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Introduction

The Gallo-Roman Museum collection contains

four axes (fig. 1) from the ‘Geistingen hoard’, a

hoard consisting of 26 or 285 socketed axes

found in Geistingen (Kinrooi municipality,

Belgium), a village located near the river

Meuse (fig. 2). These axes are rather peculiar

compared to other types of socketed axes.

They are long (about 15 cm), have thin walls (1-

2 mm) and low weights (about 150 g). Apart

from the Geistingen hoard, 30 additional

examples are known of the eponymous

Geistingen type, found in nearby locations

along the river Meuse from Maastricht to

– 8 –

Four remarkable

socketed axes from

the Geistingen hoard

Janneke Nienhuis, 1 Hans Postma,2 Guido Creemers3

This article describes research on four Late Bronze Age Geistingen axes from the Gallo-Roman

Museum in Tongeren, based on two kinds of measurements: 1) neutron resonance capture

analysis (inventory numbers BH74-BH77) and 2) microscale analysis with X-ray fluorescence and

electron probe microanalysis (BH76). This has yielded a consistent picture of the composition

and production of these axes. The compositions are extraordinary, with several percent each of

arsenic, antimony and nickel in the copper and minor amounts of tin, silver, cobalt and lead. It

is suggested that imported ingots made from Fahlore-related minerals4 were re-melted together

with some bronze scrap to produce the axes. The dendritic microstructure of one of the axes

(BH76) is the result of a casting step in the production process and displays the presence of

different types of inclusions: matte particles, silver and lead-antimony particles. The average

cooling rate during solidification is estimated to be about 22 °C/s, which implies that this axe

was quenched with water after casting into a bronze bi-valve mould. Geistingen axes are very

remarkable objects, unsuitable as functional axes. One may speculate that they were votive/cult

objects with great value for their owners, possibly also as objects of exchange.

1 Department of Materials Science and Engineering, Delft University of Technology, Mekelweg 2, 2628 CD Delft, the
Netherlands; j.nienhuis@tudelft.nl

2 RD&M, Department of Applied Physics, Delft University of Technology, Mekelweg 15, 2629 JB Delft, the Netherlands;
postma-bosch@dataweb.nl

3 Gallo-Roman Museum, Kielenstraat 15, 3700 Tongeren, Belgium; gcreemers@limburg.be
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Nijmegen (Netherlands) and along the Lower

Rhine, mainly from Nijmegen to Kleve

(Germany), with some stray finds from the

upstream Rhine to the river Main.6

Geistingen axes from the Gallo-Roman

Museum

Two sets of experiments (see section 3) show

that the Geistingen axes are complex copper

alloys, containing considerable quantities of

arsenic, antimony, silver and nickel. The total

amounts of these four elements in the four

Geistingen axes from the Gallo-Roman

Museum are very similar and range from 15 to

17 weight percent (wt%). This contrasts strong-

ly with the composition of contemporary

socketed axes from the same region and period

(see also section 4.4). The majority of those

other axes can be characterised as copper con-

taining a total quantity of about 15-20 wt% tin

and lead, with virtually no other elements

present.7,8 The above-mentioned peculiarities

and the complex compositions show that the

Geistingen axes are indeed remarkable objects.

Find circumstances

The find circumstances of this hoard of axes

are rather confusing. To begin with, there is

confusion concerning the date. The informa-

tion reported in the fairly extensive list of ref-

erences9 is somewhat contradictory. Recently,

a summary was made of the known informa-

tion about the find circumstances,10 based in

part on the original notes by H.J. Geerkens, a

customs officer in the border region and the

man who reported the hoard.

According to Geerkens’ notes, the hoard was

discovered in July 1936.11 Because Geerkens was

visiting his family in Opglabbeek that day, he

did not return to Ophoven-Geistingen until

after the axes were discovered. Most objects

had already been divided up among interested

spectators, which is why it is not clear to this

day exactly how many axes were found.12 BH76,

a fragmentary axe included in the analyses in

this article, had been placed to one side and

4 Fahlore is a type of ore that contains copper, arsenic or antimony, and sulphur - Cu12(As/Sb)4S13
5 See below.
6 Butler 1973; Butler & Steegstra 2001/2002; Fontijn 2002; Nienhuis et al. 2011; Joachim & Weber 2006.
7 Nienhuis et al. 2011.
8 See also section 4.4.
9 Lesenne 1968, 277-278, as well as the more recent articles reported in this article.
10 We would like to thank Danny Keijers, currently living in the Kinrooi municipality. Keijers has access via Geerkens’ descen-

dants to the original notes. He also conducted several interviews with members of the family of the finder, M. Hermans.
11 Many authors, starting with Van De Weerd, say that the hoard was found at the end of 1935; see Van De Weerd 1938. See also

Butler 1973, 339-341; Butler & Steegstra 2001/2002, 302-304. There is no doubt that Geerkens’ version is accurate.
12 Wielockx 1986, 125-136 presents the most complete inventory, including the locations at the time and a bibliography of the

examined axes. She was able to trace seven axes with certainty. There are a further five axes whose location or origin is not
(or is no longer) certain. The list is completed by Keijers (2000, I, 63-66, 189-190 and II, site no. 11), who could trace 11 axes
with certainty. He also gives information about the find circumstances and the location of the site.
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Fig. 1. The four socketed
axes from the Gallo-Roman
Museum in Tongeren
(Belgium).

