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X-RAY AND NEUTRON RADIOGRAPHY OF LATE BRONZE AGE
WEAPONS AND ARMOUR FROM WESTERN HUNGARY

Janos Gébor TARBAY' ) — Zoltan Kis*@® - Boglarka MAROTI?

The study introduces 2D images of X-ray and neutron radiography analyses carried out on Late Bronze Age
Transdanubian combat weapons, a potential shield fragment, armour, and helmet fragments. The results were
provided in the framework of the ‘Technology, Use and Manipulation of Weapons from Late Bronze Age Trans-
danubia’ research programme (2020-2024). The studied finds originate from different sites and contexts: a rapier
(Keszthely), swords (Nagydém A-B, Tab), spearheads (Bonyhdd area, Budakeszi A-B, Celldomolk Sdg Hill 11,
Keszbhidegkut, Poloske), an arrowhead (Pdzmdndfalu III), a ‘helmet’ (Kesz6hidegkiit), a cuirass (Pazmdndfalu
I/Il), a ‘cuirass/helmet’ (Szentgdloskér), a ‘shield’ (Szentgaloskér), and a dagger (Tahitotfalu). Using methods less
applied in Bronze Age research in Hungary, we provided new results on the casting technology of these objects,
casting defects, and production techniques and repairs of sheet metal objects.

A tanulmdny dundntili, késé bronzkori tdmadoifegyverek, lehetséges pajzstoredék, pdncél és sisaktoredékek
rontgen- és neutronradiogrdfia médszerével eldallitott 2D felvételek eredményeit teszi kozzé. A vizsgalatok
elvégzésere a ,,Késé bronzkori dundntuli fegyverek technoldgidja, haszndlata és manipuldciéja” (2020-2024) c.
kutatdsi program keretében keriilt sor. A tanulmdnyozott leletek kore kiilonbozé kontextusokbol és lel6helyekrdl
szdarmazik: térkard (Keszthely), kardok (Nagydém A-B, Tab), landzsahegyek (Bonyhdd vidéke, Budakeszi A-B,
Celldomolk-Sag-hegy II, Keszéhidegkut, Poloske), nyilhegy (Pazmdndfalu III), sisak (Keszéhidegkut), vért
(Pazmdndfalu I/1), ,vért/sisak” (Szentgdloskér), ,,pajzs” (Szentgdloskér), tér (Tahitotfalu). A magyarorszagi
bronzkori kutatdsban kevésbé alkalmazott modszerek segitségével a szoban forgé targyak ontéstechnologidjarol,

//////

Keywords: X-ray radiography, neutron radiography, Late Bronze Age, weapons, Western Hungary

Kulcsszavak: rontgenradiogrdfia, neutronradiogrdfia, késé bronzkor, fegyverek, Nyugat-Magyarorszag

Introduction

While radiographic techniques are widely used
to study Bronze Age metal finds, a relatively few
bronzes from Hungary, such as swords, spearheads,
knives, helmets, an axe, a flesh hook, and a mega
spiral, have been subjected to similar analysis or
advanced methods, e.g., neutron tomography (see
Driehaus 1961, 30, Pl. 13. 3-5; Born, Hansen 2001,
186-205, Figs. 143, 145, 152, 154; Hellebrandt 2011,

133, Fig. 13; Dani et al. 2013; Modlinger et al. 2014;
Kiss et al. 2015; Tarbay 2015; Tarbay 2018, PL. 319;
Tarbay et al. 2021; Tarbay et al. 2023). X-ray and
neutron radiography (henceforth NR) can provide
2D images of the object’s inner structure; thus, they
provide a great benefit for use-wear analysis of an-
cient bronze objects and are effective in further char-
acterising the bronzes’ production technological
traces, particularly casting traces and defects that are
difficult to evaluate on the surface (Dolfini, Crellin
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2016). These analytical methods are available in
Hungary in the laboratory of the Nuclear Analysis
and Radiography Department of the HUN-REN
Centre for Energy Research (Szab¢ et al. 2019, 3,
Tab. 1). Furthermore, X-ray and XCT analysis with
comparable results is widely available in private and
public medical institutions throughout the country,
and some museums can also perform X-ray analy-
sis with their own instruments. For these reasons, it
is surprising that the use of these methods has not
been more widely spread in Hungary for the exami-
nation of Bronze Age metal objects.

