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Abstract 
 
The Parc Cybi excavations yielded blacksmithing residues with ages 
stretching from prehistoric to post-medieval. Detailed investigations were 
made of the three richest assemblages, from three separate locations: area 
K7 (of late Roman age), area E (probably late medieval) and area B2 (post-
medieval). 
 
The assemblages were poor in macroscopic slag residues, therefore the 
investigation employed innovative approaches for the examination of 
microresidues (hammerscale). The analytical programme addressed the 
possibility of detecting differences in the smithing technology or application 
from the microresidues, to determine whether the character or purpose of the 
rural blacksmithing had changed over time. 
 
The analysis demonstrates the importance of the hearth lining in controlling 
both the composition of the smithing slag and, more surprisingly, the 
evolution of the hammerscale. For the coal-fuelled smithing in area B2, the 
fuel ash was also an important control on slag composition. The variable use 
of a quartz-rich smithing flux was also suggested by the bulk composition of 
the scale and was particularly clear in the evidence from area K7. The bulk 
analyses of particles from Area K7 also showed some contamination from 
the working of copper alloy (as also evidenced by the macro-residues and 
finds from the area).  
 
The microanalyses also suggest that the phosphorus content of the scale 
was largely inherited from the iron from which it formed, although the precise 
relationship between the concentration of phosphorus in the scale and that in 
the precursor iron remains to be determined. The manganese in the scale 
was similarly probably also inherited from the iron. The scale from area K7 
showed high levels of phosphorus and slightly elevated manganese; that 
from area E was similar, with very slightly lower average phosphorus, but 
with the manganese contents of a few particles of spheroidal hammerscale 
being particularly strongly elevated. These data suggest that the iron worked 
in these areas was mostly bloomery iron smelted from a bog iron ore. The 
levels of manganese and phosphorus were generally lowest for the samples 
from area B2 (although two examples of flake hammerscale showed high 
phosphorus). It is unclear whether this indicates the use of a different 
bloomery iron or an industrial wrought iron. 
 
The smithing hearth cakes from areas E and B2 were relatively large 
indicating a considerable loss of iron to the hearth during the work-periods 
they represent. Such cakes will be generated during intense and prolonged 
activity, more usually encountered in continuously-working busy forges, than 
in smithies of low-status rural settlements. 
 
In summary, the smiths of Area K7 were working in metals including both 
copper alloys and phosphoric bloomery iron. The ironworking was 
accomplished with the common use of silica-rich flux, possibly suggesting the 
use of carbon steels too. In Area E, the smithing was also of high 
phosphorus bloomery iron, but with either a higher manganese content, or 
perhaps larger slag inclusions, in at least some of the iron being worked. In 
both areas K7 and E, the smiths employed charcoal as fuel and worked in 
clay hearths. In contrast the ironworking in Area B2 apparently mostly, but 
not entirely employed a low-phosphorus, low-manganese iron, compatible 
with a low-Mn, low-P bloomery iron or with a post-medieval fined wrought 
iron, but not with a modern bulk steel.  
 
In both areas E and B2 the large SHCs indicate intense activity, which would 
not be likely to indicate that the smithing was being undertaken on an 
occasional basis by local farmers. The sparse assemblages do not appear to 
be compatible with compatible with the existence of busy permanent smithies 
in those areas, nor is there any structural evidence for smithies. One possible 
explanation is that the smithing was undertaken by itinerant smiths. The 
location of the Roman smithing phase of Area K7 within a cemetery may also 
possibly suggest an occasional activity and itinerant workers. 
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Methods 

Project rationale and history 

 
The material described here derives from excavations 
at Parc Cybi, Holyhead, Ynys Môn, conducted by 
Ymddiriedolaeth Archaeolegol Gwynedd/Gwynedd 
Archaeological Trust (GAT project No. 1701). This 
project was commissioned by Jane Kenney.  
 
The material was assessed and catalogued (the 
catalogue is reproduced in the Appendix A to this 
report as Table A1), following visual inspection. An 
assessment report was produced in July 2010 (Young 
& Kearns 2010).  
 