Atuatuca 4 binnenwerk_J_Roman Glass A4-2  5/10/12  10:54  Pagina 9



was the first to come into Geerkens’ hands.

Nobody had taken the effort to collect it

because it was only fragmentary. On that day

he managed to gather together another six

complete axes, and later a further seven. The

earliest publications claim that there were 26

axes,13 while later publications often state that

there were 28.14

According to Geerkens,15 the axes were discov-

ered when foundations were being laid for a

building belonging to Gielen, a miller.

Geerkens and Van De Weerd16mention that these

axes were bound together with a cord, which is

rather astonishing. The cord, whose material is

unknown, fell apart as soon as it was touched.

Topographical and geomorphological

situation

The hoard was found at Geistingen

Letterveld,17 on the western side of a building

situated close to the road from Maaseik to

Venlo. Today, the find spot is located about two

kilometres west of the Meuse riverbed. This is

an area of dry sand, comprising a wet gully,

several hundred metres west of the alluvial

Meuse plain (fig. 2) and part of the cover-sand

area that was formed during the last ice age. 

The digital elevation model (fig. 3)18 also con-

firms that the find spot is located on a some-

what higher section on the eastern side of a

Pleistocene gully and north of the present-day

Witbeek valley. This gully (the ‘Vijverbeek’)

still contains sandy loam in places (fig. 2).

According to Paulissen (1973a), before 700 BC –

at the time when the bronze hoard was buried

– the bed of the Meuse lay less than 500 metres

east of the find spot, at the place where the

Witbeek now runs in a northerly direction.

The riverbed dried up in about 700 BC.19 Recent

C14 measurements indicate a date of 1100-521

BC.20 There is a striking resemblance to the

13 Geerkens (1937, 343), Van De Weerd (1938), Mariën (1952, 225) and De Laet (1958, 128) report that 26 axes were found.
Keijers (2000, I, 63-66) also thinks that the hoard comprised 26 axes.

14 For example, De Laet 1979, 444, which is not correct.
15 According to the interviews carried out by Danny Keijers, one source (a son of Hermans, the finder) says it was a slurry pit.
16 Geerkens 1937; Van De Weerd 1938.
17 See B 310 at the boundary between plots 310 m and 310 l.
18 Credits fig. 3 – 5: Digital Elevation Model of Flanders, MOW-Afd WL, VMM-Afd Water & Agiv.
19 Paulissen 1973a, 106-113, especially109-110; 1973b, 36-41, especially 40. According to Keijers and Heymans, who

recently did some research in this area, there were more gullies. It seems that the situation was more dynamic.
20 Keijers 2000, 7. Lv - 434 mentions OxCal v3.5 (95.4 % reliability) – 1150-450 calBC: recent calibrations give a date of

1100-521 calBC (95.4 % probability) / 763-672 calBC (68.2% probability) – OxCal v4.1.7, with thanks to Luc Van Impe.

– 10 –

Fig. 2. Topographical and
geomorphological situation
of the Geistingen hoard.
1.humid anthropogenic
sand; 2. humid sand; 3. dry
sand; 4. humid sandy loam;
5. wet sandy loam.
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find situation of the Heppeneert hoard of

socketed axes,21 which was probably found on

higher grounds next to an old meander of the

river Meuse (fig. 4). We find a comparable situ-

ation for the Rotem hoard of socketed axes,22

which was found on the edge of the Kempen

Plateau, overlooking the Meuse valley (fig. 5).

These three hoards appear to have been buried

at unusual places in the landscape.

Interpretations of the function of

Geistingen axes

Socketed axes that developed in the later part

of the Bronze Age were supposedly still in pro-

duction during the beginning of the Iron Age

around 700 BC.23 Distribution in a confined

region is atypical of Late Bronze Age socketed

axes and suggests a single workshop or a

group of related workshops where they could

have originated.24 This is not the only thing

that sets Geistingen axes apart from other Late

Bronze Age/Early Iron Age axes. Firstly, con-

trary to expectations that they were used as

tools prior to deposition, the examples

presently known rarely show signs of use, yet

many have been sharpened.25 Secondly, the

walls of these axes are extraordinarily thin,

which makes a functional use as a cutting tool

improbable.26 Moreover, the Geistingen axes

from Heppert-Ool and Nijmegen display cast-

ing flaws (metal projecting into the socket)

that would have prevented the axes from ever

being hafted.27

These peculiar characteristics gave rise to the

hypothesis that Geistingen axes were perhaps

never intended to be used as tools, but served

solely as beautified votive copies of functional

types or as standardised metal (currency?)