In this paper, we aim to change this situation by
publishing a small series of X-ray and NR results
on Late Bronze Age weapons from the territory of
Western Hungary. These artefacts were analysed in
the laboratory of the Nuclear Analysis and Radi-
ography Department of the HUN-REN Centre for
Energy Research in the framework of the “Technol-
ogy, Use and Manipulation of Weapons from Late
Bronze Age Transdanubia® (2020-2024) research
programme of the Hungarian National Museum.
The new series includes different types of weapons,
mainly spearheads and swords, but also a rapier, an
arrowhead, a dagger, sheet metal armour and a po-
tential shield and armour parts.

The selected artefacts can be dated between the
Br B2/C1(C2) and the Ha B2 period of the Hungar-
ian Late Bronze Age. The oldest find is the epony-
mous Sauerbrunn-Boiu-Keszthely type rapier from
a tumulus excavated in the Legel6-dil6 at Keszthely
(Neumann 2009, List 1. 31-43; Godis, Styk 2019)
(Figs. 1-2). In chronological order, this remark-
able find is followed by a ‘Peschiera style’ (Merlara
type) dagger from the shore of the River Danube at
Tahitétfalu-Szentendre Island, dated around the
Br D-Ha Al based on its fine parallels (Tarbay 2020)
(Fig. 3. 17). The series includes several emblemat-
ic finds from the Transdanubian Kurd type hoards
(Ha A1) (Mozsolics 1985), such as a spearhead with
a long, straight sword-like blade from the Bonyhad
area hoard that belongs to a special combat weapon
group, namely spearheads used with slashing move-
ments (Schauer 1979; Mozsolics 1985, 102-104, PL
36. 2) (Fig. 4. 1) and the spearhead with stepped
blade from Poloske, which belongs to a widely dis-
tributed weapon type in Central Europe, the paral-
lels of which are distributed between the Carpath-
ian Basin and the Alps (Mozsolics 1985, 177-178,
Pl. 124. 4; Hansen 1994, 66-67, Fig. 35; Bader 2015,
382-383) (Fig. 4. 13). The bent and broken ribbed

Fig. 1. The rapier from Keszthely and its X-ray image
(Photo: Jozsef Rosta; Appendix 9)
1. kép. A keszthelyi térkard és rontgenfelvétele
(Foto: Rosta Jozsef; Appendix 9)

sword from Tab finds its parallels in Transdanubia
(Kemenczei 1988, 61, PL. 36. 328; Makkay 2006, Pl.
10. 52), Transylvania (Bader 1991, PI. 25. 253, PL. 26.
264), the northern Balkans (Harding 1995, PL. 9. 58,
Pl 18. 139), and Austria (Schauer 1971, P1. 91. 596).

We also had the chance to include a few new-
ly found objects from the Pazmandfalu funerary
hoards, owing to the generosity of the leader of the
excavation and first publisher of the finds, Gabor
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Fig. 2. U-shaped notch on the edge of the Keszthely rapier (Appendix 9)
2. kép. U alakd csorbulasnyom a keszthelyi térkard élén (Appendix 9)

V. Szabo. The first object to be mentioned is a socket-
ed, barbed arrowhead from Pdzmdandfalu Hoard III,
which belongs to a widely distributed hunting and
combat weapon group throughout the area occupied
by the Urnfield culture and beyond (Clausing 2005,
63-65; V. Szab6 2019, 62-64, Fig. 48) (Fig. 4. 12). An
exceptional find in the studied series is the Carpath-
ian-style cuirass side fragment from Pazmandfalu
Hoard I/II. It consists of the back and front plates of
the armour attached by a serrated sheet metal band
and two ribbed rectangular-shaped cast and ham-
mered rivets (Fig. 3. 11). The best analogue of such
armour can be found in Caka, Cierna nad Tisou,
Sarisské Michalany, Ivancice 1V, Farkasgyepti and
Saint-Germain-du-Plain (Reinach 1921, 234, Fig.
129. 7257; E. Petres, Jankovits 2014, 57; Modlinger
2017, 182-186, 212; Salas 2018, 59-60, Fig. 22, PL. 4.
96, 96a; Salas, Msallamova 2019, 29-32, Fig. 2. 1A;
V. Szab¢ 2019, 60-71). Smaller, similar-shaped riv-
ets were excavated from the 6th burial with weapons
from Balatonftizf6, which may also be part of similar
sheet metal armour (Ilon 2015, Fig. 9. 23-24, 26-27).

