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Example: Metallography of medieval arrows

St Briavels in Gloucestershire produced 25,000 quarrel
(crossbow bolt) heads in 1256 (Pounds 1990, 109) and
records indicate that it was understood that they needed
to be specially hardened, but that this was not always
the case:

‘I woulde wyshe that the head makers of Englande
shoulde make their sheaf arrowe heades more harder
poynted then they be: for | my selfe haue sene of late
suche heades set upo sheafe Arrowes, as ye officers yf
they had sene them woulde not have bene content wyth
all! (Ascham 1545, 20).

Metallography has shown that smiths selected high
quality and expensive steel for prestige objects such
as armour and weapons and also, though sparingly, for
some everyday objects like knife blades. Such expense
was not undertaken for mundane ironwork, such as
building fittings or fixtures (Starley 1999). Is it possible
that arrowheads, produced in tens of thousands, were
manufactured with high levels of craftsmanship, using
expensive high-grade metal? Such arrows (Fig 42) would
have been used against armoured rather then soft
targets so metallography can distinguish war heads from
those made for peacetime activities. The examination of
30 arrowheads (Starley 2000) showed that heavy quarrel
points were made of soft iron (Fig 43), the greater mass
of the head determining its destructive power. One of
the two bodkin point arrowheads examined did contain
some steel, but this was unhardened, so would have
given little advantage. In contrast three-quarters of the
compact winged and socketed arrowheads were much
more sophisticated metallurgically, being of composite

Figure 42: Three medieval arrowheads: left: bodkin point, Type
7; centre: compact winged and socketed, Type 16; right: Type
10. Typology after London Museum 1967.
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Figure 43: Micrograph of pure ferritic iron. Image width Tmm.

Figure 44: Micrograph of unhardened steel containing 0.7%
carbon. Image width Tmm.

construction with iron socket and steel point and wings,
quenched and tempered to provide optimum penetrat-
ing properties (Fig 44).

The bodkin point originates in the 11th century, where
the main defence was mail (Jessop 1996). This narrow,
tapered, head would have been devastating against
mail, with its ability to pass through coarse mail and
burst apart the finer links. Compact winged and socketed
arrowheads only appear from the 14th century. This
coincides with increasing amounts of plate armour
being worn on the battlefield. By the time of Agincourt
(1415) a knight (if not the common soldier) was virtually
entirely cased in plate armour. Even so, with an estimated

7,000 archers firing up to 100,000 arrows each minute,
survival was a matter of statistical probability. Metallurgy
suggests that from the 14th century onwards consider-
able resources were committed to producing ‘high tech’
projectiles that aimed to counter the improvements in

armour and to maintain the effectiveness of the archer.
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Figure 45: Inductively-coupled plasma atomic emission
spectrometer.

Figure 46: Scanning electron microscope in use. The main screen
shows an image of the sample in the chamber to the left, at high
magnification, while the screen to the right displays the results
of EDS analysis.

an ore type and thus to a geographical area (Paynter
2006; Hedges and Salter 1979). Today most archaeo-
metallurgists are informed by both archaeology and
metallurgy, and produce important results for archae-
ologists and historians. For example, recent work on
Bronze Age metalwork has shown how elemental
analysis relates to archaeological groupings, and that
certain elemental combinations can be shown to
relate to specific ore types or metalworking horizons
(Northover 1999a, and see section 3.1). Lead isotope
ratios (see below) can be used in conjunction with
elemental data to further refine the groupings (Rohl
and Needham 1998; Needham 2002). The application
of such approaches to the non-ferrous metalwork of
later periods needs serious consideration.

Many analytical techniques can provide information
on chemical composition (Table 2). X-ray fluorescence
(XRF) can be used in two rather different ways. The
first is as a rapid, and completely non-destructive,
method of determining the approximate (qualitative)
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composition of the surface of an object or sample,
such as identifying an alloy or a surface plating on an
object, or the nature of a metal melted in a crucible.
It can also be used for bulk quantitative analysis of
prepared samples. Much early chemical analysis
was done using emission or atomic absorption spec-
troscopy (AAS) though inductively-coupled plasma
atomic emission spectroscopy (ICP-AES) is now
the preferred technique for both metals and other
materials (Fig 45). The new technique is much quicker,
more stable and, for many important elements, more
sensitive. A greater range of elements is also measur-
able, including important ones for archaeometallurgy,
such as sulphur and phosphorus. Micro-beam tech-
niques such as SEM/EDS are now commonly used to
determine chemical composition (see below). X-ray
diffraction (XRD) can identify the crystalline com-
pounds, rather than elements, present in a sample.