units – in other words, as ‘axe money’.28 Indeed,

one may argue that the role of the axe as an

exchangeable, convertible ingot first materi-

alised in a specialised ingot form during the

Late Bronze Age, of which the production of

21 Van Impe 1995a.
22 Van Impe & Creemers 1993.
23 Butler 1973, 341; Butler & Steegstra 2001/2002, 309; Fontijn 2003, 160; Kibbert 1984; Van Impe 1995a & b.
24 Kibbert 1984, 168; Butler & Steegstra 2001/2002, 304. 
25 Fontijn 2003, 325.
26 Butler 1973, 339-341; Butler & Steegstra 2001/2002, 304. 
27 Butler & Steegstra 2001/2002, 309.
28 Beilgeld: Kibbert 1984, 167.
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Fig. 3. Digital elevation
model with the find spot of
the Geistingen hoard
marked and showing the
valley of the Witbeek south
of the find spot, and the
Pleistocene gully east of the
find spot.

Fig. 4. Digital elevation
model with find spot of the
Heppeneert axe hoard.

Fig. 5. Digital elevation
model with find spot of the
Rotem axe hoard.
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Geistingen axes might be an example,29 similar

to Ösenringbarren, which are regarded as

objects of exchange.30 However, one could also

argue that the hoard resembles a hidden but

forgotten stack of material belonging to a

smith or trader, since they do not show traces

of use and might have been tied together with

a rope. 

Unfortunately, the detailed description of the

find circumstances and the geomorphological

situation outlined in this article cannot pro-

vide any more certainty about the original

function of the axes or the hoard. 

Detailed description

Three of the Geistingen axes from the Gallo-

Roman Museum (inventory numbers BH74,

BH75 and BH77) are intact socketed axes with

fairly rectangular cross sections in the middle

and a slightly oval socket mouth with a diame-

ter of about 3 cm, a small D-shaped loop and

collar. The bodies of the axes broaden towards

their cutting edges, which are sharpened and

about 4.2-4.4 cm wide. The axe with inventory

number BH76 is a fragmentary piece with the

socket mouth missing. The remaining part

closely resembles the other three Geistingen

axes. The lengths of the complete axes are 15.1

cm (BH74), 15.2 cm (BH75) and 15.8 cm (BH77).

On all four objects, the lateral sides show clear

casting seams. These axes do not have any dec-

oration, in contrast to socketed axes from

Heppeneert, for example, which feature sever-

al types of ribs.31 The colours on the axes differ

from one axe to the next, but bronze-coloured

areas and green corrosion products can be

found in all cases (fig. 1). 

Research on Geistingen axes

Two sets of experiments were recently carried

out on Geistingen axes. Neutron resonance

capture analysis (NRCA) was used to deter-

mine the elemental compositions of the four

Geistingen axes from the Gallo-Roman

Museum in Tongeren and eight other socketed

axes of the Geistingen type.32 X-ray fluores-

cence (XRF) and electron probe microanalysis

(EPMA)33were conducted on several small sam-

29 Fontijn & Fokkens 2007, 364.
30 Junk et al. 2001.
31 Van Impe 1994.
32 Postma et al.2005; id. 2011. 
33 Nienhuis et al. 2011.
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Fig. 6. Sampling locations
on Geistingen axe BH76.
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ples taken from the broken Geistingen axe (BH

76) owned by the Gallo-Roman Museum and

from another broken axe owned by Het

Valkhof Museum in Nijmegen (Netherlands). 

Three samples were taken from incomplete

axe BH76 using a jeweller’s saw – one from

each half of the axe and one from the casting

seam – in order to compare the two halves and

to determine the characteristics of the casting

seam. All samples originate from the upper

part of the axe, i.e. the part closest to the orig-

inal socket mouth. These specimens are trian-

gular in shape and measure about 2 x 1 x 1 mm3,

so that a cross-section of the wall is present

both lengthwise and crosswise (see fig. 6). 

Bulk mass compositions

Compositional measurements on all four axes

from the Gallo-Roman Museum were per-

formed by Postma et al. by means of neutron

resonance capture analysis (NRCA).34 NRCA is

a technique that measures the elemental com-

position of an object by using neutrons that

penetrate the material. When neutrons are

captured by a nuclide, peaks (resonances)

occur in the count rate as a function of neu-

tron energy. These resonances are specific for

each chemical element and can therefore be

used to recognise and quantify elements in

objects in a non-destructive manner. Due to

the deep penetration of neutrons in matter,

NRCA determines the bulk mass composition;

in the case of bronze artefacts this includes the

patina, which is normally a thin layer. The sen-

sitivity to detect elements depends on the

strengths of resonances. Most elements have

resonances at suitable low neutron energies

and can be easily detected by resonance

absorption. Light elements, such as oxygen

and sulphur, do not have suitable resonances

at low neutron energies and therefore cannot

be detected by resonance capture. Elements

such as silver and antimony have very low

energy neutron resonances and can therefore

be determined by NRCA to very low levels.