There is aribbed sheet metal fragment from Szent-
galoskér, a potential shield fragment, according to
Mozsolics (Mozsolics 1985, 28, 194-195, PI. 115. 7),
which could be part of a Lommelev-Nyirtura type
shield, whose group of parallels is well-known in
Hungary, northern Croatia, and Denmark (Patay
1968; Uckelmann 2012, 14-21) (Fig. 3. 15). Another
curious sheet metal fragment from the same hoard
was included in the series. This find was interpreted
as a metal vessel part, part of a metal cuirass, or a
bronze collar of an organic cuirass (Hampel 1886,
Pl. 118. 27-28; Paulik 1970, 50, Fig. 7. Al; Schauer
1978, 124-125; Bouzek 1981, 26; Bouzek 1985, 110;

E Petres 1982, Fig. 11b; Schauer 1982, Fig. 1. 25;
Mozsolics 1985, 26; Kytlicova 1988, 310-311, Fig.
5; Jankovits 1992, 71; F. Petres, Jankovits 2014, 60,
Fig. 15. 1) (Fig. 6). Recently, Modlinger rejected this
idea based on technological arguments (Médlinger
2017, 193), as did Jankovits, who earlier argued for
its identification as an armour part (Jankovits 2016,
66). Based on their sides, it is likely that small, per-
forated sheet metal rim fragments with ribs from the
same hoard (Fig. 6. 14/7-14/10) also belong to this
object, suggesting that this sheet was a lower part
of the sheet metal product. Although we still do not
have enough evidence to identify this object typo-
logically, we think it is likely that it could have been
part of some kind of armour, of which the helmet or,
more likely, cuirass seems most likely, as such dense
rivet holes are more characteristic of Carpathian cui-
rasses (Modlinger 2017, P1. 25. 128).

The youngest objects selected for analysis were de-
posited between the Ha B1 and Ha B2 periods. Two
objects were selected from the Kesz6hidegkut hoard.
One of them is a sheet metal fragment with perfo-
rated edges, a potential conical-shaped or bell hel-
met, according to Mozsolics (Mozsolics 1985, 24-25;
Modlinger 2017, 33-42; Tarbay 2021, 113, Fig. 9. 29)
(Fig. 3. 8). The other is a blade fragment of a large
spearhead with a willow-shaped blade and outline
grooves (see Tarbay 2023, 482-485, Fig. 7) (Fig. 4. 7).
The content of the Kesz6hidegkut hoard represents
multiple periods, which most likely closed around
the Ha B1 (Tarbay 2021, 99-117, Fig. 8. 7). The two
objects examined are more likely to belong to the
Ha Al group. Four spearheads with leaf-shaped
blades, one of them with a protruding midrib, were
chosen for analysis from the recently published
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Fig. 3. X-ray images of a dagger, sword, and sheet metal objects. 8: Kesz6hidegkut; 11: Pazmandfalu I/II; 15:
Szentgéloskér; 16: Tab-Csabapuszta; 17: Tahitdtfalu-Szentendre Island (Appendix 8, 11, 15-17)
3. kép. Tor, kard és lemeztargyak rongtenfelvételei. 8: Keszéhidegkat; 11: Pazmandfalu I/II; 15: Szentgaloskér;
16: Tab-Csabapuszta; 17: Tahitétfalu-Szentendrei-sziget (Appendix 8, 11, 15-17)

Budakeszi A and B hoards (Fig. 4. 2-5). The produc-
tion and use of these weapons span multiple periods.
Typo-chronological analysis of the Budakeszi hoards
showed that they were deposited in the Ha B1 (re-
viewed by Tarbay 2022, 33-35, 52-53, Fig. 2. 1). The
list also includes one of the Liptov-Hogl-type met-
al-hilted sword fragments from the Nagydém A-B
hoards (Kemenczei 1991, 40, PL. 33. 139) (Fig. 7. 10),
a mixed dual hoard, probably deposited around the
same time. Such weapons are most common in the

northeastern Carpathian Basin; their appearance in
Transdanubia is considered rare and probably a result
of warrior mobility (Miiller-Karpe 1961, 22-29; Bad-
er 1991, 128-133; Stockhammer 2004, 180-183; No-
votna 2014, 49-66; Tarbay 2018, 20-22, List 3. 3, Map
4). The last object is a spearhead with a leaf-shaped
blade from Hoard II discovered in Sag Hill at Cell-
domolk. This object is the youngest of the selected
finds, dated to Ha B2, according to Amélia Mozsolics
(Mozsolics 2000, 37-38, PL. 12. 8) (Fig. 4. 6).
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Fig. 4. X-ray (1, 7, 12-13) and NR (2-6) images of spearheads and an arrowhead. 1: spearhead from Bonyhad area;
2: spearhead from Budakeszi Hoard A; 3-5: spearheads from Budakeszi Hoard B; 6: Celldomolk-Sag Hill; 7: spearhead
from Kesz6hidegkut; 12: arrowhead from Pdzmandfalu; 13: spearhead from P6loske (Appendix 1-7, 12-13)

