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SUMMARY

The excavation of a coastal trading settlement of the first century AD on the northern
shore of the Humber recovered a small quantity (10kg) of iron-working slag. A careful
examination of the matenial suggests that this was generated during primary manufacture
(smelting). The assemblage included samples of iron-rich material that appear to represent
the metal that was produced — a carbon-rich steel.
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INTRODUCTION

This report describes the examination and scientific analysis of ironworking debris
recovered during the archaeological excavations at Redcliff. The assemblage was first
examined by the author in the 1990s and a report submitted to the excavators in 2000 (a
copy forms part of the site archive held by Steven Willis). The 2000 report concluded
that the assemblage comprised almost exclusively iron smithing slag. In the years that have
followed the author has had the opportunity to examine many other ironworking
assemblages. Suspicions about the conclusions of the 2000 report were such that in 2007
the author requested the opportunity to re-examine the whole assemblage. Between
2007 and 2008 the assemblage was re-examined, existing samples re-analysed and new
samples selected for further study. As detailed below, the assemblage is now interpreted
as a smelting assemblage. This report should completely replace the 2000 report.

SITE BACKGROUND

Redcliff lies on the north shore of the Humber (NGR SE 981 249) close to North Ferriby.
An area of almost 1000m? was excavated between 1986 and 1988 by a team which
included David Crowther, Steven Willis and John Creighton (Crowther 1987; Crowther
et a/ 1989; 1990). The excavation revealed signs of habitation dating mainly to the first
century AD. The richness of the artefactual record suggests that Redcliff was an important
trading site during the period between the Roman conquest of southern Britain and the
early 70s when northern England was conquered. During this period Redcliff would have
been on the edge of (but just outside) the Roman empire.

TECHNOLOGICAL BACKGROUND

The visual appearance of the slags examined (see Figures |—4) leaves little doubt that they
have resulted from the production and/or manipulation of iron (or iron alloys) rather than
from the working of other metals (eg copper alloys). During the period of occupation at
Redcliff the production of metallic iron (and occasionally steel) was carried out using the
bloomery process (Bayley et a/2001; Crew 2000; McDonnell 1986; Paynter 20073;
Tylecote et a/ 1971) in which some of the iron in the iron ore was reduced to metallic
iron (in the solid state) while the remainder reacted with gangue minerals in the ore, clay
furnace lining and charcoal ash to form a liquid slag. Two separate chaines opératoires for
the bloomery smelting process have been identified: in the first the waste slag is simply
allowed to collect at the base of the furnace, while in the second the furnace is provided
with an opening near the base through which slag is removed. Even where the furnace
superstructure does not survive, it may still be possible to identify the chaihe operatoire
through the morphology of the slag. Where the slag is removed from the furnace by
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allowing it to flow through the opening near the base it takes on a characteristic ‘tapped’
morphology (Bayley et a/2001; McDonnell 1983). In contrast, the slag which simply
collects within the furnace often forms at the base of the furnace and forms a plano-
convex ‘furnace bottom’ (Paynter 2007a), examples of which can reach substantial
dimensions (up to Im in diameter and 0.5m thick). The manipulation (smithing) of iron
also produces characteristic slags which allow the identification of this process. The
heating of iron as part of smithing usually leads to some oxidation of the surface and
fragments of this oxidised surface (hammerscale) can form substantial proportions (in
excess of 50% by weight) of contexts associated with iron smithing (Mills and McDonnell
1992; Dungworth and Wilkes 2005). Even where a deliberate hammerscale sampling
strategy has not been employed, hammerscale is often recovered from environmental soil
samples. Smithing also usually produces concave-convex lumps of slag which are
substantially smaller (and more porous) than fumace bottoms, typically 0.15m in diameter
and 0.05m thick.

AIMS AND OBJECTIVES

This report aims to provide a comprehensive account of the ironworking debris that was
recovered during the archaeological excavation at Redcliff. The main objective (of this and
the 2000 report) has been to identify the nature of the metalworking processes which
produced this debris and their significance for our understanding of the site in the first
century AD.

METHODS

The assemblage of ironworking debris from Redcliff was examined visually. This
methodology is well-established (Bayley et a/2001; Crew 1995; McDonnell 1983; Paynter
2007a) and relies on the identification of distinctive traits such as colour, size, shape, and
surface texture which can be used to relate individual fragments of ironworking debris to
particular processes.

As will be seen below, the Redcliff assemblage contains very few distinctive fragments and
the author’s examination in the 1990s led to the misidentified of most of the pieces. The
2007-8 re-examination has benefited from the extra experience gained by the author
since the first examination. In addition, the author has sought second opinions from
colleagues who have further experience of prehistoric iron smelting debris.

The Redcliff assemblage contains few of the more commonly reported categories of

ironworking debris and so a high proportion of the assemblage has been sampled for
scientific examination. The samples (25 in total) were selected to reflect the widest range
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of types, sizes and shapes of material present with an emphasis on material from secure
contexts. The selected samples were detached using a rock saw and embedded in epoxy
resin. The embedded samples were ground and polished to a I-micron finish. The
samples were examined first using an optical microscope and then with a scanning
electron microscope. The chemical composition of the samples was determined using an
energy dispersive X-ray detector attached to the scanning electron microscope. The
chemical compositions were determined by analysing a series of areas (each usually 0.02—
0.1mm?). Each area was carefully positioned to avoid parts of the sample which had
undergone post-depositional alteration. The number of areas analysed on each sample
was varied depending on sample homogeneity/heterogeneity (minimum = 4, maximum =
10).

