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Anatomy of a notch. An in-depth experimental investigation and
interpretation of combat traces on Bronze Age swords

Abstract:

Weaponry is one of the most widespread categories of metalwork for the European Bronze
Age. Different lines of evidence point out that violent encounters and martial values played a
significant role both in communities’ lives and ideologies. Hence, reconstructing the practices
surrounding Bronze Age weaponry is pivotal for the understanding of many aspects of coeval
societies. Nevertheless, the study of the functionality and use-life of such items has developed
rather late compared to other categories of objects (e.g. flint implements). Currently,
experimental archaeology and use-wear analysis concerning metalwork are facing the
challenge of leaving the stage of ‘infancy’ to rise as fully developed fields of study. This paper
aims at contributing to such a development by illustrating the potential and the results of an
experimental framework for the investigation of combat with bronze weaponry (swords in this
paper) which offers a viable compromise between actualism and variables control. We provide
an in-depth account of the results by describing both the morphology and the formation
mechanics of the features obtained supported by extensive photographic documentation.
Furthermore, we discuss our observations regarding the relationship between specific combat
movements and the type of marks produced on weapons. Finally, the results of a pilot use-
wear study on actual Bronze Age swords are presented in order to assess the validity of our
approach.

Keywords: Experimental archaeology; Metalwork wear analysis; Use-wear analysis; Bronze
Age; Weapons; Warfare.

Highlights:
¢ Methods and results of an experimental approach to Bronze Age combat are presented
¢ Formation dynamics of the wear traces are discussed in detail
e A connection between style of parrying and trace formation is suggested
e Traces on a sample of archaeological swords closely match those on experimental
replicas

1. Introduction
Recent archaeological discoveries, such as the Tollense Valley battlefield (Jantzen et al. 2011;

Lidke et al. 2018), provided unprecedented evidence for large-scale violent encounters in
Bronze Age (BA) Europe (c. 2500-800 BC). However, martial expressions were not restricted
to the battlefield alone: warriors and weaponry constitute one of the most frequent motifs in
the figurative art of the time, and certain weapons —swords in particular- were often deposited

in lavish burials or intentionally ‘sacrificed’ in natural places, such as rivers, all across the
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European continent (Bradley 2017; Fontijn 2005; Harrison 2004; several chapters in Horn and
Kristiansen 2018a; Harding 2007; Osgood et al. 2000). Consequently, many scholars agree
that in this period martial practices also become institutionalized and contribute to the
formation and maintenance of specific social organizations and roles (e.g. Harding 2007;
Harrison 2004; Horn and Kristiansen 2018b; Kristiansen and Larsson 2005; Vandkilde 2014,
2018).

The study of the ways and the contexts in which martiality was expressed in communities has,
thus, wide relevance. Therefore, effectively reconstructing the events weapons have been
through before they entered the archaeological record can enhance our understanding of the
dynamic of interpersonal violence in the BA (e.g. Anderson 2011; Horn 2013; Kristiansen
2002; Molloy 2017; several chapters in Uckelmann and Modlinger 2011) and, provide
indications on what influenced the choice of certain items for selective depositions (e.g.
Bradley 2017; Dolfini 2011; Fontijn 2005; Kristiansen 2002; Melheim and Horn 2014; Mortz
2013, 2018; Quilliec 2008; York 2002).

Through experimental tests with replicas of archaeological items, it is possible to gain insights
into their functionality (Callahan 1999; Mathieu 2002; Outram 2008). Furthermore, by
comparing traces produced on replicas by controlled activities, one can attempt the
interpretation of traces detected on homologous archaeological tools (use-wear analysis) and
glimpse at an object’s life history (a.0. van Gijn 1990; 2010; Marreiros et al. 2015). Until
recently, bronze objects —weapons included- have been mainly the object of typological
analyses (cf. the Préahistorische Bronzefunde series) and thoughts on their use were for a long
time constructed on theoretical considerations built upon their morphology (Gutiérrez Saez
and Martin Lerma 2015, 171; Roberts and Ottaway 2003, 119). As a result, the study of use-
wear on copper-alloy tools and weapons has only recently started and experimental programs
are scant (Gutiérrez Sdez and Martin Lerma 2015; Dolfini and Crellin 2016; Horn and Holstein
2017, 98). The aim of this paper is contributing to the understanding of weapon use by
presenting a systematic and replicable methodological framework for experimental combat

with bronze swords, and an in-depth discussion of the traces produced.

