characterised by 

a great amount of various sounding bronze jewellery, such as Qbulae, pectorals, multiple bracelets 

worn on arms and feet, belts with jingles, and even diadems with jingles (Kromer 1959; Kern et al. 

2008; Grömer and Kern 2018; Urban 2000: 225–82). 

The Býčí skála Cave (Bull Rock Cave) near Brno, Czech Republic, dating to 800 – 400 BCE, is one 

of the well-known archaeological sites in Moravia. It is located in the Moravian Karst near the vil-

lage Josefov and together with the cave Rudické propadání it forms the second largest cave system 

of the Czech Republic. The 320-metre-long entrance area and the side entrance were used again 

and again in prehistory. The Czech prehistorian and speleologist Heinrich Wankel excavated the 

site during the second half of the nineteenth century. He excavated more than 40 human skeletons, 

two burnt oMering sites, and a large number of precious artefacts, like the famous bronze bull 

sculpture, a parade carriage, weapons, animal bones, vessels, textile implements, organic frag-

ments, tools, and bronze jewellery (Wankel 1882). The site is interpreted as a cultic or sacriQcial 

site. The artefacts date from Ha C1 to Lt A2 (Parzinger et al. 1995). 

Among the many Qnds, we encounter seven house-shaped pendants and seven bobbles, all 

jingles. They are all cast in copper alloy and, due to their equal number, might belong to a larger 

ornamental combination of jewellery. The house-shaped pendants are perforated vertically in a 

lattice-like manner and have a round eyelet at each corner. Two trapezoidal rattle sheets are 

hooked onto each on the two lower eyelets. The upper parts of the “houses” are decorated with 

three concentric circles. The pendants have a height of 10 cm in total and weigh from 26 g to 31 g. 

The bodies of the bobbles are composed of nine longitudinal bars that converge at the top and 

bottom. They are held together in the middle by a transverse bar. One round eyelet is at the top 

and one at the bottom. Two trapezoidal rattle sheets are interlinked in the bottom eyelet. Six bob-

bles have a long-oval body and one is spherical. There are no rattle bodies inside the bobbles. One 

bobble composition is 10.5 cm long and weighs from 27 g up to 39 g. The trapezoidal rattle sheets 

are decorated with small punched dots. All pendants together have a total weight of 425 g. 

The cast parts are manufactured in lost wax technique. The sheets are forged by hand. Each 

object is unique. Local chemical EDS analysis (scanning electron microscopy) carried out in the 

Central Research Laboratories of the Natural History Museum Vienna, proved that the cast parts 

are made of high-quality bronze: they contain 70 – 95 % Cu, 7 – 24 % Sn and only little Pb, whereas 

the sheets contain much more Pb (Pomberger et al. 2020: 219–22). 
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The pendants are classiQed as idiophones/indirectly struck idiophones/shaken idiophones or 

rattles according to the classiQcation of musical instruments by Hornbostel and Sachs (1914: 565: 

system number 112.1; cf. MIMO 2011: 5). 

The sounds are created by the individual rattle sheets or cast parts (depending on their ar-

rangement) beating together. The pendants could have been worn on a belt, on a cloak, as a pecto-

ral, or on another garment. The movement of the wearer causes the rattle objects to beat against 

each other and create sounds. The bobbles’ rattle sheets create partials between 1.8 kHz and 20 kHz, 

while the bobbles beaten against each other have partials between 1.3 kHz and 16 kHz. The house-

shaped pendants’ sheets sound between 1.6 kHz and 19.3 kHz and the pendants have partials be-

tween 1.7 kHz and 16 kHz. A bobble and a pendant shaken together create partials from 1.4 kHz up 

to 11.3 kHz, and if all objects are shaken together they produce partials from 2 kHz up to 15.2 kHz. 

First, we have to mention that the analyses carried out show individual conditions, which can be 

completely diMerent the next time they rattle, i.e. they are subject to greater Guctuations. 

Although, due to the similarity of the bobbles and pendants with rattle sheets, one would assume 

that they hardly diMer in sound, clear diMerences are evident – especially in the brightness. The 

brightness of the sounds depends on the spectral distribution of partial tones and noise compo-

nents, and strongly inGuences the perception of the timbre. Bobbles and pendants show clear dif-

ferences between themselves here, but also diMerences in combination (Figure 5a – f). 

In total, the lowest partial tones of the bobbles are just in the frequency range in which the 

ear is particularly sensitive. The strongest partials are found between 5 and about 12 kHz, with 

some specimens producing partial tones up to almost 18 kHz. However, these high components 

contribute little to the brightness of the sound. The pendants clearly show less tonal components. 

 
Figure 4: The seven bobbles and seven house-shaped pendants with rattle sheets from the sacriQcial site Býčí skála Cave, CZ 

© Naturhistorisches Museum Wien; Photo: A. Schumacher. 
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Noisy parts between 300 Hz and 2.5 kHz can be observed. Some pendants, however, can produce 

distinct partial tones. If bobbles or pendants sound at the same time, the level increases and so too 

does the loudness and spectral density. The decay time measured is below 1 msec. 

The sound pressure level was calculated within a distance of 10 cm. The bobbles have the low-

est sound pressure level with an average of 62.2 dB. If two or more bobbles are combined, the level 

increases to an average of 69.7 dB. A single pendant has a level of 70.2 dB on average. This increases 

to 73.4 dB when several are combined. Combining one bobble and one pendant together, the max-

imum level is 74.7 dB. Since the spectral distributions resemble one another, similar rankings can 

 
Figure 5: Acoustic analyses on bobble 7 and pendant 7 from the Býčí Skála Cave: a) and c) spectrograms, b) and d) measure-

ments with the Fast Fourier Transformation. Energy distribution of partial tones and noise components in the spec-
trum: e) bobbles, f) pendants. Design: J. Mühlhans. 
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also be found in the loudness as in the level. With 10.1 / 17.1 sone (single/combined), the bobbles 

are the quietest. Single pendants have an average of 21.9 / 23.9 sone and together, 24.2 sone. Due 

to the acoustic properties of the sound objects, roughness is in all variants very low, averaging 

0.06–0.09 asper. Slightly larger diMerences and generally higher values are reGected in sharpness. 

Individually, both types average 4 acum, and combined about 5 acum, which is a high value in com-

parison. Therefore, the sound objects may generally be considered to be sharp, but not rough. Due 

to the same excitation mechanisms and similar size of the objects, there are hardly any observed 

diMerences in impulsiveness. On the other hand, the bobbles are with an average of 6.6 / 8.3 dB 

slightly higher than the pendants with 4.2 / 5.4 dB. Sound pressure level, loudness, sharpness, and 

tonality increase when several sound objects are excited together. Roughness and impulsiveness 

are mostly the result of general sound properties and hardly change when more sound objects are 

added (Pomberger et al. 2020: 222–29). 