Elements like lead and nickel, on the other

hand, are more difficult to determine with

NRCA due to resonances at higher energies.

The neutron beam diameter is approximately

7.5 cm, so a large part of the axe will be

analysed in one measurement. 

Activation by neutron absorption is very limit-

ed due to the properties of the beam set-up and

measurement equipment at the GELINA facil-

ity at the EC-Joint Research Centre, Institute

for Reference Materials and Measurements

(IRMM) in Geel (Belgium) that were used for

the NRCA measurements. This activation dis-

appears (to a very low level) after a short wait-

ing period.35 Detailed information about neu-

tron resonance capture and transmission

analysis can be found in Postma and

Schillebeeckx (2009).

Microscale compositions

Two microscale techniques – X-ray fluores-

cence (XRF) and electron probe microanalysis

(EPMA),36 both performed at Delft University

of Technology (Netherlands) – were used to

determine the composition of the samples

taken from BH76. X-ray fluorescence is the

emission of characteristic secondary X-rays

from atoms that have been excited through

bombardment with high-energy X-rays. This

technique is widely used for elemental and

chemical analysis. Due to the superficial pene-

tration of X-rays in matter, XRF quantifies the

composition of a thin surface layer. The radia-

tion from light elements can scarcely be meas-

ured, which makes it difficult to quantify ele-

ments lighter than sodium. The size of the X-

ray beam is about 3 x 4 mm2 so it measures the

composition of a selective area. 

EPMA uses an electron beam that interacts

with atoms. The intensity and energy of the

electrons that are subsequently emitted are

related to the atomic species. This allows

34 Postma et al. 2005; Postma et al. 2011.
35 The activity of an irradiated object leaving the Institute is barely distinguishable from the normal environmental

activity and well below internationally accepted levels for radioactive isotopes at which it is no longer considered to
be a radioactive object.

36 Nienhuis et al. 2011.
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EPMA to quantify the composition of the

material locally. However, EPMA can only

measure a restricted number of elements due

to a limited number of detection crystals. 

EPMA can also be used to obtain information

about the microscale crystalline structure and

inclusions in a material, with characteristic

features such as grain dimensions, morpholo-

gy and elemental composition. This informa-

tion is important for deducing aspects of the

production process, including the initial

smelting temperature and the cooling rate

during solidification of the melt. Thus study-

ing the microstructure of the Geistingen axes

allows us to study aspects of the production

process and to discuss properties of the mate-

rial. 

Analytical results

Figure 7 gives the elemental compositions in

weight percent of the four Geistingen axes

determined by NRCA37 and that of the broken

axe as a mean of the XRF and EPMA measure-

ments.38

The equivalent compositions of the four axes

from the Geistingen hoard measured with

NRCA suggest that they are made from the

same material. The agreement between the

bulk and microscale measurements of axe

BH76 is satisfactory, although the amount of

antimony (Sb) determined by XRF and EPMA

is larger than by NRCA. The opposite was

found for the nickel (Ni) content: the value

determined by XRF and EPMA is somewhat

lower than the quantity measured with NRCA,

but in this case the uncertainty of the NRCA

measurement is rather large. The silver (Ag)

content could not be determined by XRF but

the NRCA and EPMA results (about 1 wt%)

were consistent. The element sulphur (S) is

important in the discussion about the raw

material used to produce the axes. Sulphur

could only be determined by EPMA and thus it

is only known for broken axe BH76: it was

measured as 0.6 wt%. The amount of tin (Sn) is

low – of the order of 0.1 to 0.3 wt% for axes

BH74, 75 and 77 and 1 wt% for BH76. The lead

(Pb) content was about 1.3 wt% for BH76 and

less than 1.8 wt% for the other axes.

The overall composition of these Geistingen

axes is very remarkable, with large quantities

of arsenic (As), antimony (Sb), silver (Ag) and

nickel (Ni), together totalling 15 to 17 wt%.

Thus these axes are made from an unusually

complex copper alloy, which differs markedly

from the usual tin-bronzes of the Bronze Age.39

The samples taken from axe BH76 exhibit a

microstructure (fig. 8) that contains tree-like

structures with a rounded outline, called den-

drites, which is typical of cast objects. The

dendritic phase contains antimony, arsenic

and nickel in solid solution with copper.