In order to be scientifically valid and effectively replicable, an experiment must be based on
the strict control of the variables involved (Mathieu 2002; Lammers-Keijsers 2005; Callahan
1999). For this reason, meticulous lab tests -which employ controlled environments and
analytical facilities- are often used in experimental archaeology. However, a gap exists
between the laboratory experiment and how the proper action/processes took place in the

past, with limited technology and little control over variables (Outram 2008). Another way to
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perform experiments is by attempting to reproduce the process in its original context
(‘actualistic’ experiments), aiming at a stronger analogy with what might have happened in the
past, but at the expense of a considerable amount of control (Schenck 2011, 87-8). The
control-vs-actualism debate -which often overlaps the difference between ‘lab experiments’
and ‘field experiments’- is still a matter of discussion within the field of experimental
archaeology (Schenck 2011, 88; cf. various chapters in Ferguson 2010). Which approach to
implement is mostly dictated by the research questions. However, in most cases it is advisable
to employ a mixed approach: for example, agreeing on a restricted amount of variables to
keep under control during field tests, even at the expense of a certain degree of actualism
(Schenck 2011, 91-2).

The tension between actualism and control is also identifiable in the few experimental
programs with copper-alloy tools and is particularly evident for those concerning weaponry
(Crellin et al. 2018, 286-290; see Dolfini and Crellin 2016 for a review). Some studies aimed
at reproducing traces on archaeological weapons by attaching replicas of copper-alloy blade
edges to a rig and making them collide, with specific power and specific angles, against
various types of surfaces (e.g. Bridgford 2000; O'Flaherty et al. 2011). Other scholars focused
on a more ‘experiential’ (Molloy 2008, 117-118) appraisal of BA weapon'’s functionality through
staged combat and cutting tests with replicas directly performed by humans (e.g. Anderson
2011; Molloy 2007, 2008; 2010).

Despite these pioneering works, the state of metalwork experimental and use-wear studies
was recently still described as such: “The experimental corpus is scarce; experimentation
often lack structured designs. In addition, the definition and typification of marks is insufficient
and there is a lack of relationship between the marks and the use variables.” (Gutiérrez Saez
and Martin Lerma 2015, 185).

This paper takes on the latest calls for improvement (Dolfini and Crellin 2016), and aims at
offering a contribution to the discipline of experimental archaeology and use-wear analysis on
bronze weaponry by:

e Presenting in detail an efficient and repeatable framework for combat
experiments which offers an acceptable compromise between actualism and
variable control.

¢ Adding to the current knowledge by testing a sword type and an alloy never
tested before (see below).

¢ Providing an in-depth study and description of the wear marks produced, with
the employment of stereo-microscopy (up to x60 magnification).
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¢ Investigating the relation between gesture and the trace produced.
o Improve and expand the reference collection for combat marks currently
available.

Our combat tests with BA swords intend to address two main research questions:

What kind of traces does combat action leave on bronze swords? And to what extent are the
traces produced influenced by the combat movement performed?

The knowledge obtained is subsequently applied to the micro-wear analysis of a sample of

archaeological swords to test the validity of the methodology.

2. Materials and methods
Our specific research questions call for a hybrid experimental approach. Whereas the

reproduction of ‘actual’ combat situation is essential to answer the first question, the second
guestion requires an accurate monitoring of the action and a rigorous control over the variables
involved. In order to do so, we conceived of a structured methodology departing from the
suggestions of Kienlin and Ottaway (1998; further expanded in Roberts and Ottaway 2003).
Our experiments took place between the winter of 2015 and the spring of 2016 at the Faculty
of Archaeology of Leiden University (see also Gentile 2017). In the following paragraphs, we

describe in detail the variables and outline our investigative framework.

2.1 Weapons
In order to restrict the variables to control, the experiments focused on one type of weapon

only. Four replicas of the Gundlingen type swords (fig.1) were produced by the experienced
smith Jeroen Zuiderwijk, using one of the archaeological Gundlingen swords stored in the

National Museum of Antiquities in Leiden as a reference (n. k1896/9.1).

Figure 1: One of the replicas used for the experiments.

The Gundlingen sword-type dates to the Late BA (LBA; ¢.1200-800 BC) and probably
represents a development of the British Ewart Park/Thames type swords (Gerloff 2004, 141—

5; Warmenbol 1988). It represents one of the latest advancements in BA weapon technology
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and seems designed for both thrusting and cutting motions (Molloy 2017, 196-197). This type
is widely distributed across North-Western Europe and the British Isles, both in burials and
river contexts (Colquhoun and Burgess 1988; Cowen 1968; Gerloff 2004, fig. 17.8; van der
Vaart-Verschoof 2017). Despite their representativeness for BA weapon development,

Gundlingen swords have never been objects of tests before.