The analysis of multiple areas of each sample allowed the quantification of sample
homogeneity/heterogeneity. A value H was calculated for each sample by summing the
product of the standard deviation and mean for each oxide present. Few assemblages
have been approached in this way, but comparisons can be made with the author's data
from Heckfield (Dungworth 2007) and Trevelgue (Dungworth forthcoming) and data
from McDonnell's PhD thesis (McDonnell 1986). Samples of tap slag (the most common
form of iron smelting slag in the Roman and medieval periods) usually have consistently
low values of H (that is 1.2+0.5) indicating that the slags are very homogeneous. It should
be noted that all of the H values considered here have been calculated using the same
technique (SEM-EDS analysis of multiple areas) and the precision of this technique is such
that a perfectly homogeneous sample of bloomery slag is unlikely to yield a H value of less
than 0.5. This is due to the size of the crystalline phases present (up to 0.2mm?)
compared to the areas analysed (up to 0.Imm?). The calculation of H values for an
analysed sample of ironworking debris also addresses a perennial problem with SEM-EDS
analyses, how many areas should be analysed to obtain data that is representative of the
sample as a whole. H values were calculated for each sample after the collection of data
from each area and analysis of a sample was stopped only once H values had reached
stable minima. Smithing slags tend to give rather high H values (6.7+4.1) reflecting their
heterogeneity due to the fact that they have largely formed at temperatures below that
required to fully melt them. The iron smelting slags of the pre-Roman period are usually
not tap slags and these frequently have H values (2.4%1.0) between those of tap slags and
smithing slags.
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DESCRIPTION OF THE ASSEMBLAGE

The assemblage comprises |0kg of ironworking debris. This includes several fragments of
furnace bottoms, slag prills and vitrified ceramic lining, but most fragments are lumps
which lack any distinctive morphology which would clearly indicate the process(es) which
produced them (Table ).

Table I. Summary details of the different types of slag recovered (wejghts in grams,
density in grams per cubic centimetre)

average average

Type Abbrev. Weight Number weight density
Furnace bottom FB 1238 | 1238 33
Furnace bottom (possible) FB? 2264 4 566 2.9
Dense iron silicate DIS 141 2 71 3.7
Slag prills PRILL 663 10 66 33
Slag lump with abundant charcoal

impressions SLIC 48 | 48 2.5
Vitrified ceramic lining VCL 821 6 137 [.5
Non-diagnostic ironworking slag ND 3971 48 | 14 2.8
Ore ORE 228 2 |14 34
Metallic iron Fe 975 13 75

Total 10349 87 19 2.8

Table 2. Total weights of slag recovered per phase (grams)

Phase  Weight

[-3 I3

2 758
3 | 166
4 3018
5 5343
us 51

As described above, furnace bottoms are plano-convex lumps of slag which are
substantially larger than smithing hearth bottoms (cf Bayley et a/2001). They are
characteristic of iron smelting where the slag was not tapped from the furnace but instead
was allowed to collect in the base of a smelting furnace (Paynter 2007a). The single
certain fragment of furnace bottom from Redcliff (Figure 1) is rather smaller and weighs
only |.2kg. When complete it is likely to have been approximately 0.3m in diameter, 0.Im
thick and weighed around 2.5kg. The fragments of possible furnace bottom are less
complete but give no indication that any were originally any larger. These lumps of slag
are substantially larger and more dense than smithing hearth bottoms. The examination of
iron smelting slags from other prehistoric sites in Britain suggests that such small furnace
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bottoms are not unique to Redcliff. Despite their small size, the Redcliff furnace bottoms
indicate that iron smelting took place.

|

Figure 1. Fragment of furmace bottom Figure 2. Fragments of possible furnace
(sample # 22) bottom (sample #18)

Two fragments of dense iron silicate were recovered from Redcliff. Dense iron silicate slag
is easily recognised by its high density and the fact that most surfaces are fractured,
however, the process(es) which produced this type of slag is not obvious. The high
density (and lack of porosity) of this type of slag suggests that it was probably produced
during iron smelting rather than smithing. It is possible that dense iron silicate slag
comprises fragments of furnace bottoms; these may have been removed from the furnace
and have been broken in the process.