The assessment recommended that: 

“The smithing residues do have potential for further 
analysis to help illuminate the changes to smithing 
over a considerable time period. Such interesting 
information is partly dependent on the dating of the 
various areas of smithing activity, and on a 
reassessment of the security of the stratification of 
the residues from Iron Age contexts. At best the 
data from Parc Cybi might allow snapshots of 
approaches to smithing from the Iron Age through 
to the post medieval period, which would be a very 
useful contribution to the understanding of regional 
practice. The work that could be one on the 
residues is to some extent limited by the paucity of 
the macroscopic slag assemblages, compared with 
the rich assemblages of microresidues, particularly 
in Areas E and K7. Understanding of microresidue 
assemblages is improving markedly at present, 
and the investigation of these assemblages would 
be useful addition to that process. 
… 
An additional area in which further laboratory 
analysis would aid understanding of the site would 
be in the identification of the black glass residues 
from areas H and K1, which may be a modern 
industrial contaminant”. 

 
The commissioned analytical programme addressed 
the recommendation primarily through the detailed 
investigation of suites of microresidues from each of 
areas K7, E and B2, supported by microstructural/ 
microanalytical studies on samples from two 
contrasting smithing hearth cakes. Innovative 
approaches to the study of the hammerscale were 
developed to obtain as much information about the 
smithing process and materials as possible. The dark 
glass was investigated through analytical investigation 
of a single specimen. 
 

Analytical methods 

The selected samples (Table 1) were slabbed on a 
diamond saw and subsamples used firstly for 
preparing a polished block for use on the SEM and 
secondly for crushing for preparation of a whole-
sample chemical analysis.  
 
Bulk chemical analysis was undertaken using two 
techniques. The major and minor elements (Si, Al, Fe, 
Mn, Mg, Ca, Na, K, Ti, P and S) were determined on a 
fused bead using wavelength-dispersive X-Ray-
fluorescence (WD-XRF). Whole-specimen chemical 
analysis for thirty-six trace elements (Be, Sc, V, Cr, Co, 
Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Mo, Sn, Cs, Ba, La, 
Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, 
Hf, Ta, Th, and U) were undertaken using a sample in 
solution by Inductively-coupled Plasma Mass 

Spectrometry (ICP-MS). Both XRF and ICP-MS 
analyses were commissioned from ChemoStrat Ltd 
(Welshpool, UK). 
 
For XRF analysis, samples were ground using a 
tungsten carbide shatter mill, dried at 105 C overnight 
and then 0.5 g was mixed with 6.5g of 50:50 LiT/LiM 
flux and fused to produce a glass disk using a Claisse 
M4 Fluxy automatic fused disk maker. The samples 
were analysed using a Bruker S4 WDXRF using the 
default wavelengths for the elements identified. 
Calibration was via a selection of iron slag reference 
materials and geological reference materials. 
 
With the present materials, the analytical totals are 
poor (typically too high). There is a particular 
relationship between the very high analytical totals and 
samples with high sulphur contents, but it is unclear 
whether this due to a problem with calibration of 
sulphur, or perhaps more likely that these samples 
contained particles of coke that have caused problems 
with the analytical technique. The results of the XRF 
analysis must be treated therefore, with a degree of 
caution and where areal EDS analyses are available 
for a sample, these are to be preferred as an estimate 
of elemental composition. 
 
Samples for ICPMS analysis were drawn from a 
second aliquot of the powdered material to establish 
trace element using the alkali fusion method (Jarvis & 
Jarvis 1992a and 1992b; Pearce et al. 1999). Once 
prepared, the samples were then all subjected to ICP-
MS analysis using a Thermo Scientific XSERIES 2. 
Data quality was strictly monitored in terms of precision 
and accuracy by five international rock standards of 
known concentration and varying compositions which 
are run after every 20 unknown samples. In addition, 
external monitoring of data quality is carried out four 
times a year via the GeoPt round robin proficiency 
testing program (http://www.geoanalyst.org/ 
overview.html). 
 