For the production of the replicas, an alloy consisting of c. 85% Cu, 12% Sn, 3% Pb was used.
Such a composition differs from the alloys tested in previous experiments with BA weapons
(e.g. 90% Cu, 9% Sn, 1% Pb in Anderson 2011; 88% Cu, 12% Sn in Crellin et al. 2018 and
Herman et al. in press; 98% CU, 2% As in O'Flaherty et al 2011). While the ‘optimal’ ratio for
the alloying of bronze would be roughly one part of tin for every nine parts of copper, the
presence of lead in LBA metalwork is not uncommon (cf. Arnoldussen and Visser 2014; Huth
2000; Radivojevi¢ et al. 2018). Although some LBA swords seem to have been cast following
fixed recipes with no or little lead, perhaps to assure optimal structural properties (e.g. Jung
and Mehofer 2013), swords made of lead-rich -possibly recycled- metal are also well
documented (Brandherm and Moskal-del Hoyo 2010; Coffyn et al. 1981; Bray 2016; Northover
and Bridgeford 2002). Soriano-Llopis and Gutiérrez-Sdez (2009) demonstrated that
differences in the composition —namely the tin percentage- of an object can influence
guantitatively, and to a lesser extent qualitatively, the formation of use-wear on copper-alloys
object. However, the impact of lead quantity on the development of damage features has yet
to be established.

The replicas were cast in sand (as in Anderson 2011) and their edges were hammered and
sharpened to replicate BA sword edges. The handles and the pommels were constructed
from ash wood and fixed with bronze rivets. At the end of the crafting process, the four
specimens had a blade length ranging between 57,3 and 64cm and a weight between 802g

and 870g (with the weight variation mostly ascribable to differences in the pommel size).

2.2 Fighters
The combat experiments were performed by two experts with over a decade-long experience

in ancient, medieval, and renaissance sword fighting. Fighter A is a 22 years old male, right-
handed, 189 cm height, 85 kg weight, with a right arm length (from armpit to wrist) of 65 cm.
Fighter B is a 35 years old male, right-handed, 175 cm height, 80 kg weight, with a right arm
length (from armpit to wrist) of 62 cm. Such a collaboration is crucial for the outcome of this
paper for numerous reasons. Firstly, it complies with one of the basic principles of
experimental archaeology of not making the learning process of a new skill affect the test

(Callahan 1999, 5). Secondly, a continuous discussion with the fighters was fundamental to
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the design of the single combat situations reproduced (see section 2.3). Furthermore, their
feedback —recorded during and after the tests- constitutes a complementary source of insights

alongside the experiment’s results.

2.3 Combat movements
Seven different kinds of combat situations were designed to simulate plausible conditions of

a fight between two right-handed opponents (tab.1). Shields — both in bronze and in perishable
materials- were undoubtedly part of the LBA combat system (cf. Osgood et al. 2000; Molloy
2009; Uckelmann 2011). However, experimental trials suggest that only impacts with metal
shields are capable of leaving clear marks on the edge of the weapons (Anderson 2011, 606),
and there is no evidence for bronze shields from the region where the archaeological swords
selected for our use-wear analysis come from (southern Netherlands, see section 5). For these
reasons, and in order to maximize the chances to create traces on the swords and reduce
the number of variables to keep into account, our experiments focused on recreating sword-

versus-swords impact situations.

To ensure proper documentation and variable control, it was necessary to break down a fluid
and continuous combat activity into different units. Consequently, ancient fencing techniques
have been reduced to essential combinations of attack and defence, performable with
weapons with a size range similar to that of the Gindlingen swords. We chose as our main
source of inspiration the techniques of the 15" century German school of fencing with lange
Messer (e.g. Leckichner and Forgeng 2015, Talhoffer and Hergsell 1998), a cut-and-thrust
sword c. 1 m long. We are aware however, that applying ancient fencing techniques, devised
for steel weapons and conceived in different socio-cultural contexts, to BA combat is
problematic and requires caution. Having this in mind, but in the absence of precise indications
on BA martial arts, the basic notions of historical sword-fighting have been used exclusively
as a bio-mechanical scaffolding for the conception of these tests. In accordance with the
fighting experts (see section 2.2), we isolated the most elementary units of attack-and-
defence, as much as possible devoid of any ‘school-specific’ precepts (cf. tab.1). It follows that
the comparison of the marks produced experimentally with those detected on archaeological

weaponry represents also a tool for evaluating the appropriateness of such an approach.