Caged bobbles and pellet bells are of the same origin. The oldest known objects were found in 

the Iranian plateau in Tepe Giyan in grave 105, dating to the Qrst part of the second millennium 

BCE (Contenau and Girsham 1935: 38). During the second half of the second millennium BCE, the 

objects spread over to the Caspian Sea, the Caucasus regions, and the Black Sea. They were detected 

mainly in burials near the hips or the neck and served as jewellery. Sometimes they were connected 

with a horse bridle (Castellucca and Dan 2014). Caucasian women of the Pre-Scythian period wore 

caged bobbles and pellet bells on their necklaces (e.g. Ateshi Gadirova 2014; Kadieva et al. 2020; 

Reinhold 2007). We can Qnd caged bronzes in Greece (Kilian-Dirlmeier 1979) and the Balkan region 

(e.g. Bouzek 1974; Bouzek 2006; Bouzek 2012; Pomberger 2017), dating to the Qrst millennium BCE. 

In the Hallstatt Culture, there are only a few known caged objects. Two of them originate from 

Hallstatt-Hochtal, burial 196 and burial 3/1875 (Kromer 1959: 68, pl. 22/12; Barth 2020). Both single 

pellet bells and bobbles, as well as combinations of two or more caged pendants, were found in 

Western Switzerland (Drack 1966/1967) and precious combinations of cast pectorals with pellet 

bells and bobbles were unearthed in eastern France, in the Jura Mountains (Wamser 1975; Ramstein 

and Cueni 2012; Piningre and Ganard 2004: 85–88). All these caged objects were found only in 

women’s burials, dating from Ha C – Ha D1/800 – 600 BCE. They lay on the chest of the skeletons or 

were fastened on ribbons hanging from belts. Pellet bells and bobbles show the shapes of aggregate 

fruits like pomegranates, poppy pods, or rose hips. These fruits contain many seeds and thus sym-

bolise fertility, abundance, magic power, love, passion, death and resurrection, and mental and 

spiritual fertility. They are also believed to be antidemonic (Pomberger forthcoming). Pellet bells 

and bobbles are rather rare Qnds in Hallstatt culture, which is important because rare Qnds can 

often be markers for both prestige and social status (Schumann 2015: 23–43). They were worn on 

the body and thus indirectly produced sounds with every movement of the wearer. The persons so 

adorned thus created sound Qelds, each with a unique proQle. Clothing, costumes, personal orna-

ments, and sounds enabled direct non-verbal communication between people (Grömer and Pom-

berger 2023). We have created two videos, one describing the form, history and likely use of the 

original sound objects from the Býčí Skála Cave (“Bronze Pendants from the Býčí skála Cave in 
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Moravia”)2F

3 and one dance video with the reconstructed jewellery (“Imagination of Dance in Hall-

statt Culture”). 3F

4 

3.2 Roman bells from Vindobona/Vienna, Austria 

Bells, mostly unnoticed in music archaeology and archaeology, played an important role in the 

Roman period. Bells are, in fact, the largest group of music archaeological Qnds from this period. 

23 bells are known from ancient Vindobona, located near the ancient path of the river Danube. It 

was Qrst founded as a military camp in the late Qrst century CE, around which the canabae legionis 

developed.  The civil town was built at the beginning of the second century CE. The Limes road 

along the Danube and a road to Scarbantia (Sopron), starting from the Via Decumana, connected 

Vindobona with important tra[c routes of the Roman Empire. The legionary camp existed from 

the end of the Qrst to the middle of the Qfth century, but the civil settlement Gourished with pro-

motion to municipium only from the Qrst to the third century CE (Kronberger and Mosser 2018). 

The borders of the Roman legionary camp in Vienna’s inner city can still be seen today in the 

following streets and alleys: Tiefer Graben-Naglergasse/Graben-Rotenturmstraße/Stephansplatz 

and Gonzagagasse/Schwedenplatz. Like every Roman legionary camp, Vindobona was dominated 

by rectangular main streets, the via principalis and the via decumana. The principia was located at 

the junction of both streets. In the northern part of the camp facing the Danube were the buildings 

of the tribunes, the thermae, and the valetudinarium, in the south-western part – the praetorium, the 

barracks and the fabricae (Kronberger and Mosser 2018: Fig. 152). Nine bells and one clapper were 

found in the military camp. Two were unearthed within the area of the ancient praetorium at Juden-

platz 7 and Parisergasse/Schulhof, and another one from the barracks at the Judenplatz, which is 

at the former Lazen- und Dreifaltigkeitshof (Bauernmarkt 22–24/Fleischmarkt 4 and 6). Further-

more, we know about two iron bells from this place, where a centurions’ quarter may have stood 

(Mosser 2016; 2017). Unfortunately, they have been removed from the Wien Museum’s collection. 

Three bells were found at the fabricae and barracks at ‘Am Hof’. The clapper was discovered in the 

area of the main room (‘papilio’) of a contubernium of the southwestern barracks. The last bell was 

excavated in the area of the intervallum above the sewer of the via sagularis. The canabae legionis of 

Vindobona extends around the legionary camp to the west, south, and east, and is located within 

today’s Ringstrasse and the Landesgerichtsstrasse. The living quarters of craftsmen, traders, busi-

nessmen, and the soldiers’ families were located here. The Limes road today runs through Freyung, 

Herrengasse, Michaelerplatz, and Augustinerstraße, crossed by the southern road at the Michael-

erplatz, which lead from the porta decumana of the military camp to Scarbantia/Sopron. One bell 

was found at the Freyung, where craftsmen carried out their work. Two bells were excavated at 

former metal workshops, at the Michaelerplatz, where objects were made of iron and non-ferrous 

metals (Donat et al. 2003; Donat et al. 2005). In the area of today’s Stallburg, where in Roman times 

                                                           
 3 https://www.youtube.com/watch?v=tX�tDQGrSNQ. 

 4 https://www.youtube.com/watch?v=PN�b�OWACPc. 
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a small arterial road ran along the camp wall to the Limes road, two small bells were found. The 

civil settlement developed as early as the Qrst century with houses along the Limes road, today the 

Rennweg in the third district of Vienna. Six bells from four sites are known from the settlement. 

One comes from the Botanischer Garten/Rennweg 14, where a building with 19 rooms was exca-

vated. The small bell was found in a paved courtyard (Chinelli et al. 2001; Kenner 1904: 165). At 

Rennweg 44, where a residential, trading, and sales area was located in Roman times, three bells 

were found in a work pit, a storage pit, and a well (Müller et al. 2018). 