Several types of inclusions are present. Small

silver and lead-antimony particles are sporadi-

cally seen throughout the structure. The most

plausible explanation for their presence is that

they are remnants from the ore, since their

presence is not uncommon in copper ores. The

melting point of pure silver (962 °C) is higher

37 Postma et al. 2011.
38 Nienhuis et al. 2011.
39 Nienhuis et al. 2011.
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Fig. 7. The elemental com-
positions in wt% from the
four Geistingen axes from
the Gallo-Roman Museum
determined by NRCA and
mean values for one axe
determined by XRF and
EPMA. 

 

 Technique Cu Sn Sb As Ag Co Ni Fe Zn Pb 

BH74 

 

NRCA 

 

84.2 

±0.5 

0.35 

±0.02 

4.3 

±0.2 

2.4 

±0.1 

0.93 

±0.04 

0.33 

±0.02 

7.6 

±0.5 
<0.18 <0.26 <1.8 

BH75 

 

NRCA 

 

84.0 

±0.5 

0.14 

±0.02 

4.5 

±0.2 

2.7 

±0.1 

0.92 

±0.04 

<0.07 

 

7.7 

±0.5 
<0.30 <0.11 -- 

BH76 

 

NRCA 

 

83.5 

±0.5 

0.94 

±0.02 

4.7 

±0.2 

3.0 

±0.1 

0.97 

±0.04 

0.29 

±0.03 

6.6 

±0.5 
<0.13 <0.26 -- 

BH76 

 

XRF+EPM

A  

(mean) 

80 

±3 

1.1 

±0.1 

7 

±2 

3.3 

±0.1 

0.979 

±0.006 

--  

 

5 

±2 

0.17 

±0.07 

-- 

 

1.2 

±0.8 

BH77 

 

NRCA 

 

82.4 

±0.5 

0.12 

±0.02 

5.5 

0.2 

3.1 

±0.1 

0.86 

±0.04 

0.22 

±0.03 

7.8 

±0.5 
<0.20 <0.60 <1.8 
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than that of bronze with the composition of

our Geistingen axes (~900 °C), so the silver

particles are solid in the liquid bronze. Lead

has a very poor solid solubility in solid copper.

Both cases result in these elements (either

solid silver or liquid lead) being dragged along

with the solidification front in the melt and

can subsequently be found in the interdendrit-

ic phase between the solid dendrites. The

majority of the star-shaped particles (see fig. 8)

can be identified as Cu2S with elements like

iron and oxygen in solution. Their presence

indicates that the temperature of the melt was

around the melting temperature (1130 °C) of

copper sulphide. Copper-sulphide droplets

solidify during cooling at a higher tempera-

ture than bronze and can therefore end up

between the dendrites, within the interden-

dritic phase as described above. 

Dendrites consist of primary branches, which

at a certain stage of solidification develop sec-

ondary side-branches. The number density of

these secondary arms, quantified by the sec-

ondary dendrite arm spacing (d2, see fig. 8),

depends on the thermal and compositional

conditions during cooling.40 This means that

d2 provides an indication for the average cool-

ing rate that was applied and d2 can thus be

used to determine the cooling rate during part

of the production of the Geistingen axes. The

values for d2 in this research have been deter-

mined using detailed scanning electron

micrographs of the microstructure (fig. 8). For

the BH76 axe, the average secondary dendrite

arm spacing was determined as 14 ± 2 µm.

Using the inverse proportional relationship

between this spacing and the cooling rate,41 the

average cooling rate is calculated to be approx-

imately 22 °C/s for the BH76 axe. Since the sec-

ondary dendrite arm spacing evolves in the

temperature range of 800-500 °C, this result

implies that most features of the microstruc-

ture formed in approximately 14 seconds,

which is only a fraction of the time in which

the entire axe solidified. 

Implications

This section outlines what we can learn from

the derived compositions and microanalysis of

the Gallo-Roman Museum Geistingen socket-

ed axes and the comparison with other Bronze

Age objects.

Raw materials

There are basically two options for the type of

raw materials used to produce the axes: either

ore was smelted and directly used for casting,

or exchanged (imported) ingots or scrap were

re-melted. Because the region where

Geistingen axes are found is located far from

mining areas, it is more likely that a smith in

that region used imported or scrap metal or a

combination of both.42 Together, the metals

must have had the proper combination of ele-

ments to achieve the observed composition of

40 Porter & Easterling 2001.
41 Frame & Vandiver 2008.
42 Kuijpers 2008, 79.

– 15 –

Fig. 8. Microstructure of
BH76, scanning electron
micrographs. The distance
indicated as d2 is the sec-
ondary dendrite arm spac-
ing.
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the Geistingen axes. In other words, in addi-

tion to copper scrap, the ingots would have

contained considerable amounts of arsenic,

antimony and nickel. In view of the composi-

tions of contemporary bronzes, scrap is

unlikely to have contained the required addi-

tional elements. The smith must therefore

have used copper ingots with considerable

quantities of arsenic, antimony and nickel.