For several samples (PGI1, PGI4 and PGI6) the 
analytical laboratory reported incomplete dissolution of 
the ICP-MS sample, which left “solids adhering to the 
base of the crucible”. This appears to suggest that 
there was an issue with the dissolution technique for 
samples extremely rich in magnetite and/or wustite. 
These same three samples, together with PGI2, show 
a marked negative terbium anomaly on the Upper 
Crust normalised REE diagrams and this is assumed 
to be a result of the same analytical problem. Other 
samples show a very slight Tb anomaly that may 
indicate the same problem, but a much lesser degree. 
Similar problems have been encountered with other 
laboratories previously when attempting to analyse 
similar material. It is probably prudent to regard all the 
trace element analyses of the very high-iron samples 
as ‘suspect’ and their results regarded as indicative 
only. 
 
The results of the chemical analyses are presented in 
Tables 2, 3 and 4 of this report.  
 
Polished blocks for investigation on the SEM were 
prepared in the Earth Science Department, The Open 
University. Electron microscopy was undertaken on the 
Zeiss Sigma HD Field Emission Gun Analytical 
Scanning Electron Microscope (aSEM) in the School of 
Earth and Ocean Sciences, Cardiff University. Images 
presented here include backscattered electron 
photomicrographs (BSEM) to illustrate microstructures 
and secondary electron images (SEI) for the recording 
of loci of microanalysis. Microanalysis was undertaken 
using the system’s energy-dispersive x-ray analysis 
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system (EDS) controlled by Aztec software. The 
assistance of Dr Duncan Muir is gratefully 
acknowledged. 
 
The GeoArch site code used for the samples is PGI. 
Locations of EDS analyses are presented as 
combinations of sample, area and spectrum number 
(e.g. PGI1 area 2 #432), with individual electron 
images being referred to by number (e.g. EI 430). The 
microanalytical data are presented in Appendix B 
(Tables A2-A16). BSEM images of all areas are 
included in Appendix C, including, where appropriate, 
details of the analysed points/areas on SEI images. 
 
All EDS analyses were collected with all elements 
analysed (including oxygen, but not carbon; all 
samples were carbon-coated). Area analytical totals 
were frequently far from 100%, because the analytical 
system is designed to provide totals of 100% from spot 
analyses in the centre of the field. The area analyses 
required for this project are not standardised in the 
same way and will diverge from a total of 100% (either 
above or below, depending on the location of the area 
with respect to the centre of the field). In order to make 
the microanalytical results simply comparable across 
materials (and also sites), no attempt has been made 
to adjust for the oxidation state of elements with 
variable valency. The figures employed in the report 
have therefore been constructed with elements 
expressed as oxides in weight% calculated 
stoichiometrically and normalised, except for mineral 
structure calculations, where the measured oxygen 
has been used. 
 
Analyses of olivine have been quoted using the 
following convention: the proportions of iron and 
magnesium have been used to first define the relative 
proportions of forsterite (Fo; Mg2SiO4) and fayalite (Fa; 
Fe2SiO4) in the form FanFom, where n+m = 100. The 
proportions of calcium and manganese have then been 
taken to calculate percentage substitutions into the 
olivine. As an alternative approach, some of the late-
stage olivine, which is essentially an iron-calcium 
olivine, has also been quoted in the form FanKm. where 
n+m = 100 and K is the kirschsteinite end member 
(FeCaSiO4). The substitution of phosphorus for silicon 
was calculated as atoms per formula unit (APFU), 
based on four oxygens and where the formula unit 
ideally has a single silicon atom. Values of more than 
0.03 APFU phosphorus are defined as phosphoran 
fayalite (Boesenberg & Hewins 2010); no analyses 
within the current project exceeded that figure. 
Throughout this report standard mineral terminology is 
applied to both natural and anthropogenic materials – 
although artificial phases are no longer strictly 
considered to be minerals. 
 
Assessment of porosity within the spheroidal 
hammerscale particles was undertaken solely as a 
measure of pore space within the plane of the 2d-
section seen under the SEM. The images were 
digitised to measure the area of all clearly-visible 
vesicles and an approximate area for the major 
shrinkage porosity down to a pore size of 
approximately 20µm. No attempt was made to correct 
a 3d porosity and pore space below 20 µm is not 
accounted for. 
 
This project was commissioned by Jane Kenney of 
Ymddiriedolaeth Archaeolegol Gwynedd/Gwynedd 
Archaeological Trust. The analysis was undertaken in 
November/December 2018. 
 