One bell was discovered at Rennweg 52 in a pit backQll (Mosser 2017). Another bell from the 

site Rennweg 57/Schützengasse 24 comes from a residential and farm building with a courtyard 

and kilns. 

From the junction of the Limes road into the civil settlement, a connection led to the street in 

the direction of Aquae (Baden). The course of this cross-connection can probably still be found 

today in Mayerhofgasse in the fourth district and crossed today’s Favoritenstraße. Opposite today’s 

Theresianum, a bell was found in the area of Favoritenstraße without any further known Qnd con-

text. Another bell was recovered at Gutheil-Schoder-Gasse 17, in the immediate vicinity of a road 

station (see distribution map Figure 6 and Figure 7; cf. Pomberger et al. 2022d). 

 
Figure 6: Distribution map of bells in Vindobona. Design: M. Mosser, Stadtarchäologie Wien © Stadtarchäologie Wien. 
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Figure 7: Bells from Vindobona.  Military camp: 1 – 3/Judenplatz; 4 –5 Am Hof; 6 – 7/Bauernmarkt; canabae legionis: 8 – 

9/Michaelerplatz; Freyung; 11 – 12/Stallburg; civil town: 13/Rennweg 14; 14 – 16/Rennweg 44; 17/Favoritenstraße; 
18/Gutheil-Schodergasse 17. Design: B. M. Pomberger. 
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Figure 8: Types of bells from Vindobona. Design: B. M. Pomberger. 

Of the Viennese bells, 18 were investigated. They have sizes between 7 mm and 91 mm and 

weights of 5.8 g up to 141.54 g. Three are forged from iron sheet and are classiQed to iron bell type 1. 
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The others are cast in various copper alloys. Eight of them have a rectangular base and are classi-

Qed as Bell Type 1, Variants B, C, and D. The others have a circular base and belong to the Type 

4/Variant B, Type 5/Variants C and F, and Type 7/Variants A and B (Figure 8). Compared to the 

bells from Ovilava/Wels, where 39 bells have been discovered, which can be divided into six types 

and several variants, the shapes of the Vindobona bells are not as varied (Pomberger et al. 2022a: 

132, Figs. 4 and 5). 

Ten bells were examined for their chemical composition using electron microscopy scanning 

by VIAS. 4F

5 Four bells are cast in Cu-Sn-Pb bronze, (75–87 % Cu/11.6–14.3% Sn/1.2–10.7% Pb). One 

bell is cast in a copper-lead alloy (79% Cu/17.5% Pb) and the others are made from gunmetal (66.3–

86.8 % Cu/3.7–14.3 % Sn/2.4–17% Zn/1.5–7.1% Pb) (Pomberger et al. 2022d: 375–76). 

Idiophones do not have a harmonic overtone structure where all partials are integer multiples 

of a fundamental tone – as is the case with aerophones or chordophones. Instead, very diMerent 

sound bodies produce very diMerent partial oscillations, also called ‘modes’ (Winkler 1988: 119), 

which generate a multitude of partial tones, the frequency of which is not in any Qxed relationship 

to one another. 

Only four bells are intact and therefore able to have their sounds recorded today. Since the 

original iron clappers are corroded, we used reconstructed clappers for striking. Our analyses 

showed that bell Am Hof 10 has a range from 2 kHz – 20.9 kHz with a peak frequency of 2.09 Hz. The 

bell from the Michaelerplatz has a range from 1.98 kHz up to 21.6 kHz. The strongest partial is at 

1.98 kHz. The frequencies of the bell from the Favoritenstraße range from 2.7 kHz up to 17.2 kHz 

with a peak frequency of 7.5 kHz and the last bell from the Gutheil-Schodergasse shows partials 

between 15.9 kHz and 20.7 kHz with a most developed partial at 5 kHz. Since the ear is very sensitive 

in the 2 kHz – 5 kHz range and can perceive even low levels, this characteristic gives the objects an 

average good audibility even with moderate noise (see Figure 9). 

The timbre is determined primarily by the number, the spectral position, and the amplitude 

of partial tones. Bells have more pronounced partials, as well as less noise, therefore, they are often 

described as ‘clear’ or ‘pure’. This is not always the case with historical objects, as the extent of 

corrosion plays a signiQcant role. SuperQcial corrosion only moderately dampens the vibration; 

however, it is not known how exactly the amount of corrosion is related to the vibration behaviour.  

                                                           
 5 Vienna Institute for Archaeological Science. 

site object Inv.Nr. 

deepest  

partial 

(Hz) 

highest  

partial 

(Hz) 

strongest  

partial 

(Hz) 

Am Hof 10/military camp bell MV 75/475/1 2091 20936 2091 

Michaelerplatz/canabae legionis bell MV 25.169/1163 1981 21600 1981 

Favoritenstraße bell MV 47.444 2706 17278 7586 

Gutheil-Schodergasse 17 bell MV 9.950/4 1593 20769 5051 

Table 1: Frequency ranges from Vindobona bells. 
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Figure 9. Sonograms of the four bells from Vindobona. Design and photos: B. M. Pomberger, © Wien Museum. 
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Am Hof 10/military camp bell MV 75/475/1  63.69 13.3 3.58 0.0449 2.4 17.24 5059 

Michaelerplatz/canabae legionis bell MV 25.169/1163 58.44 8.31 2.79 0.0321 2.48 13.67 6937 

Favoritenstraße bell MV 47.444 72.86 16 3.87 0.0545 1.91 24.5 8034 

Gutheil-Schodergasse 17 bell MV 9.950/4 78.86 31.6 3.83 0.0514 2.65 16.97 4625 

Table 2: Psychoacoustic parameters of Vindobona bells. 

The four bells have a sound pressure level of 70.6 dB or a loudness of 18.1 sone. This can be at-

tributed to their percentage of copper (average 73.1 %). Their sharpness is on average 3.51 acum, 

while roughness is on average 0.05 asper. This means that their sound is sharp but not rough. Im-

pulsiveness is on average 2.3 iu (impulsiveness units, see 4.5 below) and tonality on average TNR 

18.1. Both values are related to excitation. Some statistical correlations between material and tonal 

properties could be determined. Content of copper correlates positively with loudness and sharp-

ness, but negatively with spectral centroid. This shows that bells with a higher copper content are 

louder and sharper, but lower in brightness. Peak frequency correlates negatively with the tin con-

tent. The t-test did not show any signiQcant diMerences in mean values between the gunmetal and 

tin-lead-bronze objects (Pomberger et al. 2022d: 377–80). 

Bells fulQlled various functions in ancient times. First, they were sound tools and signal in-

struments (Haid 2004) and thus had many functions in daily life. Their ringing announced the 

opening and closing times of markets and baths (Plut. Quaest. conv. 4.42 = 668a e.g.; Plin. Nat. preface 

6; Mart. 14.163) and the watering times of the streets (Sext. Emp. Math. 8.193). Bells also tolled when 

Qre broke out. 