The tin in the Geistingen axes could have come

from an added bronze (scrap) with significant

amounts of tin. 

Arsenic/antimony coppers are generally

regarded as having been produced by smelting

Fahlore minerals, a type of ore that contains

copper, arsenic or antimony, and sulphur –

Cu12(As/Sb)4S13. An indication for the smelt-

ing of Fahlore lies in the presence of copper-

sulphide particles in the microstructure,

which are remains of the smelting process.

Small quantities of silver, cobalt and zinc pres-

ent in the Geistingen axes are common impu-

rity elements of Fahlore.43 The large amounts

of nickel occurring in the Geistingen axes

mean that additional nickel minerals must

have been used in the smelting process. These

may have been NiS, NiAs and NiSb. 

Smelting Fahlore will produce copper with

several tenths of a percent of arsenic and anti-

mony, certainly if NiAs/NiSb is added.

However, this is not a workable metal. By

adding copper oxide ores like malachite,44 a

workable copper alloy with several percent As

and/or Sb can be obtained. This was tested

experimentally by Lesniak (1991). Part of the

arsenic and antimony may evaporate during

the smelting process. Budd (1991) showed that

depending on how Fahlore is smelted, copper

with several percent arsenic remains.

Weathered Fahlore, which contains copper

oxides and carbonates and fewer sulphides,

may also have been used. Adding bronze scrap

to Fahlore is another way to produce a useful

copper metal with a few wt% arsenic and/or

antimony. This may explain the small

amounts of tin in the four Geistingen axes

from the Gallo-Roman Museum.

Minerals for Geistingen metal may have come

from locations like the northern Alpine area,

or closer, from Siegerland in Westphalia.

However, provenancing is difficult since the

composition of certain ores can vary within

the same locality. 

The lack of data in the literature on

microstructures and compositions of re-melt-

ed bronze makes it difficult at present to come

to conclusions about the raw materials used

(ingots and/or scrap). Without reliable data on

changes in chemical composition and

microstructure upon re-melting, it should be

kept in mind that re-melting of scrap alone is

still a possibility. But in that case the scrap

must have had large quantities of antimony,

arsenic and nickel, which is less likely than the

use of ingots with small additions of scrap. 

Metal properties of the Geistingen axes

The high concentration of arsenic, antimony

and nickel will greatly influence the properties

of the metal of the Geistingen axes. The melt-

ing temperature of this type of bronze alloy is

estimated to be around 900 °C, making casting

easier. Fahlore metals have a silvery and shiny

appearance, which was probably valued by the

original owners of the Geistingen axes. The

addition of several wt% arsenic will increase

the work hardenability without loss of integri-

ty. The effect of nickel is expected to be compa-

rable to that of arsenic, resulting in good cold-

and hot-working. Antimony will slightly

increase toughness and ductibility, as well as

the hardness of copper. However, 7 wt% anti-

mony added to copper yields a brittle metal.

The conclusion is that the Geistingen axes are

on the verge of being unusable because of their

brittleness.  In other words, the finished

Geistingen axes could not have been function-

al on compositional grounds and also because

of their low weights. 

Casting and working processes

An examination of macroscopic aspects of the

four Geistingen axes from the Gallo-Roman

43 Khabish et al. 2007.
44 Moesta 2004.
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Museum reveals that they are almost the same

size and shape. Casting seams are also present

on all of them. These features suggest a casting

technique that was the same for all four axes,

and for which a bi-valve mould was most prob-

ably used. The porous dendritic microstruc-

ture of BH76, with different types of inclu-

sions, indicates that the molten bronze was

solidified fairly rapidly. As mentioned earlier,

the cooling rate in the temperature range

where dendrites form (approx. 800-500 °C) is

about 22 °C/s. Rapid cooling can be attained by

quenching with water.

Several materials can be used as mould materi-

al, of which clay and bronze are frequently

used for bi-valve moulds. Clay has a very low

thermal conductivity, which means that sever-

al steps need to be undertaken to cast a sound

and strong bronze object. After the bronze is

cast in the pre-heated clay mould, the ensem-

ble needs to be cooled with water for a few

minutes. As soon as the bronze is solidified,

the clay mould should be removed to allow a

faster cooling of the object by submerging it in

(cold) water again. This is a practice that calls

for considerable skill and experience, since the

more rapid cooling should be applied during

the formation of the microstructure, i.e. dur-

ing the solidification process. Using a bronze

mould will eliminate the extra step of remov-

ing the mould and is therefore more likely to

be applied.45 In addition, the identical shape of

the Geistingen axes supports the use of a re-

usable bronze mould.