The attack movements devised were condensed into three main strikes: one thrusting attack,
and two cutting attacks at different angles. Other angles of attack have not been tested in
order to limit the variables to control and because they are assumed to make the weapons
collide in a similar fashion to the angles tested (e.g. an angle of attack of 135 degrees is

expected to result in a collision similar - but mirrored- to the one produced by a 45 degrees

Page 6 of 32



228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245

246
247

248
249
250

attack). For each attacking movement two defensive approaches have been tested. One type
of defence consisted of basic ‘hard blocks’, while the other envisaged more advanced
'deflections’ (tab.1). It has to be remarked that, contrary to ‘static’ blocks used in other research
(e.g. Anderson 2011; Crellin et al. 2018), both the hard blocks and the advanced deflections
implemented in this study aim at mimicking actual combat situations in which also the
defending weapons are in motion. The first could be defined as intercepting and pushing the
enemy sword away opposing considerable strength to the enemy’s blow. This is deemed the
safest and most instinctive way to respond to an attack and it is usually the first type of defence
learned by sword-fighting novices. The second defensive style envisages less violent impacts
and aims mostly at redirecting the opponent’s blow making use of its own strength. Effective
deflections have more chance to leave the attacker uncovered and can use the momentum
gained to turn fluidly into a counterattack (fig. 2). However, they also require a higher level of
training to be mastered. In order to test different ways of defending, parrying with the flat of
the weapon was also tested. For the sake of control and accurate documentation, only ‘first
encounter’ impacts have been tested, while movements developing from previous blows (e.g.
a counterattack after a deflection and the possible response to it) were left out of the
experimental protocols. All the movements have been performed with the swords held in a
‘hammer-grip’ (cf. Molloy 2008).

Table 1: Description of the combat combinations performed in the experiments.

combination Description

1 Slashing attack to the head, with the sword edge oriented roughly at a 90°
to the ground, opposed by a hard block.

2 Slashing attack towards the upper body, with the edge of the sword oriented
roughly at a 45° to the ground, opposed by a hard block.

3 Similar to N.2 but the defender, through a further rotation of the wrist, meets
the incoming blow with the flat of his weapon rather than with the edge.

4 Thrusting attack towards the upper body opposed by a hard block.

5 Slashing attack towards the upper body, with the edge of the sword oriented
roughly at a 45° to the ground, opposed by a deflection.

6 Thrusting attack towards the upper body opposed by a deflection.

7 Similar to N. 5 but the defender, through a further rotation of the wrist, meets
the incoming blow with the flat of his weapon rather than with the edge.

8 Repetition of combination n. 4
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Figure 2: Fighter B (left) performing a slashing attack while Fighter A (right) prepares a deflection.

3. Experiment Design
To reduce the ambiguity around the origin of the traces, each replica was documented by

stereomicroscope (Leica M80, up to x60 magnification) before conducting the experiments.
Furthermore, each sword was ideally divided into four regions, two sides (A and B) and two
edges (S and D). The edge S (strike) was used in attacking movements only, while the edge
D (defence) was restricted to defending movements, and defenses with the flat were operated
with side B (fig. 3). As a result of this strategy, each region of each sword would bear ‘attacking’
or ‘defending’ marks only, facilitating the comparison between the traces produced by these

two types of movements.

In order to assess the degree of the uniformity of the results, each combination has been
repeated twice, with the fighters taking turns in attacking and defending. A set of two
repetitions of the same combination forms a test ‘scenario’. The scenario involving a hard
block against a thrusting attack was deemed by the fighters to be the most dangerous for the
swords’ integrity and expected to likely bend one of the swords: it was thus performed twice
(a total of four combinations) in order to test the resistance of the weapons to the extreme
(tab.1).
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The fighters practiced with wooden ‘wasters’ before
performing each combat scenario with the bronze
replicas. After every combination, the traces produced
were noted, sketched on a pre-made 1:1 drawing of the
replicas, and photographed. Fighter's comments were
also noted on the spot. Subsequently, the fighters
switched role and edge of the weapon to use (see
above), and executed the next combination. After
testing a scenario completely, dental casts of the traces
were taken in order to minimize the loss of information
in case the following impacts would have modified the
traces previously produced. To achieve a better control
and understanding of the dynamics involved in fighting

with bronze swords, the tests have also been video

Figure 3: Detail of the hilt of one of the
replicas with indications for the fighters. recorded with a high FPS camera (GoPro) which allowed

286  the observation of the impacts in slow-motion. At the end
of the experiments the replicas have been studied by stereomicroscope. Microscopic pictures
of the damage features produced have been taken both from the side and from the top in order
to properly document and interpret the micro-morphological characteristic of each trace.