Micro-beam techniques

Scanning electron microscopy (SEM), usually with
an energy dispersive analysis system (EDS) is a very
versatile imaging and micro-analysis technique which
is becoming increasingly common in archaeological
studies (Fig 46). This technique is particularly well
suited to archaeological material, especially process
residues, as it relates composition to structure, and
allows the chemical analysis of particular areas or
phases, as well as providing bulk compositions.

Other microbeam techniques (EPMA, PIXE, SIMS)
are increasingly powerful tools for interpreting the
microstructure and hence the history of many classes
of artefact and residue. However, it is not always clear
that the benefits of using such techniques outweigh the
high costs. Sometimes it is just another way of doing
something that is already possible with existing (and
more affordable) technology, though EPMA is essential
for determining trace elements present in iron.

Isotopic analysis

The ratios of the three main isotopes of lead, Pb204,
Pb206 and Pb208, depend on the geological age of the
lead ore and are not affected by smelting or any sub-
sequent refining (but are affected by mixing during the
course of re-cycling). For metal not heavily re-cycled
this potentially offers a way of tracing metals containing
even traces of lead to their geological source (Fig 47).
This, for all practical purposes, means that only early
prehistoric (Bronze Age) metalwork or newly-smelted
metal (ingots) are suitable. Despite many successes,
especially in Mediterranean archaeology, this tech-
nique is not the panacea it originally appeared, par-
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Figure 47: Lead-isotope plot of data from Mendip lead (red
lozenges) and Roman silver denarii (blue squares) superimposed
on data from other ore fields.

ticularly in Britain where many lead sources have
similar geological ages. Further problems have been
raised by recent research that has shown that lead
isotope ratios can vary even within the same ore body,
especially between near-surface deposits (those used in
antiquity) and deep deposits (those remaining today)
and some aspects of the statistical basis for matching
artefact to source through lead isotope analyses have
also been questioned (Budd et al 1993). Despite these
problems, lead isotope analyses can identify multiple
sources of metal even if the individual origins cannot
be unambiguously identified.

Lead isotope abundances are normally measured using
thermal ionisation mass spectrometry (TIMS) or induc-
tively-coupled plasma mass spectroscopy (ICP-MS). A
new development is the application of laser ablation
mass spectrometry (LAMS) for lead isotope analysis of
ancient coins using small drilled samples; its potential for
in situ analysis of lead inclusions needs to be investigated.
Certainly the precision of the lead isotope results pro-
duced by LAMS is an order of magnitude greater than
for conventional TIMS (Ponting et al 2003).

Dating techniques

Techniques for dating archaeometallurgical remains
can be quite specific, due to the nature of the material,
but most of those regularly used also have more
general archaeological applications. Radiocarbon
dating can be applied to charcoal associated with
metalworking evidence as has recently been demon-
strated at Sherracombe Ford, Exmoor (Juleff 2000).
Additionally, charcoal embedded in slag can some-
times be the only dating evidence, as was the case at
the iron-working site at Welham Bridge (Halkon and
Millett 1999, 80-81).
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Pioneering work on the C-14 dating of iron was con-
ducted in the 1960s (van der Merwe 1969) but was
found to be impracticable because of the very large
samples required to extract a dateable amount of
carbon (1g of carbon, ie 20-1000g of iron). Further
developments in the early 1990s used accelerator mass
spectrometry (AMS) to measure the isotopes which
substantially reduced the required sample weight
(<100pg). Tests conducted on museum artefacts with
dates already established by traditional methods proved
very successful (Possnert and Wetterholm 1995) but
no further application of this potentially useful tech-
nique has been published, though further research is
underway. If successful, it may lead to the more routine
application of this technique.

The possibility of dating of metallurgical sites through
the use of relict magnetisation of burnt clay structures
has been discussed above (see section 2.2).

Thermoluminescence dating (TL) is a technique par-
ticularly suited to the dating of fired clay, and as such
could be of value to archaeometallurgy. However, no
British metallurgical ceramics have yet been dated by TL.