However, there are small differences in size

between the axes, which may be due – at least

partly – to working on the objects. Working of

the finished product involves plastic deforma-

tion of the metal, which results in features in

the microstructure such as slip bands, re-crys-

tallized grains, deformed phases or broken

dendrites. In the microstructure of BH76, the

dendrites were found to be intact and the

intradendritic pores were spherical, which

suggests that no mechanical working of the

upper part of the axe took place during the

production process. 

The microstructure of the sample from the

casting seam of BH76 shows no signs that it

was worked to a greater or lesser degree than

the other two samples from the axe. There are

no local compositional and/or microstructural

data available for the cutting edges of all four

Geistingen axes from the Gallo-Roman

Museum, so no conclusions can be drawn

about the possible working of parts other than

the upper part of the axe. 

The chemical composition can change upon

hot-working. Two cycles of re-melting and

hot-working in air can result in the loss of sev-

eral percent antimony and arsenic content

until less than one per cent is left.46 Since these

four axes still contain relatively high quanti-

ties of both elements (2-5 wt%), it is assumed

that extensive re-melting and hot-working did

not take place. This assumption is supported

by the relatively large number of copper-sul-

phide particles in the microstructure of the

body of BH76. The cutting edge might have

been hot-worked, whereby locally smaller

quantities of arsenic and antimony remained. 

The four Geistingen axes from the Gallo-

Roman Museum are very much alike in com-

position, shape and dimensions, although the

BH77 axe is slightly longer. The cutting edges

are sharpened, which means that some work

was carried out on this part of the axes, possi-

bly deforming this region albeit only slightly.

It seems reasonable to assume that the four

Geistingen axes were produced with the same

bi-valve bronze mould, using the same materi-

al and over a short production period. 

Geistingen axes from other locations have dif-

ferent compositions and also show some dif-

ferences in shape and dimensions. This sug-

gests that different moulds and metals were

used, although probably by the same smith or

someone related to him in view of the tech-

nique. Several of them have larger amounts of

tin, probably due to the use of larger quanti-

ties of bronze scrap in the melt or bronze scrap

with higher percentages of tin. 

For one Geistingen axe, owned by the

Groningen Institute of Archaeology (Nether -

45 Kuijpers 2008, 89.
46 Junk 2003, 26, 29; Tylecote 1977, 329.
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lands) and found at the Caberg near Maas -

tricht, it was shown that the material at the

cutting edge was homogenised, probably by

repeated local cold/hot-working.47 The cutting

edges of the four Geistingen axes from the

Gallo-Roman Museum were not analysed with

the above techniques due to the experimental

set-up, so no conclusions can be drawn about

that part of the axes.

Comparison with other Bronze Age and

Early Iron Age artefacts

The compositions of the Geistingen axes differ

markedly from most bronze artefacts, notably

axes known throughout the Late Bronze Age

and Early Iron Age. The socketed axes of the

Late Bronze Age Plainseau-type can be rough-

ly characterised as copper containing 5-15 wt%

tin and 2-20 wt% lead, with virtually no other

elements present.48 Two socketed axes of the

Armorican type proved to be a mixture of cop-

per with 22 and 42 wt% lead, and with only

small amounts of tin and iron.49Wouters (1994)

analysed 50 socketed axes from the Late

Bronze Age using XRF: three axes from Dilsen

and 47 axes from a hoard in Maaseik-

Heppeneert both located near the river Meuse

in the eastern province of Limburg in Belgium.

These socketed axes are leaded tin-bronzes

with small quantities of impurities such as

arsenic, antimony, zinc, nickel and iron. Silver

was not detected.

Thus there is a sharp change, a dichotomy in

the composition of socketed axes in the Late

Bronze Age of the Meuse valley region. A simi-

lar change in bronze composition may be more

generally observed in Europe. For instance,

Trampuz Orel and Drglin (2005) note a change

between the Hallstatt A and Hallstatt B periods

in the analyses of several hoards in the Eastern

Alps. Hallstatt A objects are mainly tin-

bronzes with small amounts of impurities,

while artefacts and ingots from Hallstatt B con-

tain arsenic, antimony and nickel together in

tens of percents. Even though the Geistingen

axes from the Gallo-Roman Museum are dated

to a later period,50 they might fall in this cate-

gory of differing bronze compositions. 

Remarkably, artefacts from Singen, associated

with the beginning of the Early Bronze Age,

show compositions similar to the Geistingen

axes: 1-10 wt% antimony, 0.1-3 wt% arsenic, 0.1-

3 wt% silver and 1-8 wt% nickel, with small

amounts of lead, but tin from 0-10 wt%.51 Ösen-

ringbarren, also dated to the Early Bronze Age,

have considerable quantities of arsenic and

antimony (both roughly from about 0.5-5

wt%), but no nickel.52 The ‘Salez’ axes from the

late Chalcolitic Age or very early Bronze Age

have large amounts of As, Sb, Ni and Ag, very

similar to the Geistingen axes.53 However, this

time span is not consistent with the current

dating of the Geistingen axes.