4. Results
In this section, general comments on the experiments’ outcome are reported, followed by an

in-depth description of the morphology and formation of each kind of combat trace produced.
After each of the 16 combinations tested (tab. 2), at least one of the swords involved in each
collision showed traces of damage. During the execution of the first tests, the fighters
immediately reported the tendency of bronze replicas to ‘ricochet’ after the first impact, to an
extent much higher than steel swords. This unexpected feature found further confirmation in
the analysis of the footage from the slow-motion camera. As a result of this behaviour, one
single encounter of the blades can produce several traces on the weapons, since the ‘ricochet’
of the primary impact might make the swords collide again before stopping. To some extent,
similar dynamics have also been recently observed by Herman et al. (in press). No wrist-
strain or any other kind of joint pain was reported by the fighters during the experiments, even
when testing defending movements with the flat of the weapon (which requires substantial
torsion of the wrist). Interestingly, this aspect is at odds with what recorded in other combat

experiments (cf. Hermann et al. in press).
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The tests produced an array of different features, and various formation micro-dynamics have
been observed. Unfortunately, at the current stage of use-wear studies on copper-alloy
objects, there is no well-established and unambiguous terminology to indicate the various
traces recognized (Dolfini and Crellin 2016; Gutiérrez Sdez and Martin Lerma 2015).
Furthermore, some characteristic of the experimental traces do not fit previously formulated
categorizations. Therefore, the features obtained will be presented below using a terminology
largely based on the descriptions proposed in previous works (Anderson 2011; Bridgford 2000;
Gutiérrez Sdez and Martin Lerma 2015; Horn 2013; Molloy 2011; O'Flaherty et al. 2011,

Soriano-Llopis & Gutiérrez-Saez 2009) but with few adaptations and additions.

When blades collided, the metal of the edges yielded producing mainly notches and/or dents.
The depth of the notches is usually greater than their width. They can present either a ‘V’ or a
‘U’ shaped bottom and have either a vertical or curved outline (fig. 4). Dents are plastic
damage similar to notches but more rounded and shallow. They can either have a symmetrical

or asymmetrical profile (fig. 5A,B,C).

The displacement of material under impact can also generate thickening in the immediate
surroundings of the damage (fig. 4C; see also 3A,4A). In the cases in which the impact-stress
surpasses the ultimate strength of the material, fissuring and breakage might occur (fig. 5C).
If blades meet with power or under an angle small enough, one edge can slide over the other
in a manner similar to skipping stones on a lake’s surface, producing rippling traces (fig. 5D).
Similarly, one blade might also briefly slice into the other, chipping off the superficial part of its
edge (fig. 5E) or push down a brief portion of the edge generating bowing (fig. 5F).
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Figure 4: Examples of traces obtained experimentally. (A,B) V-shaped vertical notches; (C) U-shaped curved notch;
(D) U-shaped vertical notch.

In case of edge-vs-flat collisions, the edge deforms plastically under the strain of the impact
and gets displaced on its horizontal axis, producing flattening (fig. 6A,B). Conversely, the
sword-flat can display blow marks (fig. 6C). A single action can produce more than one of
these marks, but they would always maintain the same orientation. In case a sword’s edge
hits -and successively drags- on the opponent’s flat, but close to the edge, grazing damage
can take place (fig. 6D). Furthermore, sometimes a sword hit by an opponent’s blade might
bend at an angle of roughly 10-20 degrees from its longitudinal axis towards the side that

received the blow (fig. 6E).
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Figure 5: examples of traces obtained experimentally. (A) Asymmetrical dent; (B) symmetrical dent; (C)
asymmetrical dent with thickening and fissures; (D) rippling; (E) chipping; (F) bowing.

Finally, if the metal is hit in a spot whose structural integrity is compromised by crafting flaws,
the redistribution of the stress induced by the collision might be altered. This was observed
during the tests when, after impact, a portion of a replica’s edge broke off due to structural
failure, as evidenced by ‘bubble-voids’ visible in the inside of feature produced (fig. 7A). These

are interpretable as gas-bubbles encapsulated in the sword during the casting process.
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Figure 6: Examples of traces obtained experimentally. (A,B) Flattening traces (top view); (C) blow marks; (D)
grazing; (E) bending.

4.1 Micro-dynamics of blade impacts
Most of the times, it is possible to identify the angle of impact between the two swords by

tracing the bisecting line of the angle created by the encounter of the two lines extending from
the feature’s sides (cf. Horn 2013, 22). For broader and shallower traces, however, such
reconstruction is less unequivocal. Occasionally, it is possible to reconstruct the directionality

of the blow form the grooves left inside the feature (fig. 7B).
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Figure 7: :Examples of traces obtained experimentally. (A) Structural failure, 'bubble-voids' visible; (B) grooves
inside an asymmetrical dent.