2.5 Experimental archaeology

There is potential for experimental archaeology to
address important questions in archaeometallurgy: by
accurately replicating a process archaeological inter-
pretations can be confirmed. The principles for archae-
ological process-replication set out by John Coles 30
years ago apply as much now as they ever did (Coles
1973, 15-18; 1979, 46-48). Much of the work to date
has concentrated on metal smelting, notably the work
of Tylecote on iron (Tylecote et al 1971) and crucible
smelting of copper (Tylecote 1974), Merkel (1990) and
Zwicker on early copper smelting (Zwicker et al 1992),
Crew’s work on iron smelting in Britain (Crew 1991;
Crew and Salter 1991), and various papers in the vol-
ume edited by Craddock and Hughes (1992).

Merkel's work took the excavated archaeological
evidence, and used this to reconstruct the smelting
regime at Timna, including replicating the slags pro-
duced and estimating the actual furnace charges used.
Unfortunately, there is as yet insufficient archaeological
evidence for early copper smelting in Britain for specific
experimentation to be possible, despite the recent dis-
coveries at Great Orme (see section 3.1). However,
experimentation would seem to be important for medi-
eval and early modern lead smelting where excavation
of known bole and ore-hearth sites could produce
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sufficient evidence. Experimental lead smelting would
face environmental and health considerations.

Crew’s experiments have investigated many aspects of
early iron smelting, especially the utilization of specific
ore types and the products of smelting (eg Crew and
Salter 1993; Serneels and Crew 1997). Much of this
has been aimed at providing comparative data for the
interpretation and quantification of excavated iron-
working debris. A series of experiments exploring the
smelting of bog-iron ores during the Iron Age was
conducted in furnaces based on excavated evidence;
these provided an understanding of iron smelting on
that particular site. Crew’s work investigated the whole
iron production process and included bloom-smithing
experiments to estimate the amount of labour required,
and the efficiency of the process (Fig 48). For one experi-
ment using bog iron ore, it was estimated that about
100kg of charcoal were used to produce one kilogram
of fully-smithed iron in a non-tapping furnace of the
type used in prehistoric Britain (Crew 1991). The con-
clusions demonstrate the large investment of time and
manpower, and notably the quantity of charcoal, that
early smelting of bog ore required and therefore allow
us a more informed discussion about the nature of Iron
Age society in North Wales and the role of metallurgy
within it.

Such experimental work remains crucial to our under-
standing of early and historic metal production, because
only through such direct experience can we appreciate the
degree of material and social investment in metalwork-
ing. Crew’s work is particularly important in this respect
because it looks at a specific smelting regime. General,
non-specific, metal smelting experimentation has served
merely to demonstrate the possibility of smelting using
‘primitive’ technologies, but it does not answer specific
archaeological questions. To do this, it is necessary to
gain an insight into particular smelting operations for
which reliable archaeological evidence exists.

Experimentation with non-ferrous metals has lagged
behind the work on iron and, while some good work
has been done, a coherent research programme of
experimental casting of copper-alloys, based on archae-
ological evidence and using authentic materials, is still
required. Although similar things have been done in
the past, these have often cut corners over authenticity;
using oil-sand moulds, modern alloys and electric or
gas furnaces. The emphasis has been on producing
something that looks right rather than something that
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Figure 48: Experimental iron smelting at Plas Tan y Bwlich, North
Wales.

was made by the correct method. There exist numerous
excavated moulds, including several dozen matrices
for palstaves and socketed axes and around 40 clay
moulds for the mid to late Bronze Age (Needham pers
comm). These provide a good basis for the study of
mould manufacture and for setting out a programme
of experimental work on their use. One of the few pub-
lished accounts of using stone moulds is the casting of
an oxhide ingot of pure copper into a replica limestone
mould based on an excavated example of Bronze Age
date with clear signs of intense heat from Ras Ibn Hani
in Syria (Craddock et al 1997). The research revealed
the importance of the careful selection of the stone
used and the practicalities of casting, especially the fact
that any artefact produced (such as flat axes) would
have needed extensive working by hammering because
of porosity. This underlines the importance of metal-
lography in understanding the cooling and subsequent
working history of an artefact. It was also shown that it
would have been impossible to have cast objects with
any surface detail in such moulds because the surface
of the limestone mould would decompose at casting
temperatures (ibid, 6).

Metallographic data from experimental casting experi-
ments and also subsequent experiments in the fab-
rication of copper-alloy artefacts needs to be expanded,
quantified and codified. Ultimately, the aim of this
should be to create a body of metallographic data that
can be used in similar ways to (and in conjunction
with) the body of compositional data, in order to draw
general technical and archaeological conclusions about
metal objects. Such information would be crucial in
addressing such questions as the condition the object
was in when it was deposited, possibly showing whether
the metal was specially prepared for burial.
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