Location of production

Because of the rather restricted region of dis-

tribution, Butler and Steegstra (2003/2004)

assumed that the Geistingen axes were pro-

duced in a single workshop at one location,

perhaps near Geistingen. But the cluster of

finds near Kleve may suggest a production site

in that area. Another point of view is that the

Geistingen axes were traded from a yet

unknown production site along the Rhine or

Meuse in successive batches with slightly dif-

ferent shapes and somewhat different (but

complex) compositions. If a trader was

involved, the Geistingen hoard may represent

a location where the trader hid his collection

but never returned to it. According to yet

another view,54 the Geistingen hoard repre-

sents a symbolic deposition. If the axes served

as ceremonial objects, it seems unlikely that

47 Postma et al. 2011.
48 Van Impe 1994; Wouters 1994, 42.
49 Briard 1972, 125.
50 See Supra, pg 11. 
51 Krause 1989.
52 Junk et al. 2001.
53 Kienlin 2008.
54 Fontijn 2003, 180.
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different smiths made similar artefacts, unless

these workshops were located very close to

each other.

The very close similarity of the compositions

of the four axes from the Geistingen hoard of

the Gallo-Roman Museum has interesting

implications. Could it be that the entire hoard

was composed of axes with the same composi-

tion? A statistical interpretation is useful in

this case. Since we can regard the four above-

mentioned axes as having been randomly

taken  (albeit in a complicated fashion) from

the Geistingen hoard for the analysis conduct-

ed in this research,  we can conclude that a

larger number of axes from that same hoard

must have the same (or at least very close)

compositions. If the hoard contained only four

axes with the above compositions, plus 22 axes

of very different compositions as shown for

Geistingen axes from other locations, the

probability of choosing exactly these four axes

with equivalent compositions for analysis is

0.007 % – in other words, almost negligible.

This means that it is very unlikely that the four

axes from the Gallo-Roman Museum are the

only axes from the hoard with this same com-

position.  Thus there must have more axes in

the Geistingen hoard with a matching compo-

sition. 

Looking at the remaining Geistingen axes with

different and varying compositions, we can

use simple statistical reasoning to deduce the

minimum number of axes with the Gallo-

Roman Museum composition in the

Geistingen hoard. If there were 13 or more such

axes, the probability of randomly choosing

four of them from the hoard would increase to

5%. This number indicates that it is likely that

a large part of the Geistingen hoard was indeed

composed of axes with the same composition. 

Conclusion

In order to better understand the production

and original functionality of Late Bronze

Age/Early Iron Age Geistingen axes, this paper

has described the compositional and

microstructural research that was performed

on four bronze Geistingen axes from the Gallo-

Roman Museum. The composition of all of

them was measured using neutron resonance

capture analysis. One of the four axes (BH76)

was broken and samples were taken from it.

Additional compositional measurements were

performed using X-ray fluorescence and elec-

tron probe microanalysis, as well as

microstructural characterisation.

All four axes proved to be a special type of

bronze, composed of copper, with about 3 wt%

arsenic, 5 wt% antimony, 7 wt% nickel and 1

wt% silver, with minor quantities of tin, cobalt

and zinc and some lead. 

A reasonable conclusion might be that ingots

produced from weathered Fahlore mixed with

nickel-rich minerals were used to cast the

Geistingen axes and that in re-melting these

ingots bronze scrap was added in varying

quantities and compositions.

The bulk compositional measurements and

the microscale analysis have produced a con-

sistent picture. The larger amounts of antimo-

ny and arsenic at the broken edge of axe BH76

compared to the bulk measurement may be

related to a larger local brittleness of this axe. 

The dendritic microstructure of BH76 is a

result of a casting step and also displays the

presence of different types of inclusions:

matte particles (Cu2S), silver and lead-antimo-

ny particles. The secondary dendrite arm spac-

ing, combined with the composition of the

metal, is used to estimate the cooling rate dur-

ing solidification. The average cooling rate of

BH76 is around 22 °C/s, which implies that the

axe was quenched with water after casting into

a bronze bi-valve mould. In all likelihood, only

limited working at most occurred afterwards.

As Butler and Fontijn suggested, Geistingen

axes are not functional axes because of their

thin walls, and hence low weights, and the dif-

ficulty of hafting. This non-functionality is

supported by the argument given in this paper

that the complex Geistingen metal must have

been brittle. On the other hand, the sharpened

cutting edges probably means that these

objects had a purpose or great value for their

original owners. This is supported by the fact

that the original metal probably had a silvery

and bright appearance. The Geistingen socket-

ed axes are indeed remarkable objects from the

Late Bronze Age or Early Iron Age.
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