4. kép. Landzsahegyek és egy nyilhegy rontgen (1, 7, 12-13) és neutronradiografids (2-6) felvételei. 1: Bonyhad
vidéki landzsahegy; 2: landzsahegy a Budakeszi A dep6bdl; 3-5: landzsahegyek a Budakeszi B depdbdl; 6: landzsahegy
Celldomolk-Sag-hegyrél; 7: kesz6hidegkuti landzsahegy; 12: pazmandfalui nyilhegy; 13: p6loskei landzsahegy
(Appendix 1-7, 12-13)

X-ray and neutron radiography the attenuation of the beam capable of penetrating

the object (such as X-rays and electrically neutral
X-ray and neutron imaging usually reveal the mac-  neutrons). According to the principle of radiogra-
ro- and microscopic structure of an object by non-  phy, material placed in the path of the beam casts a

destructive tests. Radiography (2D imaging) or  ‘shadow’ on the screen which is sensitive to a given
tomography (3D imaging) can be used to visualise  radiation (projection image or projection). Imag-
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ing (i.e. the formation of a contrast pattern) is made
possible by detecting different amounts of radiation
that reach different points on the screen. Both types
of radiation can pass through several centimetres of
material, so the interior of a larger object can be suc-
cessfully examined.

. A
Fig. 5. X-ray (A) and NR (B-D) images of the spearhead
from Bonyhad area (Appendix 1)

5. kép. A Bonyhad vidéki landzsahegy rontgen- (A) és
neutronradiografids (B-D) felvételei (Appendix 1)

With bimodal imaging, it is possible to generate
both X-ray and neutron data sets for the same ob-
ject. The different interaction of the two types of ra-
diation (X-ray - with electron shell, neutron - with
nucleus) gives complementary information. X-ray
imaging is a widely used basic method compared
to neutrons, with spatial resolution down to nano-
metres. However, neutron imaging is very useful for
examining materials made up of elements with low
atomic numbers, as X-ray imaging of these materials
is poor. In addition, neutron imaging is particular-
ly sensitive to hydrogen content. Its disadvantages

compared with X-ray imaging are lower spatial reso-
lution (some 10s — 100s of pm) and longer exposure
times. The triad of spatial resolution, exposure time
and field of view should always be optimised.

The X-ray and neutron imaging were performed
at the RAD and NORMA facilities operated by the
Nuclear Analysis and Radiography Laboratory of
HUN-REN Centre for Energy Research, respective-
ly. For X-ray radiographic images, an ERESCO 42
MF3.1 X-ray tube was used, placed 106 cm away
from the scintillator screen. The tube voltage was set
to 200 kV with a current of 4.5 mA, and a 2 mm thick
Al-filter was used during the acquisition of the imag-
es. The spatial resolution achieved is approximately
250 um. The neutron imaging was performed on the
horizontal channel No.2 of the reactor. The achieved
spatial resolution is about 350 um. Image processing
was done using routines and plugins from the latest
version of the FIJI open-source programme (Schin-
delin et al. 2012; www.fiji.sc).

The radioactivity that is generated in the object
from neutron irradiation decays after a while, there-
fore tests should be planned so that this time is ac-
ceptable, whereas with X-ray imaging this problem
does not occur.