Their sounds served as acoustic signals for the night watchmen (Cass. Dio 54.4) and were used 

as acoustic weapons in acts of war (Eur. Rhes. 379–85; 300–10). Even when bells were mounted on 

shields – like in Aeschylus’ Seven against Thebes, in which he dramatizes the mythological battle of 

Oedipus’ sons, the brothers Eteocles and Polyneikes (Aesch. Sept. 380–400) – they fulQl the apotro-

paic role of acoustic weapons, because loud and metallic sounds create fear and terror. Weapons 

and objects made of metal produce overtone-rich, ‘metallic’ sounds when struck against each 

other, which are perceived as hard, powerful, energetic, sharp, and defensive. Other acoustic de-

scriptions of the sound of metals are booms and clangs. Noise and loud, penetrating music have 

always been a proven means of psychological warfare and torture to generate terror (Diederichsen 

and Schulze 2017; Grant et al. 2015) and to manipulate targeted crowds. 

Executions and punishments of adulteresses – men were allowed to commit adultery with im-

punity – were announced by the tolling of bells (Cass. Dio 6.24; cf. Zonaras 7.21; Niemann 1997: 20; 

Kramer 2016: 27; Socr. Hist. eccl. 5.18). Slaves were awakened by bell sounds (Lucian Merc. Cond. 24) 
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and bells played a role in banquets and feasts (Petron. 47.8.5). However, bells were mostly consid-

ered apotropaic objects (Crummy 2010) and thus were used to protect home, children, and animals. 

Several of the bells found in houses may indicate this use (Pomberger et al. 2022a). They served to 

ward oM evil, were supposed to bring good luck and reinforce positive qualities. In people’s minds, 

the inherent powers and qualities attributed to them were enabling. These properties and forces 

are also attributed to their materials – the metals (e.g. Quast and Wolf 2010; Bächtold-Stäubli and 

HoMmann-Krayer 1987a: 207–10; 1987c: 718; 1987b: 836–37; Sartori 1932). In children’s graves, bells 

are often found attached to a bracelet or necklace (e.g. Eckardt and Williams 2018; Ruprechtsberger 

1996; Ubl 1997: 300; Villing 2002). 

Pets, such as dogs, sometimes wore bells on collars (Authengrüber-Thüry 2021). Pack animals, 

as well as mounts and pasture animals, could have bells fastened around their necks (Phaedr. 2.7.1–

8; Rost and Wilbers–Rost 2010; Himmelmann 1980; Furger and Schneider 1993; Mandl 2000; Mocchi 

2018; Nicolay 2007). Even chariots of emperors were decorated with bells as sounding status objects 

and status symbols to attract attention. A status symbol or status object is a sign which advertises 

someone’s elevated status/belonging to a society (Duden 2001: 946). 

Sixty-four bells hanging from Alexander the Great’s hearse tolled when being moved through 

his empire (Diod. 18.27.5). 

Bells hanging from temples, villae urbanae, and villae rusticae sounded to avert misfortune and 

announce the status of the owners (Suet. Augustus, Caes. 91.2.5; Casaulta 2017; Tortoli 2017). Bells 

tolled during cultic rituals and processions and banished demons during eclipses of the sun. But 

bells were also musical instruments (Isid. Orig. 3.22.13) and sounded to dances and at feasts – for 

example, at the bacchanalia in Sardinia (Pesce 1957). 5F

6  

The great challenge for archaeologists is to determine the function of a bell based on its Qnd 

position in settlements. For the most part, we can only theorise about its function on the basis of 

its size. Small bells were certainly used as apotropaic sound jewellery for humans and pets. Tintin-

nabula were composed of several bells measuring between 2 cm und 3.5 cm. Bells with sizes from 

6 cm up to more than 10 cm probably hung from buildings, cult pillars, and statues. Very large bells 

– 20 cm and larger – were worn by herd animals. Bells were not only sound tools, signal instru-

ments, and apotropaic objects, but they also seem to have been objects of prestige and social status. 

Etymologically, both words, status and prestige derive from the Latin language, but are terms 

with two diMerent meanings. The word status goes back to Latin status, “existence, prosperity, po-

sition, rank, situation, condition, circumstances” (Stowasser 1969: 942). In German, ‘Status’ means 

as much as situation, position within a society, state, condition (Duden 1989: 1456) – an actual state. 

A status symbol is a sign or object that serves to demonstrate someone’s elevated status or belong-

ing within a society (Duden 2001: 946). Prestige, on the other hand, means dazzle, magic, prestige, 

validity (Duden 2001: 803) and is derived from the late Latin word praestigiae (Duden 1989: 1178), 

                                                           
 6 For more detailed information, see Pomberger et al. 2022a; Maria Hackl created a list of ancient literature 

mentioning metal idiophones and assigned them to their functions. She was able to determine the function 
of the idiophones in 78 citations by 46 ancient authors (Hackl and Pomberger 2022).  



162 B. M. POMBERGER – J. MÜHLHANS – K. SAUNDERSON 

  JOURNAL OF MUSIC ARCHAEOLOGY 1 (2023) 143–183 

which in turn means dazzle and jugglery (Stowasser 1969: 796). Prestige could be described as a 

‘would-be state’. Prestige objects are special goods that are used to assert social prestige and to 

elevate oneself. They usually come from distant regions or are made of extraordinary material. 

Status, on the other hand, indicates a person’s social origin and position within a culture, and a 

status symbol is an expression of power and social status (Schumann 2015: 35). In a diagram we try 

to show the diMerent functions of the bells (Figure 10), however the discussion is not yet Qnished. 

3.3 Early Middle Ages – Avar Khaganate 

3.3.1 Avar pellet bells from the Migration Period collection of the Hungarian National Museum 

Pellet bells appeared in the Avar Khaganate during the middle of the seventh century CE. They 

were probably imported from regions around the Black and the Caspian Sea, where they are com-

mon since the second millennium BCE (Contenau and Girsham 1935; Castellucca and Dan 2014; Ate-

shi Gadirova 2014; Kadieva et al. 2020; Reinhold 2007). The Hungarian National Museum houses 43 

pellet bells from the Avar period originating from 17 sites – all cemeteries – in Hungary (Table 3). 