Archaeometallurgical background  

 
Ironworking, at its simplest, entails heating iron, 
typically up to a yellow heat (approximately 1000C to 
1300C) so that it becomes malleable, in order to 
fashion it. At the top of this temperature range and into 
white heat (over 1300C) iron may be forge welded to 
effect a strong and permanent join. The exploitation of 
these extremely valuable properties is complicated, 
however, by the rapid oxidisation of hot iron. Smiths 
control the heating of the iron to minimise oxidation 
(and hence iron-loss and damage to workpiece) but 
some is inevitable. 
 
The oxide scale that forms on the surface of the iron 
during oxidation has been studied in detail, particularly 
because of its importance to the modern hot strip 
industry. In this context, the scale is typically known as 
millscale. The scale may become detached from the 
metal substrate spontaneously, from deformation or by 
cleaning. In other contexts, scale generated by the 
same mechanism may also be termed forge scale or 
hammerscale. The term flake hammerscale is usually 
employed in archaeology because most ancient scale 
that is encountered was generated during working 
processes involving hammering. Young (2012a) 
provided an overview of the literature on scale 
generation and its relevance to archaeological 
material. The scale generated on the surface of 
ancient ironwork may differ from that discussed in the 
modern literature because of key fundamental 
differences in the physical and chemical nature of early 
ferrous materials (carbon and phosphorus contents, 
presence of slag inclusions, lack of alloying elements 
common in modern mild steel) and modern materials 
(for the strip mills most commonly investigated these 
would be low carbon, low phosphorus, steels without 
slag inclusions). Indeed, it must be remembered that 
smiths in the past may have employed a diverse array 
of ferrous materials (bloomery iron of varying 
phosphorus contents, carbon steels of varying carbon 
content and alloys containing both carbon and 
phosphorus, all with varying proportions of slag 
inclusions of differing compositions) 
 
As iron is heated its speed of oxidation increases. 
Even from relatively low temperatures (500C) the 
diffusion of oxygen into the iron surface develops a film 
of iron oxides known as scale. At higher temperature 
above 700C the scale develops rapidly, most 
characteristically resulting in a three-layered scale 
(from inner to outer formed of wustite, magnetite and 
haematite; typically in a thickness ratio of 95:4:1). 
 
When the temperature is raised still further, then 
melting may start. This may occur in one of a number 
of situations, including reaching the solidus (the 
temperature at which a given composition at 
equilibrium starts to melt) within the FeO-SiO2 system 
(approximately 1180C, but potentially lower depending 
upon the minor elements present), particularly 
pertinent when a quartz-rich flux is used, reaching the 
solidus of slag inclusions (at approximately the same 
temperature). In phosphorus-rich systems, a layer rich 
in iron (II) phosphate may form on the scale-iron 
interface at temperatures below 940C, but above that 
temperature a eutectic melt is generated, which 
penetrates the wustite grain boundaries and above 
950C phosphorus pentoxide may be generated leading 
to cavity formation and scale buckling. 
 
The further heating of the material is complicated by 
the presence of adjacent binary eutectic points in the 
Fe-C and Fe-P systems (4.26 wt% C at 1146C and 
10.2% P at 1050C) and a ternary Fe-P-C eutectic (at 
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953C). These result in rapid lowering of liquidus (the 
temperature at which a given composition at 
equilibrium is fully molten) and solidus temperatures 
away from pure iron. As the melting of a ferrous alloy is 
approached, then oxidation will accelerate into rapid 
burning (with the emission of the familiar ‘sparklers’). 
Since this is to be avoided during ironworking, the 
temperature for welding remains at least 100C below 
the melting point – so, for instance, dropping from 
1300-1400C for pure iron to 1000-1100C for a high-
carbon steel. 
 
The presence of oxide scale may inhibit the proper 
closing of a forge weld (also known as a fire weld). The 
scale may be expelled from the weld as it closes if the 
scale is molten, allowing the sides to close cleanly. For 
low carbon ferrous materials, the welding temperature 
may be sufficiently high that the dominantly wustite 
scale may be largely molten. The melting of the scale 
may be encouraged (i.e. the liquidus temperature 
lowered) by the presence of even small quantities of 
siliceous material. This effect is known as fluxing. 
Material may be deliberate added to promote this 
effect, with a quartz rich fine sand or silt commonly 
employed as a smithing flux. The use of a flux may 
become increasingly important as the carbon content 
of the iron increases (and hence the welding 
temperature lowers). 
 