In some tests, swords have been observed to be slightly ‘rocking’ after colliding. This
reconstruction is also supported by the occasional presence of trails (fig. 8A), which signal a
moment in which the impacting edge grazed the side of the other blade while deforming its
edge. Sometimes, the blades might also briefly twist within the damage feature created. Such
a movement, besides enlarging the damage feature, can generate burrs: adjacent portions of
edge which are displaced after the cut and protrude on the side with a curl (fig. 8B,C,D; see
also 4C, 5E). One specific notch is particularly illustrative of these dynamics: this feature
shows an evident groove on the inside, signaling the orientation of the entering blade, and a

burr and a trail with opposite orientations produced by the blade on its way out (fig. 8C,D).

While the interior of some damage-features appears relatively smooth from top-view (with the
exception of occasional grooves), some show an uneven surface, consisting of two parts
gently declining outwards separated in the middle by a more elevated band roughly where the
edge formally was. Such an ‘hourglass-shaped’ feature could possibly to be explained as the
result of rocking blades as well: with the ‘neck’ of the feature formed after the primary impact
(where the swords firstly stopped cutting into each other), and the opposing wider parts
constituted by the material displaced during secondary movements (fig. 8E,F).
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Figure 8: examples of traces obtained experimentally. (A) Curved notch with thickening (bottom-left) and trails
(bottom-right); (B) curved notch with evident burr (left); (C) groove inside a notch (top view); (D) another perspective
of the same notch, with burr visible on the top-left and trail at the bottom-right; (E,F) examples of ‘hourglass feature’
(top view).

4.2 Connecting traces to gesture
Notches and dents are the most common combat features obtained in the edge-vs-edge

scenarios, forming on both the attacking and defending swords. Moreover, in more than one
case, the same scenario has produced both kinds of traces (tab. 2). Nevertheless, if

considered together, a degree of uniformity can be appreciated observing the consistency of
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the results from similar actions, as exemplified by the extra repetition of the hard block vs
thrusting scenario (cf. tab. 2, scenario 4 and scenario 8). Despite the large overlap in the
genesis of notches and dents, some sub-trends indicate a relation between movements and
trace formation. Notches seem to occur more frequently in hard block scenarios, while dents,
especially the asymmetrical ones, appear more often as a result of deflections (tab. 2).
Furthermore, curved/diagonal notches have been generated exclusively when swords collided
violently, as a consequence of a hard block against a diagonal or a thrusting attack, while no
dent was formed. Said combinations also generally resulted in deeper notches (in some cases

deeper than 3 mm) than those originating from in any other scenario (c. 1/1,5 mm deep).

A rippling feature was generated only once as the result of a direct collision. However, similar
features (two specimens) originated as secondary impacts (as a product of the edges
‘bouncing’) on a defending sword during scenario 1. A quantitative difference exists between
primary and secondary rippling features, with the former affecting a portion of the edge of
roughly 5 mm and the latter not exceeding 2 mm in length. Chipping, and bowing originated

exclusively from secondary impacts (tab. 2).

A significantly high degree of uniformity characterizes the traces produced by edge-against-
flat collisions. Flattening damage occurred on the attacking sword in all the occasions in which
a contact with the flat was tested. Flat-deflections against thrusting attacks (scenario7; tab. 2)
produced grazing on the defending sword. The same kind of trace has also been observed
forming after one of the collisions in scenario 5 (tab. 2): one fighter reported to have twisted
the wrist ‘a little too much’ while defending, partially deflecting the blow with the flat of his
sword instead of the edge. Bending of the sword took place once while testing a hard block
and once while testing a deflection, while in other two repetitions the defending sword stayed
unbent (tab. 2). In one case bending caused fissuring on the side of the sword opposite to the
one receiving the blow, suggesting that this kind of collision could jeopardize the integrity of

the weapon.