Results and Discussion

X-ray and NR results and their interpretation will be
presented below by object types, starting with spear-
heads, and ending with sheet metal objects. Spear-
heads dated to the Ha A1-Ha B2 made up the largest
group of finds that was studied (Fig. 4.1-7, 13). These
objects were made in two-piece casting moulds with
two negatives and a long casting core inserted be-
tween the mould halves (Trommer, Bader 2013).
Much of the phenomena observed by the 2D X-ray
and NR images can be associated with the above
production technology. The most common obser-
vation is the occurrence of different pores, which
can be associated either with gas porosity or with
shrinkage porosity (Tarbay et al. 2021, 7-8, Fig. 6).
Pores inside the castings are observable in six out of
the eight spearheads. In many cases, their distribu-
tion, size, and quantity do not seem to be significant,
even on a 2D image (Fig. 4. 1, 2, 4, 6-7, 13). Poros-
ity certainly did not make these weapons dysfunc-
tional. An apparent exception is a spearhead from
Budakeszi B (Fig. 4. 4). Here, the pores are distrib-
uted near the midrib and the hole inside the object,
as well as along the socket. Some of the pores also
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Fig. 6. The fragmented sheet-metal object from Szentgaloskér and its X-ray image (Appendix 14)
6. kép. A szentgaloskéri toredékes lemeztargy és rontgenfelvétele (Appendix 14)
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have an elongated shape, suggesting they could have
been formed by shrinkage porosity. The object was
nevertheless manufactured and probably used based
on combat traces (see Tarbay 2022, 64-65). The sec-
ond category of phenomenon observable inside the
spearheads is associated with the socket, or more
precisely, the casting core. Information on produc-
tion technology can be obtained from the depth and
position of the spearhead sockets. Ideally, the sock-
ets are situated at the exact centre of the weapon, and
they are long and almost fill the entire cavity of the
midrib section. The studied findings show how hard
it was to achieve such symmetry during casting. Ex-
cept for one spearhead from Budakeszi B (Fig. 4. 3),
all the other complete spearheads and one fragment
had a core shift defect in a lateral or longitudinal di-
rection (Fig. 4. 2, 4-5, 7, 13). There could be many
causes of these defects, including the imprecise and
asymmetrical shape of the casting cores, inadequate
fixing of the cores with a fixing rod through the peg-
holes, or the insufficient preheating of these mould
parts, which could lead to gas formation and shrink-
age, eventually displacing the casting core. The latter
scenario is highly likely for some of the Budakeszi
spearheads (Fig. 4. 2, 4), where core shifts com-
bine with pores. The third phenomenon is cracking
caused by shrinkage that can be observed in the im-
ages. This was only present in the lower section of
the spearhead from Celldomolk-Sag Hill (the upper
cracks were caused by mechanical stress, probably
a hammer impact) (Fig. 4. 6). The arrowhead from
Pazmandfalu (Fig. 4. 12) was produced using similar
technology to the spearheads. Inside the arrowhead,
one can observe a minor core shift in the longitudi-
nal direction, which was probably associated with a
large, incomplete defect along the socket. Near-tip
longitudinal crack-like traces are observable, whose
origin is unclear to us, but they can probably be as-
sociated with the use of the weapon. On the NR im-
ages, remnants of organic material can be observed
on the inner wall of the Bonyhad spearhead socket.
These could be detached parts of the wooden shaft
that corroded into the wall of the socket, but their
precise identification requires further sampling and
elemental composition analysis (Fig. 5). The swords
(Fig. 7. 10, Fig. 3. 16), the rapier (Fig. 1), and the dag-
ger (Fig. 3. 17) form the second category of objects
that are technologically comparable and can be dis-
cussed together. Swords and daggers are made in
two-piece moulds with two negatives cast in a verti-
cal position from the handle or the tip of the blade

(Siedlaczek 2011). There are some special variants,
such as the metal-hilted swords (Fig. 7) which are
cast separately in a two-piece mould with two nega-
tives and a core or with a lost-wax casting technique.
On the X-ray images, trapped gas pores were iden-
tified inside all weapons (see gas pores in swords:
Quilliec 2002, 100, Fig. 17; Quilliec 2007, 406, Fig. 8;
Tarbay et al. 2023, 9, 16). In two cases, one can ob-
serve the densification of the pores in one direction:
near the lower blade part — Keszthely rapier (Fig. 1)
or near the handle - Tahitétfalu dagger (Fig. 3. 17).
The concentration of pores can indicate the direc-
tion of casting (Mddlinger et al. 2009, 53-54). The
Keszthely rapier was probably cast from the direc-
tion of the tip, while the Tahitétfalu dagger was cast
from its hilt. A breakage at the end of the hilt that
may be associated with the removal of the casting
jet is also visible on the latter object (Tarbay 2020,
Fig. 3). The pores near the end of the Keszthely ra-
pier may seem serious on a 2D image, but this did
not make the weapon a dysfunctional object. Doubts
on functionality can be easily dispelled by compar-
ing the results of the X-ray and the use-wear analysis
(Dumont, De Mulder 2020). The eponymous rapier
from Keszthely shows characteristic traces of heavy
wear in the form of worn-out patterns, micro edges,
and tip damage (Fig. 2).