The sites are Cikó, with 600 burials (Kiss and Somogyi 1984; Szentpéteri 2002; Hampl 1905) and 

two pellet bells, and Gerjen with 185 burials (Kiss and Somogyi 1984; Szentpéteri 2002) and one 

pellet bell, in the county Tolna. The necropolis of Halimba Belátó-domb, in county of Veszprém, 

consists of 489 burials (Török 1998; Szentpéteri 2002) and 13 pellet bells were found there. Two 

cemeteries with Qnds of pellet bells are known from the county of Jász-Nagykun-Szolnok, namely 

Jánoshida with 265 burials and 3 pellet bells (Erdélyi 1958) and Jászalsószentgyörgy with two 

burials and one pellet bell (Madaras 1995b). From the cemetery in Kiskőrös Vágóhídi-dűlő, in Bács-

 
Figure 10: Diagram of bell functions. Design: B. M. Pomberger. 
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Kiskun County, 75 burials are known, however only one contained a pellet bell (László 1955). The 

site Kölked Feketekapu A, Baranya County, consists of 687 burials, but only one pellet bell is known 

from this cemetery (Kiss 1996). Also, one pellet bell originates form the site Mosonszentjános Ka-

vicsbánya, county Győr-Moson-Sopron, with 316 burials (Fettich 1927). In Pilismarót, county 

Komárom-Esztergom, two Avar period sites are excavated: the cemeteries Pilismarót Öregek-dűlő 

with 122 burials and one pellet bell (Szabó 1975) and Pilismarót Basaharc with 197 burials and seven 

pellet bells (Fettich 1965). One pellet bell was found in the cemetery of Solymár, Pest county, near 

Dinnye-hegy, Téglagyár with 130 burials (Török 1994). Two further pellet bells originate from the 

cemetery Szob Homokok-dűlő, Pest County, which consists of 140 burials (Kovrig 1975). The Sze-

bény cemetery I, Baranya county, with 401 burials, contained three pellet bells (Garam 1975) and 

from Újhartyán, Pest County another pellet bell is known. One pellet bell from the cemetery in 

Edelstal ‘Herrschaftsjoch’ (Nemesvölgy) in Burgenland, Austria – a cemetery of 257 burials – is part 

of the Great Migration collection of the Hungarian National Museum (Lobinger 2016). Additionally, 

the collection keeps six Avar pellet bells from unknown sites. Furthermore, bells were excavated 

in eight of the cemeteries, but they are not the subject of this article (Pomberger et al. 2022b). The 

pellet bells were located near the hands, the hips and legs, and sometimes near the necks of the 

deceased. They were parts of the garments, served as sounding apotropaic amulets, thus inGu-

enced the appearance of the person wearing it. 

When all graves of the cemeteries listed here are added together, there are a sum total of 3856 

burials, but pellet bells were discovered in only 27 graves, a surprisingly small percentage at 0.7%. 

This fact shows that pellet bells were not at all common, but rather extremely uncommon in Avar 
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HU Cikó 600 2 1   1   1   1   

AT Edelstal = Nemesvölgy* 257 3 1 1 1 1   1 2 1 

HU Gerjen 185 1 1   1       1   

HU Halimba Belátó domb 489 8 13 6 2     13     

HU Janoshida 256 3 3 3       1 2 1 

HU Jászalsószentgyörgy 2 1 1           1   

HU Kiskörös - Vágóhídi-dűlő 75 6 1 1         1   

HU Kölked Feketekapu A 687 6 1 1       1     

HU Mosonszentjánoss-Jánossomorja 316 1 1 1       1     

HU Pilismarót-Öregek-dűlő 122 1 1 1       1     

HU Pilismarót-Basaharc 197 9 7 5   1   4 3   

HU Solymár 130 1 1 1         1   

HU Szebény cemetery I 401 4 3 3       1 3   

HU Szob Homokok-dűlő 140 2 2 2       2     

HU Újhartyán (Kom. Pest) ? 1 1       1   1   

HU unknown ? ? 6           6   

Table 3: Pellet bells from the Avar-Period/Migration-Period Collection of the Hungarian National Museum in Budapest. 
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communities. We are also not sure if they were imported products or were made in local work-

shops. 22 pellet bells are made from copper alloys and 25 are forged from iron sheet. The following 

copper alloys could be detected: Cu-Sn, Cu-Sn-Pb, Cu-Sn-Zn-Pb, Cu-Zn-Pb, and Cu-Pb. Some alloys 

show an astonishingly large amount of lead. Riita Rainio also mentions a large variety of copper 

alloys in her study on Finnish Iron Age pellet bells (Rainio 2008). 

Two of the Hungarian sheet metal pellet bells are gilded (Pomberger et al. 2022b: 65, tab. 1). 

The sizes vary from 27 mm up to 46 mm with handle and the preserved weights from 5 g up to 37 g. 

Small pebbles, lumps of cinder, and bronze balls serve as pellets. Figure 11 shows the variety of 

shapes and decoration of these pellet bells. Furthermore, we must also mention that in the early 

Avar period burial bells were found. They are similar to Roman bell types and most probably from 

the Roman period. 

The frequencies of the pellet bells are between 1.1 kHz and 20 kHz and range from 3–28 sone. 

Depending on background noise levels, the pellet bells can be heard from a distance of 1 m to a 

maximum of 12–15 metres. Noise content has more eMect in lower frequencies, therefore pellet 

bells are usually lower in brightness (3.5–5 kHz). They have values between 0.02 and 0.1 asper as 

well as 2.5 and 4.5 acum and can be described as not at all rough, but instead quite sharp. With 4–

8 dB they have barely more tonal than noise components (Pomberger et al. 2022b). Some original 

pellet bell sounds are published in our video “Pellet bells and bells from the Avar Period in the 

Hungarian National Museum in Budapest”.6F

7 

                                                           
 7 https://www.youtube.com/watch?v=nrMvHKKIjAM. 

 
Figure 11: Shapes and decorations of Avar pellet bells form Hungary. Design: B. M. Pomberger. 
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Figure 12: Sonograms and spectrograms of the pellet bells MNM 26.1935.378/burial 228/Szebény I; MNM 72.3.147/Burial 

32/Solymár; MNM 4.1935/Kiskőrös Vágóhídi-dűlő and MNM 62.149.9/unknown site. 4096 window size, 85% overlap 
Hanning. Design: J. Mühlhans and B. M. Pomberger. 
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Figure 13: Sonograms and spectrograms of the pellet bells MNM 1963.2.359a/burial 81/Halimba Belátó-domb; MNM 

1964.20.326c/burial 172/Halimba Belátó-domb. 4096 window size, 85% overlap Hanning. Design: J. Mühlhans and 
B. M. Pomberger. 

 
Figure 14: Human auditory thresholds and pellet bells from Hungarian sites. Design: J. Mühlhans. 
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3.3.2 Textiles on Avar pellet bells 

Pellet bells were worn as parts of clothing, either on a necklace, on a bracelet on the wrist, or on a 

long hanging strap such as a ribbon or chain. They inGuenced not only the acoustic proQle but also 

the visual appearance of the wearer. 