The molten material expelled from the weld will chill in 
flight (or sometimes on impact) to form spheroidal 
hammerscale. Contrary to some early work where 
spheroidal hammerscale was linked specifically to 
bloom compaction, it is closely linked to forge welding, 
thus forming in a narrower range of conditions than 
flake hammerscale. The two forms of hammerscale 
may also have a rather different distribution, with flake 
hammerscale falling from the workpiece mainly around 
the anvil, but also around the hearth, whereas the melt 
forming spheroidal hammerscale is expelled with force 
and the scale may be sprayed several metres from the 
anvil. 
 
The flake and spheroidal hammerscale are the two 
dominant components of most assemblages of 
smithing microresidues, but other types of particle may 
also be encountered. Most of these other forms are 
generated within the hearth itself. They are mostly 
associated with the loss of oxidised iron from the 
workpiece within the hearth. Most of the iron lost is 
probably due to rapid loss of scale from the previous 
heating cycle when iron is reheated (following its 
cooling when being worked). Despite a smith’s best 
efforts to maintain the iron in a reducing part of the 
hearth some iron will also be oxidised during heating. 
Further losses may occur from mechanical loss of 
loose edges, or from cracking of the iron, and rapid 
iron loss will occur if the iron is over-heated and starts 
to burn. 
 
As with the scale, the movement of iron oxides away 
from the workpiece may be enhanced by fluxing 
effects. These may include the result of the application 
of smithing flux (the sand is typically sprinkled on to the 
workpiece within the hearth when it is at a low yellow 
heat, at which temperature the flux will stick to the 
iron), but other sources of siliceous material will also 
have the same effect. These other materials may 
include ceramic from the hearth (or tuyère if used) and, 
for coal-fuelled hearths particularly, the fuel ash. The 
fluxing process works the other-way-round too – with 
iron oxide that comes into contact with the hearth lining 
encourage the lining to melt by lowering its liquidus 
temperature. These two routes ensure a supply of a 
mixture of iron oxide and melted hearth lining (with the 

fuel ash and dirt from coal fuels, if appropriate) into the 
hearth. These materials will commonly accumulate a 
small ‘puddle’ below the hot-zone of the hearth (i.e. 
just below the blowhole) where thy may further react 
and homogenise, cooling to form a slag mass known 
as smithing hearth cake (SHC). 
 
The interpretation of smithing residues, both macro- 
and micro-scopic, entails the evaluation of their 
chemical composition, the physical form and the 
microstructure/mineralogy to attempt to understand the 
pathways described above, with the aim of interpreting 
the nature of the material(s) being worked and the 
process(es) of working. It must be remembered 
however, that although a single piece of spheroidal 
hammerscale will have been generated during a single 
hammer-blow and chilled in a fraction of a second, 
assemblages of something residues will be an 
aggregate of material formed over time, possibly from 
multiple processes and multiple types of materials.  
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Results 
 

Distribution of residues 
 
The distribution of the residues from across the Parc 
Cybi investigations was described in the assessment 
report (Young& Kearns 2010). Evidence for 
metalworking was recovered, mostly in very low 
density, from a wide range of locations and is 
attributable to a very wide range of ages. 
 
In Area B1 a probable SHC fragment was recovered 
from context (11021) of possible prehistoric age.  
 
Area B2 produced blacksmithing residues from a range 
of contexts including (90002), (90036) (the source of 
the material analysed in detail from B2), (90323), 
(90339), (90437), (90479), (90501), (91444). Most, if 
not all, of these contexts are currently interpreted as 
being of post medieval age. 
 
The roundhouse settlement produced a few small 
scraps of residue from RH C (contexts (91516), 
(91603), (91926)). The post-excavation assessment 
report comments on the similarity of the structure to 
the ‘sail’ at Bryn y Castell (Crew 1987), but says there 
was no evidence for metalworking. It actually appears 
(despite the tiny quantities involved) that RH C was the 
only roundhouse that did produce any metallurgical 
residues – though not enough to justify interpretation 
as a smithy. 
 