The metal-hilted sword from Nagydém showed
that the cavity of the handle is hollow; no stuck ce-
ramic mould parts were visible inside (Fig. 7). The
terminal of the blade is situated in the middle of the
handle (Bunnefeld 2016, 30, Fig. 6), but it does not
fit completely into the hilt’s cavity, especially around
the area of the shoulders. The blade also has a small
hilt plate, shaped like the broken lower part of a cast-
ing jet. Unlike most metal-hilted swords, the blade
handle is attached to the metal hilt by pegs punched
through the peg holes. In this case, the pegs are only
just halfway into the blade’s shoulders. The sword
from Nagydém is not the only one with such traces;
similar ones were identified by X-ray on Central Eu-
ropean swords with ribbed hilts or cup-shaped pom-
mels from Bohuslavice, Komjatnd and Zlatna na Os-
trove, Mecklenburg, Milavce C4 (Rihovsk)’r 2000, 151,
Pl 7, 12; Wiistemann 2004, Pl. 64. 441; Novotna 2014,
Pl. 19. 83, PL. 29. 131 A; Winiker 2015, PL. 8. 19). Born
interpreted this phenomenon as a riveting error (see
Born, Hansen 2001, 190-191, Fig. 143). Wiistemann
and Sicherl proposed that the shoulder area of the
hilt plate be broken off when the blade was punched
through (Wiistemann, Sicherl 2015, 92, PL 8. 19) or
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5cm

Fig. 7. X-ray image of the sword from Nagydém
(Appendix 10)
7. kép. A nagydémi kard rontgenfelvétele (Appendix 10)

that the piercing point be so far along the edge that
only an edge notch was created (Wiistemann 2004,
143, PL. 64. 441). Bunnefeld described sword handles
as having broken-out rivet holes (Bunnefeld 2016,
348, PL. 117. E2, P1. 118. E4) from which an interpre-
tation was given by Horn on the example of halberds
(Horn 2014, 185-187, Fig. 113). There are also several
other possibilities for how this phenomenon could
have occurred. The hilt plate of the blade is signifi-
cantly narrower than the cavity of the metal handle; it
does not fit completely and perfectly. This blade could
originally have been made for another, narrower met-
al-hilted sword; what we see is an improvised solution
to fit into a narrow hilt plate, a large metal hilt origi-
nally made for another sword. Another scenario is
that the hilt plate was cast incompletely and therefore
became narrower than the handle. A third possibility
is that a previously used blade with a damaged han-
dle and worn-out peg holes was inserted into a metal
handle, which is not an unknown phenomenon of the
period (Born, Hansen 2001, 202). The rounded sur-
faces around the peg holes could indicate such exten-
sive wear. However, this should be further character-
ised by advanced 3D methods (neutron tomography
or CT) for an exact determination.

The last group of objects is armour (Fig. 3. 11),
potential armour (Fig. 3. 8, Fig. 6), and shield parts
(Fig. 3. 15). In the case of sheet metal objects treated
by cold hammering and annealing, the traces usu-
ally observable on the radiography images of these
finds are lateral and perpendicular hammer impacts
related to the tools used for stretching and raising
the sheets. Such hammer traces were observed by
X-ray on Late Bronze Age bronze cups and hel-
mets (Born 1997, 79-80, Figs. 22-25; Born, Hansen
2001, 247-248, Fig. 198). Elongated oval-shaped
hammer traces parallel to the rim of the sheet
metal objects are best observable on the sheet from
Keszohidegkut (Fig. 3. 8). Along the edges of this
sheet, perpendicular hammering traces that helped
to shape this part of the object are also well-observ-
able. Faint hammering traces are also present on
the much thinner sheets from Pazmandfalu (Fig. 3.
11). The X-ray images also help us to characterise an
enigmatic sheet metal object from the Szentgalos-
kér hoard (Fig. 6). On the X-ray image, it is clearly
visible that the edge of the object is covered with
one punched patch-like sheet that covers an addi-
tional small rectangular sheet in the middle of the
object’s upper edge (Fig. 6). The punched sheet fas-
tened together the two main sheets using small pegs
with rounded heads and bent shafts, which are for
helmet and cuirass fastening (Modlinger 2017, PL
3. 16, 21, PL. 25. 128). Elongated chisel or axe cut
marks are also visible on the edge of the preserved
main sheet, suggesting that part of the main sheet
was removed prior to the riveting of the punched,
patch-like sheet. We believe that this punched sheet
was a repair trace that held together two previously
damaged sheet metal parts. Repairing sheet metal
products was a common practice for metal ves-
sels (Gogaltan 1993) and armour during the Late
Bronze Age. This type of decorative and fine repair,
as we can see on the Szentgaloskér sheet, has its
best analogues among the group of armour. A fine
counterpart is the bell helmet from Piscolt, Roma-
nia, whose body was repaired with a small, rounded
piece of sheet metal with punched decoration and
attached with rivets to the main sheet (Marta 2017,
195-197, Fig. 4. 1). This does not indicate that it
was a sheet metal helmet because the Piscolt hel-
met is younger than the Szentgaloskér sheet, and it
serves merely as a technological parallel. At present,
it seems more likely that these sheet metal objects,
and their potential fragments could be edge parts of
repair armour, a helmet, or a cuirass.
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Conclusions