Textiles found on the bells and pellet bells in question are therefore considered in the project, 

since they can oMer further information on their function. These textiles were identiQed during 

their primary typological analysis and then analysed using a DinoLite digital microscope, measure-

ing the thread diameters, densities, and twist angles, as well as identifying spin directions, weave 

types, layers, and special features. 

These small fragments of textiles remained as mineralised pseudomorphs. Those analysed – 

from Devínska Nová Ves and Komárno (Slovakia); Gyenes/Gyenesdiás, Halimba-Belátó-domb, 

Jánoshida, Keszthely, Kölked-Feketekapu, Pilismarot-Öregek-dűlő, and Szob (Hungary); and Zilling-

tal (Austria) – Qt well into the known spectrum of textiles from the Avar period (Hundt 1984; 

Dolejšová 1987; Scharrer-Liška and Klatz 2010; Grömer 2015; Grömer and Rapan Papeša 2015), 

mainly consisting of plant Qbres (probably Gax), and tabby-woven, z-spun, or single-ply yarn with 

most thread diameters being 0.3 – 0.4 mm. The function of the textile remains on pellet bells is 

 
Figure 15: Textile fragments on an iron pellet bell from burial 17, Halimba-Belátó-domb, DinoLite_50x-Taxtile A_6.   

Photo: K. Saunderson. 
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di[cult to determine. Fine, creased fabrics might derive from clothing, such as the fragments on 

an iron pellet bell from burial 17, Halimba-Belátó-domb (Figure 15), which lay in the area of the 

woman’s knee, perhaps belonging to a loosely cut and gathered dress. 

Generally, burial shrouds, wrappings, and burial linings can be suggested for many Qnds. Es-

pecially for a textile with extraordinarily thick threads (up to 1.6 cm) from burial A-342 of Kölked-

Feketekapu, we must consider that the small child interred there might have been wrapped in a 

blanket together with the pellet bell (Pomberger et al. 2022b). A more secure Qnding derives from 

a textile on a pellet bell from burial 63 of Gyenes/Gyenesdiás, near Lake Balaton, which strongly 

suggests that the object was placed in a small bag or wrapped in a piece of fabric, which can be 

seen by the orientation of the threads, which are preserved all around the pellet bell (Pomberger 

et al. 2023). This emphasises the symbolic meaning of the pellet bell, at least in the context of a 

burial, since the sounding of the instrument would have been quite restricted when wrapped in 

fabric. It must be noted, though, that the wrapping of burial goods seems to be a general custom 

in this period. 

Unfortunately, little is known about the clothing of the Avars, as no complete garments have 

been found due to the preservation conditions for textiles. Some literary evidence derives from 

(pseudo-)Maurikios’ sixth/seventh-century Byzantine Strategikon, where Avar clothing is men-

tioned as wide-Qtting tunics with wide sleeves of linen, goat’s fur, or coarse fabric, which covered 

the knees while on horseback (Dennis and Gamillscheg 1981: 81). Although it must be noted that 

the author is describing clothing in military contexts, the description partially corresponds with 

the pictorial and textile archaeological evidence, though these are also sparse. For textile clothing, 

an antler object from Nosza (Serbia, seventh to ninth century) (Bugarski 2016: 86–88; Vida 2017: 

93, Fig. 67.3) is most interesting, as it seems to depict two people with horses wearing a caftan, 

which covers most of the legs. As described above, archaeological textile Qnds also indicate a pop-

ular use of plant Qbres (linen), though it is not always possible to determine if the fabric derives 

from clothing, and the frequently occurring folds could point to loosely Qtting garments. Never-

theless, the information on the textiles and clothing (including the other accessories) can be used 

for visualisations and acoustic demonstrations of how the pellet bells might have been worn in 

reconstructions, which is useful for public communication of the research. Still, it must always be 

stressed that due to the lack of direct evidence, such reconstructions are speculative and involve a 

lot of interpretation. Three costumed dolls were recreated in order to physically visualise how the 

pellet bells might have been worn. The cuts of the clothing were based on the complete Qnds from 

the Moshchevaja Balka burials in the North Caucasus (Ierusalimskaja 1996: 33–58; 143–60; 307–16). 

These date to the eighth to ninth century and although they are associated with the Alanic period, 

they serve as a useful comparison for Avar textiles, as caftans – depicted on the Avar object from 

Nosza, as mentioned – were also worn by men and also because linen and tabby weaves were quite 

common. The other clothing components were based on typical Avar period Qnds: decorated men’s 

belts, more simple women’s belts, and bead necklaces. For the man and the woman, the pellet bells 

were hung from a string on the belt. The young child wears the bell on a band on its wrist. Figure 



METALLIC IDIOPHONES 800 BCE–800 CE 169 

JOURNAL OF MUSIC ARCHAEOLOGY 1 (2023) 143–183 

16 shows dolls in Avar clothing that has been reconstructed based on the best evidence currently 

available, and wearing pellet bells. 

4 Acoustics of metallic Idiophones 

The spectral and temporal sound properties of (pellet) bells and other similar objects mainly de-

pends on shape, size, material/alloy, wall thickness, and mode of excitation. In bells, a clapper hits 

the inner surface at the mouth/lip, creating approximately 5 to 12 single impulses per second 

when rung constantly. Inside the pellet bells an encapsulated stone or metal ball bounces against 

the inner surface, also creating single impulses, up to 50 per second. Bells produce a higher number 

and more pronounced partial frequencies, are louder and have a longer decay time than pellet 

bells, which gives the typical sound more tonal components and a clearer pitch, while pellet bells 

contain less partials, more noise components and hardly evoke any pitch perception. Neither 

sound is harmonic, however, multiple so-called natural modes (oscillations) create a variety of par-

tial frequencies (Hall 1980: 158–62). 

To gain an overview of all currently investigated idiophones, recordings of the following items 

were analysed: 14 pendants from the site Býčí skála cave, seven bells from Vindobona, 15 bells from 

 
Figure 16: Avar costumes with pellet bells. Reconstruction: K. Saunderson. Photo: B. M. Pomberger. 
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Ovilava, ten bells and two pellet bells from Savaria, six Avar pellet bells and two Roman-Avar bells 

from the Hungarian National Museum, Great Migration collection, eight Avar pellet bells and Qve 

Roman bells from the Slovak National Museum Bratislava, seven Avar pellet bells from the Danube 

Region Museum in Komárno and seven Avar pellet bells and seven Roman-Avar bells from the Wien 

Museum, in total 83 idiophones and 83 recordings. 

4.1 Analysis of the sample 

In this study, 83 recordings of metallic idiophones have been compared, consisting of bells (39), 

pellet bells (30), and other rattling pendants (14). All recordings were made inside of a mobile noise 

absorbing chamber, which was constructed for this project (Pomberger and Mühlhans 2022). For 

further low frequency noise reduction, a 500 Hz lowpass Qlter (Bessel, 5th order) was applied prior 

to analyses. 