Area B2 LS produced some smithing residues, 
produced using coal as fuel, possibly associated with a 
hearth (90454) in structure F of probable Roman age. 
 
Area B3 yielded only a few slag spheroids from c3027 
and c22156. 
 
Area E produced smithing hearth materials from 
context (30083), but it is unclear if this deposit was 
itself a hearth. This feature is currently ascribed a 
Roman age. 
 
Area E fill (31384) of ditch [31385] (post medieval?) 
produced smithing slag. 
 
Elsewhere in area E smithing residues were recovered 
from a pit (possibly hearth) [31152] together with two 
successive ring ditches to its north. These features 
form the source of the Area E assemblage analysed in 
detail and interpreted to be of medieval age. 
 
Area F produced a single tiny slag fragment from a 
prehistoric context (c92862). Area F1 context (92633), 
also prehistoric, yielded a small scrap of iron slag. 
 
In Area H contexts (2070) and (2093) yielded 
fragments of a black glass in which are surely intrusive 
here. 
 
Area Ia yielded some metallurgical microresidues from 
c21224 (undated pit), c21216 (2 fragments in Late 
Neolithic pit – probably intrusive). 
 
Area K1 produced further examples of the black glass 
seen in area H, within the medieval(?) corn drying kiln 
[21052] (125g) and posthole [18172] (0.2g). 
 
Area K7 produced a piece of SHC from context 
(80266), a possible roundhouse wall. A tiny piece of 
smithing concretion was recovered from fill (80201) of 
posthole [80200]. The most significant group of 
residues from K7 were associated with the cist 

cemetery of late Roman age, which this formed the K7 
assemblage investigated here. 
 
Area L3 produced a single piece of vitrified hearth wall 
(22172) and a single spheroid (22181) – both contexts 
are provisionally identified as prehistoric. 
 
A piece of copper allow waste or slag and a single 
piece of vitrified hearth wall were recovered from the 
clay floor patch (22172) and a single spheroid 
representing smithing activity came from feature 
(22182) in Area L8. 
 
Area M4 produced coke from several post-medieval 
contexts and tiny smithing microresidue assemblages 
from c40001 (undated pit), 40022 (BA ditch), undated 
pit fill c40118, 
 
There is therefore evidence for smithing having been 
undertaken on the site, at least at intervals, between 
the Iron Age and the post-medieval period. Most of the 
evidence derives from the central area of the site, but 
the finds of archaeometallurgical resides were 
dispersed over a wide area. There is no certain focus 
for the activity during most periods – the only 
unequivocal recognised focus of smithing is that in 
Area K7, currently dated to the Roman period. 
 
 
 

Classification of microresidues 
To facilitate the description and interpretation of the 
microresidues from Parc Cybi a descriptive 
classification has been created. For FHS there are two 
main variables: the degree of melting and the degree 
of deformation. These are illustrated in Figure 1. 
Codes ‘u’, ‘p1’, ‘p2’, ‘p3’, ‘c’ (as employed on Tables 5, 
9, 13) indicate progressive degrees of melting of the 
wustite from essentially unmelted (e.g. Figure 1c), 
through variously partially-melted scale (e.g. Figure 1a, 
b, e, f, g) to completely melted (e.g. Figure 1d). 
Deformation is described by ‘d’ for disruption of a 
partially melted texture and ‘cat’ for a cataclasite – a 
scale showing indications of compaction of disparate 
solid fragments (Figure 1h). Low degrees of brittle 
cracking (Figure 1g) and ‘thrust fault-like’ lateral 
movement of partially melted scale (Figure 1f) are both 
very common and have not been coded. 
 
Determination of the degree of melting of the primary 
magnetite layer is more difficult to demonstrate. The 
outer face of almost all FHS particles shows a 
continuous magnetite zone, and this is compatible with 
the majority of the zone remaining unmelted (the 
melting point of magnetite is 1596C). In some 
examples the magnetite zone includes an inner part 
with a textural continuity with the melted material 
within. In these cases it is likely that the 
magnetitisation of hot wustite-rich scale has occurred, 
perhaps during slow cooling. 
 