The study introduced a new X-ray and NR series of
Late Bronze Age combat weapons and armour, and
a shield fragment dated between the Reinecke Br
B2/C and Ha B2 periods. Our results contributed to
the characterisation of cast and sheet metal object
production technology. The interior and internal
structure of the studied objects revealed different
technological information and general and type-
specific production technological traces. The list
of observed phenomena includes various core shift
defects, which can be described mainly in the case
of spearheads. On several objects, casting defects
such as pores caused by gas, shrinkage porosity, and
internal cracks were observed. In some cases, the
densification of pores at one end of the cast also in-
dicates the direction of casting, as can be observed
in the case of the Keszthely rapier cast from the
tip or the Tahitétfalu dagger cast from the handle.
Complex, multi-part objects, such as the metal-hilt-

ed sword from Nagydém, could also provide new
information on the way in which these weapons
were hilted. In the case of sheet metal objects, X-ray
and NR images mainly revealed hammering marks
connected to the formation of these objects by cold
hammering and annealing, which are difficult to see
with the naked eye. New data was also provided on
the assembly of the complex sheet metal object from
Szentgaloskér, which may be part of a repaired ar-
mour or helmet.
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Appendix
No. | Site Type Inv. No. References Figs.
1 Bonyhad area spearhead | HNM, 1889.95.102 | Mozsolics 1985, 102-104, P. 36.2 | Fig. 4. I,
Fig. 5
2 Budakeszi A spearthead | HNM, 2021.8.2 Tarbay 2022, 187, PL. 1. 2 Fig. 4.2
3 Budakeszi B spearthead | HNM, 2021.8.69 Tarbay 2022, 187, PL. 1. 2 Fig. 4.3
4 Budakeszi B spearhead HNM, 2021.8.70 Tarbay 2022, 190, P1. 11. 70 Fig. 4. 4
5 Budakeszi B spearhead HNM, 2021.8.71 Tarbay 2022, 190-191, PL. 11. 71 Fig. 4.5
6 Celldomolk- spearhead HNM, 1949.25.26 Mozsolics 2000, 37-38, PL. 12. 8 Fig. 4.6
Sag Hill 1
7 Kesz6hidegkut spearhead HNM, 1926.66.92 Tarbay 2021, 99-117, Fig. 8.7 Fig. 4.7
Kesz6hidegkut ‘helmet’ HNM, 1926.66.71 Tarbay 2021, Fig. 9. 30a-b Fig. 3. 8
9 Keszthely-Legel6- | rapier HNM, 1885.114.1 Kemenczei 1988, 38, PL. 13. 156, Pl. | Fig. 1. 9
diils, Mound 1/ 59A
Feature 1
10 | Nagydém A-B sword HNM, 2020.8.1 Kemenczei 1991, 16, P1. 33. 139 Fig. 7. 10
11 | Pazmandfalu I/II cuirass ELTE IAS V. Szab6 2019, 174-178, Fig. 47 Fig. 3. 11
12 | Pazmandfalu III arrowhead | ELTE IAS V. Szab6 2019, 174-178, Fig. 48 Fig. 4. 12
13 Poloske spearhead HNM, 1887.9.12 Mozsolics 1985, 177-178, P1. 124. 4 | Fig. 4. 13
14 | Szentgaloskér ‘cuirass’/ HNM, 1886.4.90 Mozsolics 1985, 194-195, PL. 115. | Fig. 6
‘helmet’/ 6,9-10
‘sheet’
15 | Szentgaloskér shield HNM, 1886.4.97 Mozsolics 1985, 28, 195-195, P1L. Fig. 3. 15
115.7
16 | Tab-Csabapuszta sword HNM, 1880.105.33 | Kemenczei 1988, 61, PL. 36. 328 Fig. 3. 16
17 | Tahitotfalu- dagger HNM, 2023.11.1 Tarbay 2020, 2, Fig. 3 Fig. 3. 17
Szentendre Island
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KESO BRONZKORI, NYUGAT-DUNANTULI FEGYVEREK ES PANCELOK
RONGTEN ES NEUTRONRADIOGRAFIAS VIZSGALATA