One of the types of slag recognised among the Redcliff assemblage is slag prills (Figures 3
and 4). This is characterised by well melted surfaces and evidence that it had flowed but,
unlike tap slag, the flow appears to have been predominately vertical rather than
horizontal. This suggests that the movement of slag prills occurred entirely within a
furnace. In addition, the contorted shapes of some examples suggest flow around
obstacles, possibly charcoal. The smooth surfaces of slag prills show that the slag had a
high surface tension and did not ‘wet’ the surface of the charcoal. The small size of slag
prills indicates that they did not travel significant distances inside the furnace and remained
isolated from each other (otherwise they would have formed larger masses of slag such as
furnace bottoms). Slag prills are not widely reported in the archaeometallurgical literature
although references to them are limited to iron smelting sites (see Crew 1995; 2000, 39;
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Dungworth in preparation; Dunikowski and Cabboi 1995, Fig 100; McDonnell 1988;

Paynter 2007a).

o
o

Figure 3. Slag prill (sample #/0) Figure 4. Slag pnill (sample #27)

A single lump of slag which had a surface almost completely comprising the impressions of
charcoal was noted. This type of slag is more abundant among some other early iron
smelting assemblages, such as North Cave (McDonnell 1988) and Trevelgue Head
(Dungworth forthcoming).

Vitrified ceramic lining consists of parts of the furnace superstructure which have survived
due to the vitrification of the inner surface.

Almost 40% of the assemblage of slag from Redcliff comprises non-diagnostic slag. The
density and colour of the non-diagnostic slag leaves little doubt that it was produced by
ironworking rather than the production or manipulation of other metals, such as copper
alloys, but it lacks any diagnostic characteristics that allow it to be associated with any
particular ironworking process. In particular it is not possible, on the basis of the visual
examination of this material, to be certain whether it was produced by iron smelting or
iron smithing. The absence of any materials diagnostic of iron smithing (hammerscale or
smithing hearth bottoms) make it likely that all of the non-diagnostic ironworking slags
from Red(cliff were produced by iron smelting. While non-diagnostic ironworking slags
rarely form significant elements within smelting slag assemblages where the slag was
tapped from the furnace, they are often present in significant proportions among
assemblages where slag collected within the furmace. Among iron smelting assemblages,
non-diagnostic slags appear to be most abundant when large furnace bottoms were not
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formed (eg Dungworth forthcoming; cf McDonnell 1988). The initial classification of the
Iron Age bloomery slags from Bryn Y Castell included over ten types but almost half the
assemblage was recorded as ‘unclassified’ (Crew 1986a; 1986b).

MICROSTRUCTURES

Figure 5. SEM image of sample #86 (back-scattered electron detector) showing long, thin
light grey crystals of fayalite (Fe,Si0O,).

The 25 samples selected for chemical analysis were also inspected using optical and
scanning electron microscopes and microstructural features noted. In most respects the
samples contain the range of phases that are routinely observed in bloomery smelting
slags: fayalite, wistite and a glassy groundmass (Morton and Wingrove 1969; McDonnell
1986). All samples contain substantial proportions of the mineral fayalite (Fe,SiO,) but the
crystal form varies from the very long but thin laths of sample #86 (Figure 5), through
thicker laths (eg sample # |8, Figure 6), to the relatively large euhedral crystals of sample
#05 (figure 7).

Between the fayalite crystals there is a glassy groundmass which is difficult to characterise
chemically. The glassy groundmass is found throughout the slag but in small areas which
are generally too small to allow meaningful analysis of this phase alone with the
techniques available. In addition, the glassy groundmass is rarely homogeneous but
frequently has a complex eutectic microstructure (cf Figure 8). Given the overall

© ENGLISH HERITAGE 9 58 - 2009



composition of the slags and the range of phases present, the groundmass is likely to be
rich in silica, alumina, phosphorus, potassium, magnesium and calcium.

Figure 6. SEM image of sample #18 (back-scattered electron detector) showing laths of
fayalite (mid grey)

Figure 7. SEM (back-scattered electron detector) image of sample #05 showing abundant
droplets of wiistite (FeO, white) and euhedral grains of fayalite (light grey)
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Figure 8. SEM image of sample #86 (back-scattered electron detector) showing the
complex glassy matrix. [his contains at least three phases (dark and light droplets in a grey
matrix).

Figure 9. SEM (back-scattered electron detector) image of sample #54 showing fine
dendntes of wiistite (FeO, white) and laths of fayalite (Fe,SiO, mid grey)
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Figure 10. SEM (back-scattered electron detector) image of sample #16 showing fine
dendrites of wiistite (FeQ), laths of fayalite (Fe,SI0,) and euhedral crystals of hercynite
(FeALO,) (in order of descending brightness)

Most samples also contain variable amounts of the iron oxide wustite (FeO). The form of
the wustite varies from fine dendrites (Figure 9) to droplets in a vaguely dendritic
arrangement (Figure 7). Hercynite (FeAl,O,) is present in small proportions in most
samples (eg sample # 16, figure 10). Hercynite is an uncommon mineral in bloomery
smelting slags and is only usually present where the ore contained high proportions of
alumina.

The samples selected for microstructural examination and chemical analysis included
several amorphous iron-rich lumps. In addition, several samples of slag contained metallic
droplets. The microstructure of these metallic samples provides supporting evidence for
the interpretation of the assemblage as deriving from the production rather than
manipulation of ferrous alloys, and gives some indication of the nature of the alloys that
were produced.