Sounds can be described physically and objectively, using acoustic parameters such as sound 

pressure level, amplitudes of partials, spectral shape/energy and the like, which were calculated 

using Audition and Praat for this study. Subjective descriptions mostly use contrasting pairs of 

adjectives like bright/dark, sharp/dull, simple/complex and the like. Psychoacoustics, being a part 

of psychophysics, seeks to Qnd the connection between subjective impressions of a stimulus and 

its physical properties in order to model prediction parameters such as loudness, sharpness, 

roughness, tonality, brightness, and harmonicity (Fastl and Zwicker 2007), which were calculated 

using HEAD ArtemiS SUITE (HEAD acoustics GmbH 2022). JASP was used for statistical analyses of 

all known parameters. 

4.2 Spectral and temporal features 

In general, the objects from this sample produce partials roughly between 2 and 20 kHz, with only 

few exceptions reaching as low as 1 kHz. Figure 17a shows the spectra of all 39 bells, which are 

exclusively from the Roman period, Figure 17b shows the spectra of 30 pellet bells, almost exclu-

sively from the Avar period. The bells clearly show more pronounced partials and higher ampli-

tudes, but particularly more spectral energy in the frequency range above 5 kHz, rendering them 

brighter in perception. Both share a certain amount of spectral energy in the 2–4 kHz range, where 

the human ear is particularly sensitive, so they can be heard even at very low levels. 

Figure 17a shows the temporal structure of an average Roman bell from the sample (Vin-

dobona Cat. 23), with a decay time of about 300 ms, compared to Figure 17b with that of an average 

Avar pellet bell (Vindobona Cat. 35) at about 35 ms. 7F

8 

                                                           
 8 Pomberger 2022. 
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Figure 17: a: Spectra (4096, 85%, HAN) of all 39 bells from the sample;   

b: Spectra (4096, 85%, HAN) of all 30 pellet bells from the sample;   
c: Waveform of an average Roman bell (Vindobona Cat. 25);   
d: Waveform of an average Avar pellet bell (Vindobona Cat. 35). Design: J. Mühlhans. 
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4.3 Sound pressure level and loudness 

Loudness, measured in phon or sone (Fastl and Zwicker 2007: 203–5), is not to be confused with the 

level given in dB re p₀,8F

9  but instead depends on it, thus a correlation of r=0.95*** can be observed.9F

10 

On average, bells are louder (73.5 dB, 23.5 sone, 83.5 phon) than pellet bells (69.1 dB, 18.8 sone, 80.5 

phon), but with only a medium eMect size10F

11 of about d=0.4*. Unsurprisingly, heavier/larger objects 

are also louder, with a correlation between weight and level of r=0.67***. Also, the amount of cop-

per in the alloy (known for 45 objects) correlates with level/loudness at r=0.39**, which could also 

be observed in prior measurements, but with a too small sample. 

4.4 Sharpness, brightness, and roughness 

Sharpness is inGuenced by spectral shape and density and is inversely related to pleasantness (Fastl 

and Zwicker 2007: 239–40). Brightness is highly correlated with the spectral centroid (Schubert and 

Wolfe 2006). Roughness is a sensation evoked by the modulation of tonal components (Sottek 2009). 

All three parameters show large eMects in a t-test between Roman bells and Avar pellet bells, with 

the former showing higher mean values for brightness (d=0.86***), but lower values for sharpness 

(d=-0.81***) and roughness (d=-0.75**). However, while both types can be classiQed as bright and 

sharp sounds, despite the group diMerences, they are not rough at all. Again, the amount of copper 

is highly correlated with sharpness (r=0.47***), but not at all with the remaining two parameters. 

Sharpness is also weakly correlated with level (r=0.47***) and loudness (r=0.37**). 

4.5 Impulsiveness and tonality 

Impulsiveness depends on the energy of the onsets in a sound which adds to the dynamic sensation 

in a stimulus (Sottek et al. 1995) and is calculated in the ArtemiS software in impulsiveness units (iu) 

using the Sottek Hearing Model. Tonality is calculated as the simple ratio between tonal and noise 

components in the signal in dB. The Roman bells are slightly more tonal (d=0.55*) with a mean 

value of 18.6 dB compared to 15.0 in the Avar pellet bells. In terms of impulsiveness, no diMerence 

between the groups can be seen, since more impulses per time unit also create less energy, which 

evens out the parameter between the types. Nevertheless, tonality is negatively correlated with 

impulsiveness itself at r=-0.52***. In this calculation, only a minor trend could be found for the 

amount of copper in the alloy for tonality r=0.23, p<.067. 11F

12 Tonality is negatively correlated with 

roughness (r=-0.62***) and positively with impulsiveness (r=0.81***). 

                                                           
 9 p₀ = 20 µPa (Micropascals) is the commonly used reference sound pressure. 
 10 Here r describes the correlation coe[cient that can range from 0 (no correlation at all) to positive 1 (strict 

linear correlation) or negative 1 (inverse linear correlation). The level of signiQcance, which depends on the 
sample size, is often marked with asterisks, * for a p<.05, ** for p<.01 and *** for p<.001. The more asterisks, 
the higher the signiQcance. 

 11 The eMect size between two means is expressed as Cohen’s d, 0.2 = small, 0.5 = medium, and 0.8 = large eMects. 
 12 If a p-value is close to signiQcance (in this case p<.05), it is sometimes referred to as a trend or tendency that 

could undergo further examination. 
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4.6 Peak frequency and lowest partial 

The peak frequency is the strongest partial in amplitude over the measurement and is likely to 

inGuence pitch perception, which is not obvious from the spectral components (Benade 1976: 56). 

The lowest partial or fundamental in bells depends on thickness and diameter and is a result of the 

axial mode [2,0] (Fletcher and Rossing 1991: 578). Peak frequency is correlated with brightness 

(r=0.72***), but the lowest partial only shows very weak negative eMects with loudness (r=-0.26*). 

 
Figure 18: Scatterplots for the eight highly signiQcant correlations between two parameters (p<.001) with 95% conQdence 

interval (dashed blue line). Design: J. Mühlhans. 
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The statistical calculations above are mainly a result of comparing only 69 objects from the 

sample for a direct comparison of Roman bells and (mostly) Avar pellet bells. Some statistical val-

ues change slightly when the 14 remaining objects from the Iron Age are considered, e.g., r-value 

from weight-loudness changes from 0.67*** to 0.62*** and roughness-impulsiveness from 0.81*** 

to 0.82***. Table 4 gives an overview of the correlations between all parameters for the entirety of 

the sample. 