Osszefoglalds

Munkénk dunantuli, kés6 bronzkori (Bz B2/C-Ha
B2) tamadodfegyverek, lehetséges pajzstoredék, pan-
cél és sisaktoredékek rontgen és neutronradiografia
modszerével eldallitott 2D felvételek eredményeit
teszi kozzé. A vizsgalatok elvégzésre a ,, Kés6 bronz-
kori dunantuli fegyverek technoldgidja, hasznalata
és manipulacidja” c. kutatdsi program utan (2020-
2024) keriilt sor. A tanulmanyozott leletek kore kii-
16nb6z6 kontextusokbol és lel6helyekrdl szarmazik:
térkard (Keszthely), kardok (Nagydém A-B, Tab),
landzsahegyek (Bonyhad vidéke, Budakeszi A-B,
Celldomolk-Sag-hegy 11, Keszéhidegkut, Poloske),
nyilhegy (Pazmandfalu III), sisak (Kesz6hidegkut),
vért (Pazmandfalu I/II), ,vért/sisak” (Szentgalos-
kér), ,,pajzs” (Szentgaloskér), tér (Tahitotfalu).

Az eredményeink elsGsorban a targyak ontéstech-
nologidjarol, ontési hibairdl, illetve a lemeztargyak
megmunkalasahoz és javitasdhoz kothetd jelenség-
rél szolgaltattak Uj adatokat. A megfigyelt jelenségek
kozé sorolhatunk kiilonféle ontémag elmozdulasi
hibakat, melyek alapvetden a landzsahegyek esetén

voltak megfigyelheték. A fentieken kiviil a rontgen-
és neutronradiografids felvételeken leirhatok voltak
gyakoribb ontvényhibdk is, mint a gaz vagy zsugoro-
dasi porozitas altal okozott porusok vagy a valdszinti-
leg zsugorodasi hibaként értelmezhetd bels6 repedé-
sek. Néhany esetben, mint a keszthelyi térkard vagy a
tahitotfalui tér, a porusok stirtisodése kirajzolta az 6n-
tés iranyat is, mely el6bbi esetén a hegy, mig utobbinal
a markolat volt. Az alkalmazott mddszerek lehet6sé-
get nyujtottak arra is, hogy az olyan dsszetett, tobb-
részes ontvények illesztését is megvizsgaljuk, mint a
nagydémi fémmarkolatos kard, melynek belsejében
kitorott vagy a hasznalattdl kikopott szegecslyukakat
lehetett megfigyelni. A rontgen- és neutronradiogra-
fias felvételek segitségével a lemeztargyakon alemezek
nyujtasahoz és alakitasahoz kotheté kalapacsnyo-
mokat is meg lehetett hatdrozni, melyek valészintleg
hidegkalapalashoz és hdkezeléses lagyitashoz kot-
het6k, s szabad szemmel a targyakon nehezen kiilo-
nithetdk el. Uj adatot szolgaltattunk az egyik kiilonds,
a kutatdstorténet sordn eltéréen értelmezett, Szent-
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galoskérrdl szarmazé lemez-targyrol. Eredményeink
alapjan ezen a targyon lathaté poncolt, lekerekedd,
szegecsekkel rogzitett lemezszalag egy foltszerd ja-
vitas lehet, melynek analogiait Karpat-medencei si-
sakok kozott lathatjuk (Piskolt). A poncol, szegecselt
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lemezszalag egy ala-rakott masodik lemez segitségé-
vel fogta Ossze az Ujravagott, javitott targy testét. A
szentgaloskéri lelet tipologiai értelmezése kapcsan
tovabbra is finoman fogalmazunk, véleménytink sze-
rint vagy vért, vagy sisak része volt.
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