Sample #86 (dense iron silicate) contained a droplet of iron with a very porous texture
(Figure |'I; cf Paynter 2007b, fig 9). Iron with this microstructure has been noted by
Tholander (1987; Blomgren and Tholander 1986) as partially smelted iron and dubbed
‘coral iron’. Other samples (eg #54, Figure |12) contained numerous small droplets of iron
which had failed to coalesce into a bloom and had been lost in the slag. Analysis of
metallic iron failed to detect any elements (in particular phosphorus) other than iron.
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Figure |1. SEM (back scattered electron) image of slag #86 showing the presence of
coral iron;, fayalite, hercynite and a eutectic glassy ground mass (in order of descending
brightness)

Figure 2. SEM (back scattered electron) image of part of slag #54 showing the presence
of metallic iron, wiistite, fayalite and a eutectic glassy ground mass (in order of descending
brightness)
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Figure 3. SEM (back scattered electron) image of sample #02 showing the presence of
peariite and cementite

The use of metal detectors during the excavations ensured the recovery of considerable
amounts of iron-rich material which because it was amorphous was classified as slag. Two
samples of this iron-rich material were selected for examination and analysis. The first
(sample #02, Figure |3) was a carbon-rich iron alloy (steel). Figure |3 shows the sample
is composed primarily of pearlite with cementite at the grain boundaries. This indicates
that it is a hypereutectoid steel with a carbon content of approximately |%,; analysis failed
to detect any phosphorus in this sample (the detection limit for phosphorus in metallic
samples being O.1wt%). The second metallic sample (#12) was composed almost entirely
of ferritic iron (no phosphorus detected) with some pearlite. Sample #54 contained areas
of corroded iron with a relict microstructure similar to that of sample #02 (ie a
hypereutectoid steel) as well as regions of slag and ore. The intimate mixture of steel, slag
and ore suggests that this steel was a natural steel produced within a bloomery furnace by
the correct manipulation of smelting conditions, rather than by the secondary
carburisation of iron.

The bloomery process yields metallic iron but this iron remains as a solid so the bloom is
unlikely to be completely homogeneous; the concentrations of elements such as
phosphorus and carbon are likely to vary in different parts of the bloom. Nevertheless,
the fragments of iron examined here suggest that the bloom would have contained
negligible concentrations of phosphorus (<0.1wt%) but significant concentrations of
carbon (0.5wt%).
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CHEMICAL COMPOSITION OF THE EXAMINED SAMPLES
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Figure 14. Flot of silica and iron oxide concentrations for varnous analysed samples

The chemical composition of the analysed samples provides information about a number
of aspects of the process which produced them. In general, the slags have compositions
similar to those from other iron smelting sites of similar age (cf Morton and Wingrove
1969; Paynter 2006). The slags are rich in iron oxide and silica; these two oxides account
for 75-90wt% of each sample. The remainder of the composition is contributed by
alumina, lime, potash, phosphorus oxide, magnesia and soda (other oxides are present but
at very low concentrations, see Table 3 and Appendix 2).

lable 3. Summary chemical compositions (averages)

Slag Ore  Furmace Clay

Na,O 076 03 15
MgO 1.0l 049 .24
AlLO, 804 3.6 13.19
Sio, 2784 772 7353
P,O. 112 154 0.04
K,0 142 023 2.67
CaO 386 053 092
TiO, 020 009 0.68
MnO 0.16 009 0.07
FeO 5560 85.83 6.50
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In some respects the composition of the slag reflects the ore which was smelted, in
particular the relatively high concentration of alumina and the low levels of manganese.
The ore itself, however, cannot be the only raw material which contributes to the
formation of the slag. This can clearly be seen in the alumina:silica ratios of the ore and
slag. In the ore this ratio is 0.4 but the same ratio in the slag is 0.30; the slag must
therefore include some material with a much lower aluminasilica ratio. It seems likely that
the clay fabric of the furnace has reacted with some of the ore to form the slag. Similarly
the slag contains higher concentrations of potash and lime than could be provided by the
ore and the clay and it is likely that the ash of the charcoal fuel made small contributions
to the formation of the slag. The contributions of furnace clay and fuel ash to the slag are
discussed in more detail below (materials balance).

The chemical composition of the slag provides some information about the likely furnace
conditions. The slag is composed primarily of three oxides, FeO, SIiO, and AlLO; (these
account for 85-95wt%), and an estimation of the slag melting temperature can be made
using the relevant phase diagram (Levin et a/ 1956, fig 373). The Al,O,—FeO-SiO, phase
diagram indicates that the Redcliff slag would have a liquidus temperature close to

| 150°C, comparable with other contemporary iron smelting slags (cf Paynter 2007a, 207).
As at least some of the slag is dense and well consolidated, it is likely that furnace
temperatures were in some areas perhaps 100°C higher than the liquidus temperature.
Other, less well consolidated lumps of slag are likely to have formed at lower
temperatures.