No other scenario produced bending, including the hard blocks against thrusting attacks,
which according to the fighters was the most plausible candidate for inducing such a damage
(see section 3, and tab. 2). This is at odds with other combat experiments which reported
cases of bending at almost every exchange (Crellin et al. 2018, 295). Finally, it must be noted
that, in one case, after a hard block with the flat, the defending sword displayed no sign of
damage. This also constitutes the only case in which a sword registered no visible damage

after an impact (scenario 3, tab. 2).
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Table 2: Synoptic table of the results of the experiments grouped by 'scenario’ (two repetitions of the same

combat combination; see section 3).
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5. Archaeological Comparisons
In order to assess the applicability of our experimental framework, a ‘pilot’ microscopic use-

wear analysis was performed on a sample of four LBA swords from the National Museum of
Antiquities in Leiden (tab. 3). The items were observed under the same microscope used for
the analysis of the replicas (see section 3); each wear-trace was photographed from the side
and from the top, and noted on a 1:1 drawing of the sword. It has to be stressed that the traces
discussed in this section are presented with the sole purpose of providing examples of, and
enabling the reader to assess, the potential of the investigative framework presented and do
not represent the totality of the combat features detected on the swords (see tab.3, ‘Traces’
column). An in-depth analysis of the traces of use of LBA/Early Iron Age bronze weaponry

from various regions of continental Europe is currently being carried out.

Recognizing use-wear on archaeological copper-alloy items is hampered by various post-
depositional modifications. Corrosion, retrieval circumstances, or curation history can alter or
obliterate use-traces (Gutiérrez Sdez and Martin Lerma 2015, 185; Horn 2013 34-36; Horn
and Holstein 2017). The sample has been selected randomly among the LBA swords stored
in the museum. They all come from river contexts (as the majority of the swords found in the
Netherlands — cf. Fontijn 2002), and they vary considerably in the degree of corrosion and
curatorial treatment. Nevertheless, a number of traces analogous to those obtained

experimentally have been recognized (tab.3).

Table 3: Details on the archaeological swords discussed in this paper. ‘Traces' refers to the total amount of
combat-compatible traces detected on each item.

Museum ID Type Preservation Traces References
Almost complete (small portion Cowen 1967, 449 n.6;
e1981/1.10 Ewart Park | of the hilt missing), scarce 7 Roymans 1991, appendix
corrosion, patina chemically 1:n.l
removed.
Almost complete (portion of the Cowen 1967, 439: n.138;
GL 69 Gundlingen  hilt missing, edges 5 Fontijn 2002, appendix
considerably corroded, dark 5.5; Roymans 1991,
brown patina gradually appendix 2: n.10
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463
464
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469
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471
472

lightening towards the tip. Deep
striations indicating modern

cleaning.
Complete, edges mildly Cowen 1967, 440: n.145;
k1896/9.1 Gundlingen corroded, dark brown-grey 9 Fontijn 2002, appendix
patina. Deep striations 5.5; Roymans
indicating modern cleaning. 1991,appendix 2: n.4
Almost complete (small Cowen 1967, 440: n.148;
e1949/5.1 Giindlingen  portions of hilt and tip missing), 4 Fontijn 2002, appendix
edges considerable corroded, 5.5; Roymans 1991,
dark green patina. appendix 2: n.6

For example, one of the swords (e1981/1.10) displays a feature similar to the curved notches
produced in the experiments. Its shape is compatible with an origin from the collision with
another sharp edge, and this interpretation is reinforced by the grooves visible inside the
feature (fig. 9A,B). The sword also presents marks that are comparable to flattening damage
(fig. 9C,D). Remarkably, the same sword is also bent in a fashion similar to the bending that
occurred experimentally. A succession of two depressions morphologically and dimensionally
comparable to the rippling traces obtained experimentally from secondary impacts have also

been frequently detected on swords’ edges (fig. 9E).
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Figure 9: Use wear on archaeological sword (€1981/1.10). (A) Possible curved notch; (B) top view of the same
notch, striations visible inside; (C,D) possible flattening traces; (E) possible case of rippling.

Various traces analogous to asymmetrical dents have been found on the edges of the swords.
At times, they were associated with potential trails (fig. 10A, compare to 10B) or possible
thickening or filed/hammered burrs (fig. 10C), and occasionally displaying grooves plausibly

generated by impacts with a sharp edge (fig. 10D).
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Figure 10: (A) Possible case of asymmetrical dent with trail on archaeological sword (GL 69); (B) asymmetircal
dent with trail obtained experimentally; (C) an asymmetical dent-like feature on archaelogical sword (k1896/9.1)
bearing on the right side a possible hammered/filed burr othickening; (D) top-view of the same dent-like feature
showing a groove.

Finally, worthy of mentioning is the case of a trace resembling a dent identified on a highly
corroded sword (€1949/5.1; fig. 11A). However, considering the loss of depth caused by
corrosion (roughly around 3mm), we can compare this feature with wide, U-shaped notches.
This similarity is supported also by the characteristic morphology of the interior: from a top
view, is recognizable a distinctive hourglass-shape feature as in analogous traces obtained

experimentally (Fig. 11C,D).
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Figure 11: (A) a possible case of U-shaped notch with hourglass feature on archaeological sword (€1949/5.1); (C,
top view); (B) an U-shaped notch with hourglass feature obtained experimentally (D, top-view).