5 Conclusion/Discussion 

Investigating metallic idiophones over a time span of 1600 years demonstrates their various uses 

and functions, their diversity of material and chemical compositions, and their inGuence on their 
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Cu 

2. loudness 

(phon) 

 n  83  —                 

 r  0.964 *** —                 

 p  < .001  —                         

3. sharpness 

(acum) 

 n  83  83  —               

 r  0.420 *** 0.421 *** —               

 p  < .001  < .001  —                      

4. roughness 

(asper) 

 n  83  83  83  —             

 r  0.095  0.097  -0.115  —             

 p  0.394  0.384  0.301  —                   

5. tonality (dB) 

 n  79  79  79  79  —           

 r  0.355 ** 0.313 ** 0.277 * -0.578 *** —           

 p  0.001  0.005  0.013  < .001  —                

6. impulsiveness 

(iu) 

 n  83  83  83  83  79  —         

 r  0.256 * 0.236 * -0.252 * 0.815 *** -0.521 *** —         

 p  0.019  0.032  0.021  < .001  < .001  —             

7. spectral 

centroid (Hz) 

 n  83  83  83  83  79  83  —       

 r  -0.341 ** -0.411 *** 0.021  -0.331 ** -0.039  -0.214  —       

 p  0.002  < .001  0.852  0.002  0.733  0.053  —          

8. peak 

frequency 

(Hz) 

 n  83  83  83  83  79  83  83  —     

 r  -0.159  -0.276 * 0.144  -0.233 * 0.042  -0.194  0.761 *** —     

 p  0.151  0.012  0.193  0.034  0.715  0.078  < .001  —       

9. lowest partial 

(Hz) 

 n  82  82  82  82  78  82  82  82  —   

 r  -0.159  -0.265 * 0.210  -0.016  -0.020  -0.184  0.073  0.150  —   

 p  0.153  0.016  0.059  0.884  0.859  0.099  0.515  0.177  —    

10. Cu 

 n  45  45  45  45  43  45  45  45  45  — 
 r  0.388 ** 0.458 ** 0.466 ** -0.179  0.233  -0.113  -0.045  0.049  -0.317 * — 
 p  0.009  0.002  0.001  0.239  0.133  0.459  0.771  0.747  0.034  — 

Table 4: Pearson’s correlations for all calculated parameters with sample size (n), correlation coe[cient (r) and sig-
niQcance (p). * p < .05, ** p < .01, *** p < .001. 
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acoustic surroundings. The fourteen pendants from the Býčí skála Cave, Hallstatt culture, very 

probably were sacriQcial oMerings of a woman. Cage shaped pendants (here the bobbles) have their 

origin in the regions of the Black Sea and the Caspian Sea. Bobbles and pellet bells imitating pom-

egranates or poppy seeds can be interpreted as symbols and amulets for fertility, luck, and abun-

dance. Their material is bronze with some amounts of lead. The sounding jewellery is quite heavy 

and produces sounds/noises with frequencies between 1.3 kHz and 20 kHz. They are quite sharp, 

but not rough or loud and can be described as pleasant. 

The Roman bells of Vindobona were cast from three diMerent copper alloys and forged from 

iron sheets. The materials, types, and average sizes are very common in the Roman imperial period. 

Their analysed sounds are in the upper human auditory range, show more tonal components than 

 
Table 5: Heatmap with Pearson’s correlations of all calculated parameters, coe[cients (r) shown as numbers, negative cor-

relations marked in red, positive ones in blue. Design: J. Mühlhans. 
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noise character, and would be perceived as sharp but not rough. Bells are multifunctional sound 

objects that could serve many purposes. Their basic functions were as noise and signal objects, 

acoustically-perceived oMensive weapons, perceived apotropaic protective sound shields, and, fur-

thermore, objects of status and prestige. Ancient authors inform us about their use in daily life, 

revealing uses both profane and sacral. Given the range of uses, precise statements about a given 

bell’s function is thus highly dependent on the context in which it was found. This means that bells 

in speciQc Qnd contexts, for example, in graves, in connection with animal skeletons, or attached 

to chariots, allow for more precise statements than bells discovered in buildings, roads, or ditches. 

During the Early Middle Ages (Avar period), bells seem to lose their important role. Only a few 

(of Roman origin) were found in burials. Pellet bells appear in the Carpathian base again in the 

middle of the seventh century and are similarly excavated in burials, mainly of children. They 

probably spread from the Black Sea region and the Caspian Sea back to Central Europe. Each object 

is unique and of diMerent metallurgic quality. Shapes and ornaments are manifold. Pebbles, bronze 

balls, and lumps of cinder serve as rattle bodies. Textile fragments of various quality as well as their 

Qnd positions in the graves demonstrate that they could have been worn on the body or placed in 

a small bag or wrapping. Some horse bridles might have been decorated with pellet bells. They are 

made from various copper alloys and iron. Their sounds are rather high, with partials located be-

tween 1 kHz and 20 kHz. They would thus be perceived as sharp but not rough. We do not know for 

certain if the Avar people really believed that pellet bells served an apotropaic purpose, as has been 

suggested in many publications, or whether other imaginations and ideas lay behind their inclu-

sion in burial contexts. In any case, it is strange that they appear in such conspicuously small num-

bers. 

This article examined a total of 83 objects (83 recordings) for a variety of (psycho-)acoustic 

parameters. 39 bells stemming exclusively from the Roman period were compared to 30 pellet bells 

mainly from the Avar period. These two groups showed the greatest diMerences in the acoustic 

parameters. 14 Iron Age objects consisting of other types of metallic idiophones were also calcu-

lated in to provide context for the overall correlations. The results were as follows: Roman bells 

consistently ranked higher in weight, level/loudness, tonality, brightness, and peak frequency. The 

Avar pellet bells ranked higher in the amount of copper in the alloy, sharpness, and roughness. 

Other parameters, such as impulsiveness and lowest partial frequency, were approximately similar 

between the two groups. In statistically precise terms, large eMect sizes could be observed between 

the groups in terms of weight, sharpness, roughness, and brightness, with a Cohen’s d>0.75. Me-

dium and therefore less signiQcant eMects could be seen in level and tonality with a Cohen’s d>0.5. 

Other diMerences were either small in eMect size or not signiQcant in the t-test. Since the corpus 

of parameters in the project grew larger with time, an exploratory factor analysis was done to 

determine if the complexity of data could be reduced. The results were positive but mixed. If only 

bells and pellet bells are calculated, reducing the single parameters to two factors can cumulatively 
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explain about 55% of the variance. Adding a third factor explains up to 67%. This is still not satis-

fying, and indicates that many parameters have a high value in uniqueness and thus are needed 

for a detailed understanding of the diMerences among the tested metallic idiophones. 
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