Paynter (2006) has demonstrated that Iron Age and Roman iron smelting slags have
regionally distinct chemical compositions, for example those from the Forest of Dean
have high potash concentrations while those from the Midlands Jurassic Ridge have high
titanium oxide concentrations. The Redcliff slags, however, do not closely match those of
other analysed smelting slags from lowland East Yorkshire. The slags from North Cave
(McDonnell 1988) and Welham Bridge (Clogg 1999) are similar to each other and
indicate the use of similar smelting procedures and resources (bog iron ore). The Redcliff
slags, however, contain much higher concentrations of alumina, potash and lime, and
lower concentrations of manganese oxide compared to other East Yorkshire sites. The
chemical composition of the Redcliff slags cannot be linked to any other region discussed
by Paynter but this may simply reflect the fact that many regional iron ore sources and
their associated slags have not be characterised in this way (Paynter 2006, 290). The XRD
analysis of a sample of ore indicated the presence of the mineral goethite (FeOOH).
While significant iron ore outcrops are known in the area, such as the Frodingham
ironstone, and these are mostly shelly oolitic limonites (ie hydrated goethite), they usually
contain rather low concentrations of iron compared to the samples analysed from
Redcliff.
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MATERIALS BALANCE CALCULATIONS

During the bloomery smelting of iron ores the iron ore reacts with a proportion of the
clay lining and charcoal ash to form metallic iron and waste slag (Crew 2000). This
reaction can be represented by the formula below in which P stands for the proportion of
each component

Pore+P +Pash:P +P

clay slag metal

The values of P can be estimated by materials balance calculations for those oxides in the
inputs (ore, clay and ash) which are found in the slag but not in the metal (Na,O, MgO,
ALO;, SIO,, K,O, Cal, TiO, and MnO):

(C

X Pore) + (C X Pclay) + (C X Pash) = (Cs\ag X Ps\ag)

ore clay ash

where C is the concentration of the oxide. The calculation of the proportions of inputs
(Poer Pawy @and P,,) was achieved using a computer spreadsheet so the concentration of all
oxides (except P,Os and FeO) matched as closely as possible to the actual slag
composition. The result (see Total column in Table 4) contains concentrations of P,O,
and FeO above those seen in the actual slag. Phosphorus is known to enter both slag and
metal in varying proportions and some may be lost completely as vapour. The difference
in the concentration of FeO in the Total column and in the actual slag gives the amount
of FeO which is reduced to metallic iron. The agreement between the modelled slag and
the actual slag is striking and suggests that the model is reliable. In most cases, the
differences in concentrations of particular oxides are only slightly greater than the
precision of the technique used to determine chemical composition (SEM-EDS). The lack
of a perfect fit can probably be explained by reference to the heterogeneous nature of
the smelting process, the limited number of samples (especially for ore) and the lack of
chemical analyses of Redcliff charcoal ash.

clay

The materials balance approach suggests that the observed slag would be produced when
|.6745kg of ore, 0.1988kg of clay and 0.0474kg of ash reacted to give |kg of slag and
0.6957kg of metallic iron (the 0.8945kg of FeO contains 0.6957kg of metallic iron). A
materials balance approach will probably slightly overestimate the amount of metallic iron
which would form a bloom for two reasons. Firstly, it assumes that all of the inputs react
fully to give slag and metal, however, several samples of slag examined contain small areas
of unreacted ore. Secondly, it assumes that all of the reduced iron collects to form a single
bloom and many of the samples examined contained at least some metallic iron droplets
which had been lost in the slag. The iron bloom would also require smithing to transform
it into stock ready for the production of artefacts, and such smithing can lead to
considerable loss of metal (mostly as hammerscale, cf Crew 1991).
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Table 4. Matenals balance calculations for Redcliff iron smelting (the composition of ash is
an average based on published data, eg Turner 1956).

INPUTS OUTPUTS
Modelled

Ore Clay Ash | Total Slag | ‘Metal’ | Actual
Proportion | 1.6745 | 0.1988 | 0.0474 | 1.9207 1.0000 | 0.9207 Slag
Na,O 0.31 l.15 2.71 0.88 0.88 0.76
MgO 0.49 |.24 6.28 .37 .37 1.0l
AlLO, 3.16 13.19 0.47 793 793 8.04
SIO, 7.72 73.53 605 | 27.84 27.84 27.84
P,Os .54 0.04 6.40 2.90 2.90 .12
K,O 0.23 267 | 17.39 |.74 .74 .42
CaO 0.53 092 | 5891 3.86 3.86 3.86
TiO, 0.09 0.68 0.02 0.28 0.28 0.20
MnO 0.09 0.07 .22 0.22 0.22 0.16
FeO 85.83 6.50 0.53 | 145.05 55.60 | 8945 | 55.60

The concentration of phosphorus oxide in the modelled slag (2.9wt%) is significantly
higher than in the actual slag (I.12wt%). This indicates that at least some of the
phosphorus should have been reduced into the iron bloom. The analyses of several
fragments of iron, however, indicate that the smelted iron contained little or no
phosphorus. The ‘missing’ phosphorus almost certainly was lost as vapour, as both
phosphorus and phosphorus oxide are relatively volatile (Tylecote et a/ 1971).

DISCUSSION

The examination of the ironworking slags from Redcliff has shown that they were
produced during the smelting of iron in a furnace where the slag collected within the
furnace and was not tapped from it. This places it within the Iron Age tradition of iron
smelting (Paynter 2007a) and contrasts with the Roman technology which employed
regular removal of slag from the furnace by tapping. The composition of the slag, when
compared to the available data on raw materials (ore, clay furnace lining and charcoal ash)
indicates that the smelting process yielded slightly less than 0.7kg of raw iron for every
|.7kg of ore used. The |.7kg of ore would react with 0.2kg of clay lining and 0.05kg of
charcoal ash to produce the iron and |kg of slag.