6. Discussion

Our experiments have shown that combat with bronze swords produces damage at almost
every collision, even after less severe impacts, which is partially at odds with what was
postulated before (cf. Horn 2013, 40). Conversely, the tests highlighted how combat might
produce traces subtle in size, such as notches and dents less than 1 mm deep (cf. fig. 4B and
5A-C), and others traces (e.qg. rippling, bowing, grazing, and flattening) whose identification on
corroded specimens might not be straightforward. It is important to take into account such
occurrences when analysing archaeological items, since similar traces risk to be overlooked

in a macroscopic examination, or to be easily eradicated by corrosion.

Several of the most visible traces obtained in the tests are comparable with the features
obtained in previous experiments on copper-alloy weapons (cf. Anderson 2011, fig. 6; Crellin
et al. 2018, figs 13.5-13.16; Hermann et al. in press; O'Flaherty et al. 2011, figs 11-12). Such
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an outcome further validates our results and suggests that the presence of a small quantity of
lead in the alloy does not influence features’ formation radically. This is an encouraging
outcome: if combat damage is not significantly influenced by the composition of the blades,
conclusions on the use of archaeological weapons can be drawn, even in the —several- cases
in which their exact chemical composition is undocumented. Nevertheless, additional
controlled laboratory experiments explicitly designed to assess the relation between combat
damage and alloy composition (cf. Soriano-Llopis & Gutiérrez-Saez 2009) are necessary

before drawing final conclusions.

For what concerns the link between trace formation and specific combat situations, the way in
which defences are performed seems to constitute the most relevant variable. Hard blocks
against diagonal and thrusting strikes were more likely to produce extensive and visible
damage on the sword edges. On the other hand, deflections have the tendency to produce
less deep and destructive features. Furthermore, our experiments show that edge-on-flat
collisions generally leave different marks from those produced by edge-on-edge combinations.
In contrast to the edge-on-edge combinations, edge-on-flat combinations produce different
traces between the attacking and the defending sword, enabling the reconstruction of the role
that the weapon had in a collision. These findings suggest that a general assessment of the
combat techniques performed with BA swords through the analysis of the marks on the objects
is indeed possible, although a larger amount of experimental trials is needed to fine-tune the
associations and better assess variability. Furthermore, results demonstrate that certain ways
of combat (possibly skill-dependant) might be less archaeologically visible than others and

thus call for extra caution during analysis.

The detailed micro-wear analysis of the features both from side and top view, allowed a deeper
understanding of the damage formation dynamics. Such knowledge has demonstrated to
constitute a valid tool for the interpretation of use-wear on archaeological swords. Several
combat-compatible traces, plausibly generated by hard blocks as well as by advanced
deflections, have been detected on LBA swords. This occurrence speaks in favour of using
basic historical fencing notions as a bio-mechanical scaffolding for the reconstruction of BA

combat dynamics.

Although more research is needed, the relations between features and combat situations
highlighted here open interesting avenues of investigation. Combat is a highly social activity:
both the learning and the performance of combat actions take place within a social
environment with its own tradition of notions and ways of doing things (sensu Mauss 1973 and

Wenger 1998). If applied to large archaeological data-sets, the ability to point out patterns of
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specific fighting choices (e.g. different way of defending) would enable researchers to better
investigate aspects of prehistoric martiality which have only recently been brought-up, such
as the level of skill of combat practitioners and the existence of regional or period-specific
styles or context-bound rules of fighting (e.g. Gentile et al. 2018; Horn 2015; Molloy 2017;
Vandkilde 2018).

7. Conclusion

With this paper we hope to contribute to the development of experimental archaeology and
use-wear analysis applied to metalwork and in particular to bronze weaponry. We proposed a
replicable method for the experimental investigation of combat damage which balances
analogy with real combat situations and a necessary control over the variables. The ability to
link each combat feature produced to the correspondent combat situation allowed to effectively
assess the uniformity of the results and enabled a first attempt at investigating the relation
between movement executed and damage created. Furthermore, our findings were
successfully implemented in a pilot study of use-wear on archaeological swords. Nevertheless,
a larger number of tests is needed to evaluate more accurately the extent of the relationship
between traces produced and different movements. The nature of more subtle features (e.g.
bending, flattening, bowing, rippling) should be further investigated in order to rule out other
possible non-combat origins. In conclusion, we hope that the knowledge produced by our work
will be a helpful tool for future use-wear analyses of large sets of BA weaponry aimed at

answering current questions on BA Martiality.
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