The quantity of slag recovered is small and on its own indicates the production of little

more than 4kg of raw iron bloom. Nevertheless, the limited extent of the excavation and
the loss of some of the site by river erosion make it likely that more than 4kg of iron was
produced. It is possible that the production of iron was undertaken, at least partially, with
a view to trading with settlements to the south which then lay within the Roman empire.
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The iron and steel fragments examined are certainly fragments of metal produced at
Redcliff but which failed to be consolidated into a bloom. Two fragments of metal were
hypereutectoid steels (roughly 1% carbon), while other fragments and droplets trapped in
slag were plain iron and contained no detectable carbon or phosphorus. While the
blooms produced were likely to be heterogeneous, it is probable that they contained at
least some carbon. If the fragments of metal are representative of the blooms produced
these would have an average carbon content of 0.5%.

REFERENCES

Bayley, J, Dungworth, D and Paynter, S 2001 Archacometallurgy. London: English Heritage

Blomgren, S and Tholander, E 1986 ‘Influence of the ore smelting course on the slag
microstructures at early ironmaking, usable as identification basis for the furnace process
employed'. Scandinavian Journal of Metallurgy 15, |51—160

Clogg, P 1999 "The Welham Bridge slag’, in Halkon, P and Millett, M (eds) Rura/
Settlement and Industry: Studies in the lron Age and Roman archaeology of Lowland East
Yorkshire. Leeds: Yorkshire Archaeological Society, 8 1-95

Crew, P 1986a ‘Bryn y Castell hillfort — a late prehistoric iron working settlement in
North-West Wales', in Scott, B G and Cleere, H (eds) 7he Crafts of the Blacksmith.
Belfast: CPSA, 91-100

Crew, P 1986b ‘Bryn y Castell hillfort, Gwynedd — a preliminary analysis of the iron
working residues’, in Ellis Jones, | (ed) Ancient Mining and Metallurgy. Bangor: University of
North Wales, 129—-135

Crew, P 1991 ‘The experimental production of prehistoric bar iron’. Historical Metallurgy
25,21-36

Crew, P 1995 Bloomery Iron Smelting Slags and Other Residues. HMS Datasheet 5.
London: Historical Metallurgy Society (http://www.hist-met.org/hmsdatasheet05.pdf)

Crew, P 2000 The influence of clay and charcoal ash on bloomery slags’, in Tizzoni, C C
and Tizzoni, M (eds) /ron in the Alps. Deposits, mines and metallurgy from Antiquity to
the XVI century. Bienno: Comune di Bienno, 3848

Crowther, D 1987 ‘Redcliff. Current Archaeology 104, 284-285
Crowther, D, Willis, S and Creighton, | 1989 ‘Excavations at Redcliff, in Halkon, P (ed)

New Light on the Farisi: Recent Discoveries in Iron Age and Roman East Yorkshire. Hull:
East Riding Archaeological Society and The University of Hull, 69

© ENGLISH HERITAGE 19 58 - 2009



Crowther, D, Willis, S and Creighton, ] 1990 “The topography and archaeology of Redcliff,
in Ellis, S and Crowther, D R (ed) Humber Perspectives: a region through the ages . Hull:
University of Hull,172-81

Dungworth, D 2007 Heckfield, Hampshire: an examination of middle lron Age smelting
slags. RD report 104/2007. Portsmouth: English Heritage

Dungworth, D forthcoming ‘Examination of metalworking debris from the 1939
excavations at Trevelgue Head', in Nowakowski, | and Quinnell, H 7revelgue Head,
Comwall — an Iron Age cliff-castle: the story of the /939 excavations by the late C K
Croft Andrew: Truro: Comwall County Council

Dungworth, D and Wilkes, R 2007 An investigation of Hammerscale. RD Report 26/2009.
Portsmouth: English Heritage

Dunikowski, C and Cabboi, S 1995 La Siderurgie Chez Les Senons: Les ateliers celtiques
et gallo-romains des Clérimois (Yonne). Paris: Maison des Science de 'Homme

Levin, E M, McMurdie, H F and Hall, F P 1956 Phase Diagrams for Ceramists. Columbus
(Ohio): The American Ceramic Society

McDonnell, G 1983 Tap slags and hearth bottoms, or, how to identify slags’. Current
Archaeology 86, 81-83

McDonnell, | G 1986 The Classification of Early lronworking Slags. Unpublished PhD
thesis. Birmingham: University of Aston

McDonnell, | G 1988 7he lronworking Slags from North Cave. Ancient Monument
Laboratory Report 91/1988. London: English Heritage

Mills, A and McDonnell, | G 1992 The Identification and Analysis of the Hammerscale
from Burton Dassett, VWarwickshire. Ancient Monuments Laboratory Report 47/1992.
London: English Heritage

Morton, G R and Wingrove, | 1969 ‘Constitution of bloomery slags: Part | — Roman'’.
Joumnal of the lron and Steel Institute 207, 1556—1564

Paynter, S 2006 ‘Regional variations in bloomery smelting slag of the Iron Age and
Romano-British periods’. Archaecometry 48, 271292

Paynter, S 2007a ‘Romano-British workshops for iron smelting and smithing at Westhawk
Farm, Kent'. Historical Metallurgy 41, 15-31

© ENGLISH HERITAGE 20 58 - 2009



Paynter, S 2007b ‘Innovations in bloomery smelting in Iron Age and Romano-British
England’, in La Niece, S, Hook, D and Craddock, P (eds) Metals and Mines. Studies in
Archaeometallurgy. London: Archetype/British Museum, 202-210

Tholander, E 1987 Experimental Studies on Early Iron-making. Stockholm: Royal Institute
of Technology

Turmer, W E S 1956 ‘Studies in ancient glasses and glassmaking processes. Part V. Raw
materials and melting processes'. Journal of the Society of Glass Technology 40, 277 T—
300T

Tylecote, R F, Austin, ] N and Wraith, A E 1971 “The mechanism of the bloomery process
in shaft furnaces'. Journal of the lron and Steel Institute 209, 342-363

© ENGLISH HERITAGE 2 58 - 2009



APPENDIX |: DETAILS OF SLAG EXAMINED

Details of the Type of slag can be found in Table |

# Context Phase Weight Density Type Notes
| TSS 5d 79 Fe? Slightly magnetic, iron-rich but highly corroded
2 251 5a 20 Fe? Magnetic, iron-rich but highly corroded
3 302 4 51 Fe? Magnetic, iron-rich but highly corroded
4 | 5d 20 Fe? Slightly magnetic, iron-rich but highly corroded
5 | 5d 42 Fe? Slightly magnetic, iron-rich but highly corroded
6 TSS 5d 35 Fe? Slightly magnetic, iron-rich but highly corroded
7 TSS 5d 57 Fe? Slightly magnetic, iron-rich but highly corroded
8 TSS 5d 49 Fe? Slightly magnetic, iron-rich but highly corroded
9 TSS 5d 81 Fe? Slightly magnetic, iron-rich but highly corroded
10 301 4 11 Fe? Slightly magnetic, iron-rich but highly corroded
[l TSS 5d 143 Fe? Magnetic, iron-rich but highly corroded
12 303 3d 269 Fe+slag? Magnetic, iron-rich but highly corroded
13 us - |8 Fe? Slightly magnetic, iron-rich but highly corroded
[4 761 3 ND
I5 354 19 ND
16 290 5a 8l ND Magnetic, iron-rich.
|7 302 4 69 ND
18 302 4 1273 3.1 FB? Very fragmentary.
19 302 4 650 2.6 ND
20 290 5a 268 2.6 ND
21 66 3alc 123 29 ND
22 | 5d 1238 33 FB 60mm by [20mm by 50mm. Approximately one
quarter of its likely original size (200mm diameter).
23 25 2 634 2.8 FB? [ 10mm by I 10mm by 50mm. Some areas with
fluid flow.
24 25 2 17.1 2.8 ND
25 300 4 193.8 2.3 ND Yellow powdery surface
26 251 5a 287.2 32 ND Dense puddle?
27 5 5a 99.0 2.7 PRILL?
28 354 ! 440.6 33 PRILL
29 968 3 3573 2.8 FB? [00mm by 75mm by 40mm
30 302 4 227 29 ND Vitrified lining attached
31 290 5a 206 2.7 ND
32 290 5a 19 1.6 ND
33 TSS 5d 36 2.5 ND
34 768 4 48 2.5 SLIC
35 300 4 85 2.5 ND
36 251 5a 149 32 ND
37 251 5a |04 2.2 ND Yellow powdery surface
38 251 5a 33 2.7 ND
39 251 5a 25 30 ND
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# Context Phase Weight Density Type Notes
40 300 4 147 2.7 ND
41 300 4 98 20 ND Vitrified lining attached?
42 284 5a 52 2.8 ND
43 779 4 67 2.4 ND
44 250 5d 20 1.9 ND
45 TSS 5d 39 2.7 ND
46 322 2 43 37 PRILL?
47 967 3 9 30 ND
48 10 5a 133 2.5 ND
49 10 5a 4 ND
50 TSS 5d 52 4.0 ND
51 | 5d 14 30 ND
52 251 5a 68 29 ND
53 290 5a 8l 2.2 VCL
54 290 5a 278 2.8 ND Some signs of flow
55 TSS 5d 84 3.1 ND
56 302 4 109 2.8 ND Vitrified lining attached?
57 251 5a 96 36 DIS
58 us - 30 39 ND
59 TSS 5d 6 FLOW
60 77 2 19 2.7 ND
61 5 5a 40 32 ND
62 251 5a 14 34 FLOW
63 298 3d 10 ND
64 250 5d 41 2.8 VCL
65 5 5a 37 2.8 ND
66 251 5a 30 30 FLOW
67 251 5a | ND
68 67 lto3 10 2.8 ND
69 250 5d 8 ORE
70 5 5a FLOW
71 TSS 5d ND
72 BURNT BONE
73 TSS 5d 8 ND
74 251 5a 13 36 FLOW
75 251 5a 14 2.8 ND
76 250 5d 29 GEOLOGICAL
77 TSS 5d 12 32 ND
78 TSS 5d [ ND
79 290 5a 4 VCL
80 251 5a 6 36 FLOW
81 314 3b 3 FLOW
82 290 5a 41 1.2 VCL
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# Context Phase Weight Density Type Notes
83 | 5d 3 ND
84 251 5a 4 VL
85 [ 3 ND
86 295 45 38 DIS <545>
87 251 5a 220 34 ORE
88 79N 50 2.1 PUMICE <541>
89 85 220 2.0 PUMICE
90 793 650 <1.0 VCL
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APPENDIX 2: SEM-EDS DATA FOR ANALYSED SLAG SAMPLES

# Context Phase Type Area Na,O MgO ALO; SO, PO KO CO TO, MnO FeO
10 30l 4 Fe All .06 133 1185 3564 208 349 7.12 036 029 3680
12 303 3d Fe All 051 062 680 2622 076 161 357 O0I11 008 5972
16 290 5a Fe All 041 1.08 339 3452 027 107 357 OIl Ol 5547
18 302 4 FB? All 062 049 373 2437 065 118 276 005 009 6606
21 66 3a/c ND All 088 1.07 898 2163 147 024 346 024 025 6178
22 | 5d FB All .07 190 1110 3196 199 108 442 020 021 4606
23A 25 2 FB? | [15 127 1156 3571 .58 .76 634 025 020 40.17
23B 25 2 FB? 2 058 142 88l 1376 106 048 328 009 0.6 7035
25 300 4 ND All 078 049 549 4182 064 184 353 026 008 4507
28 354 ! PRILL All 069 121 861 2255 151 098 291 017 019 ¢6l.18
29 968 3 FB All 131 103 981 3482 018 206 326 040 008 4705
31 290 5a ND All .16 132 1051 3102 149 076 173 022 0.2 51.67
34 768 4 SLIC All 056 1.04 900 2013 140 152 607 010 019 5997
36 251 5a ND All 065 063 479 2297 096 133 343 012 010 6502
4lc 300 4 ND Clay 057 023 494 8514 000 212 150 038 005 507
4ls 300 4 ND Slag 051 04l 440 4170 033 |66 3.5 030 000 4753
46 322 2 PRILL All 059 065 492 2051 074 113 233 009 006 6899
53 290 5a VCL All 090 108 1395 7394 000 261 079 065 008 600
540 290 5a ND Ore 032 018 09I 774 220 0Ol11 079 002 0.0 8763
54s 290 5a ND Slag 075 089 743 2309 094 160 351 017 0I5 6146
56c 302 4 ND Clay 043 072 9.63 6865 124 101 347 039 019 1426
56s 302 4 ND Slag 079 107 11,62 2505 174 154 426 027 024 534l
79 290 5a VCL All 075 119 1484 7224 000 268 090 076 005 659
80a 251 5a PRILL | 058 .17 929 2365 139 137 383 023 024 5826
80b 251 5a PRILL 2 0.6l .14 860 2171 123 122 343 020 023 61.63
81 314 3b PRILL All 077 1.08 948 2588 147 174 449 027 025 5456
82c 290 5a VCL Clay 086 147 1842 6304 059 270 130 10l Ol 1050
82s 290 5a VCL Slag 082 126 760 5234 088 477 596 043 0.13 2582
86 295 ! DIS All 075 035 355 4193 039 188 382 0.4 006 47.13
87 251 5a ORE All 030 08l 540 771 089 035 027 0I5 009 8404
88 7N ! Rock? All 520 405 1806 5004 037 517 88 184 018 624
90 793 ! VCL All 239 244 1904 6280 017 328 049 094 0.10 835
Note: each result is the normalised average of 4—10 separate areas
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ENGLISH HERITAGE RESEARCH DEPARTMENT

English Heritage undertakes and commissions research into the historic
environment, and the issues that affect its condition and survival, in order to
provide the understanding necessary for informed policy and decision making,
for sustainable management, and to promote the widest access, appreciation
and enjoyment of our heritage.

The Research Department provides English Heritage with this capacity

in the fields of buildings history, archaeology, and landscape history. It brings
together seven teams with complementary investigative and analytical skills
to provide integrated research expertise across the range of the historic
environment. These are:

* Aerial Survey and Investigation

* Archaeological Projects (excavation)

* Archaeological Science

* Archaeological Survey and Investigation (landscape analysis)
* Architectural Investigation

* Imaging, Graphics and Survey (including measured and
metric survey, and photography)

* Survey of London

The Research Department undertakes a wide range of investigative and
analytical projects, and provides quality assurance and management support
for externally-commissioned research. We aim for innovative work of the
highest quality which will set agendas and standards for the historic
environment sector. In support of this, and to build capacity and promote best
practice in the sector, we also publish guidance and provide advice and training.
We support outreach and education activities and build these in to our projects
and programmes wherever possible.

We make the results of our work available through the Research Department
Report Series, and through journal publications and monographs. Our
publication Research News, which appears three times a year, aims to keep
our partners within and outside English Heritage up-to-date with our projects
and activities. A full list of Research Department Reports, with abstracts and
information on how to obtain copies, may be found on www.english-heritage.
org.uk/researchreports
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