For SHS (Figure 2; Tables 7, 10 and 14) codes ‘p’ for 
partial and ‘c’ for complete are used to describe the 
evidence for melting. Solid particles inherited by the 
spheroidal scale include pieces of FHS adhering to the 
outside, forming part of the external crust or as 
inclusions. Probable evidence for relict material, 
inherited as a solid by the spheroidal hammerscale, 
includes polygonal regions of wustite (Figure 2a) and 
‘brain’ texture (a complexly rounded morphology of 
wustite; Figure 2c). Certainly new-formed texture of 
wustite includes dendrites (both stout e.g. Figure 2b 
and fine e.g. Figure 2c and Figure 2e). Figure 2d 
illustrates the roundedly irregular dendritic forms 
referred to here as pseudo-dendrites. These particles 
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may also have inherited cores, leading to these 
irregular growth forms on cooling. 
 
As part of this project the degree of visible pore space 
within the grains was estimated (mostly being vesicles 
and excluding the very fine intergranular voids that 
cannot be estimated). The measurement of pore space 
is purely a 2d-determination in the plane of the section; 
no attempt has been made to model the true 3d-
porosity. The vesicularity was also described, 
differentiating between porosity that was mainly central 
to the grain and porosity that was dispersed. The 
dispersed porosity was also subdivided into general 
and marginal (in which small ores are distributed just 
inside the crust of the particle. Central porosity was 
subdivided where possible into rounded (evidence for 
a single ‘bubble’) and multicuspate (where the central 
cavity has evolved from coalescence of a frothy 
texture). Interrogation of the database of SHS texture 
failed to produce any meaningful correlation with 
observed composition or likely precursor metal type. 
This area requires further research to determine 
whether it contains archaeologically-useful information. 
 
No investigation of the importance of size within the 
SHC populations has been attempt, since experimental 
work suggests that only around 1% of SHS particles 
are sufficiently large to be retained on the 1mm mesh 
used for sampling. The vast majority of SHS is thus 
lost during sample processing. 
 
 

  



GeoArch Report 2018/26: residues from Parc Cybi 
 

8 

Ironworking residues from Area K7 
 
General  
The sampled smithing residues from Area K7 were 
from context (80013), the fill of the 400mm diameter 
eastern (smaller) compartment of possible grave cut 
[80063], which produced 3.3kg out of the 4.6kg of 
residues from Area K7. Despite this significant quantity 
of residues only 175g of this total was contributed by 
fragments likely to be from SHCs. The rich 
assemblage of microresidues included much that was 
cemented into the concretionary material sometimes 
referred to as ‘smithing floor’. This assemblage is likely 
to have accumulate on the floor of the smithing area 
(or smithy), although the contexts from which it was 
recovered do not necessarily represent that surface. 
 
This assemblage was sampled through four sub-
samples of microresidues from (80013) <733> and an 
example of hearth lining from (80018) <811> (a fill of 
Grave K). The microresidues were sampled as 
samples PGI1 to 4, as samples of spheroidal 
hammerscale, flake hammerscale, droplets and larger 
rounded particles respectively. These four sub-
samples were used both to provide bulk elemental 
analyses and material mounted for investigation using 
the aSEM. The ceramic sample was used for a bulk 
elemental analysis only. 
 
 
Flake hammerscale 
Morphology: thirteen examples of flake hammerscale 
(F1-F13) were examined (11 from PGI2 and 2 from 
PGI4; Table 5). These showed a high degree of 
melting, with only one being almost intact primary 
scale and a second showing only a low degree of 
melting. 
 
 
Mineralogy/microstructure: details are provided in 
Table 5. The sampled FHS is rather variable, but 
mostly wustite-dominated. The most common form of 
scale is highly melted, with secondary wustite dendritic 
growths in glass, an embayed rear face, a smoothly-
irregular surface and small relicts of primary wustite 
‘floating’ within the secondary texture. Two of the 
thirteen flakes showed development of iscorite. One 
flake showed inclusions of, probably, hearth lining 
material (see discussion below). 
 
 
Bulk elemental analysis: the bulk elemental analyses 
show a slightly elevated copper content (interpreted as 
contamination from the hearth) and a similar effect with 
tin. The REE profile of PGI2 (Figure 6; discussed 
further below) shows a strong negative Tb anomaly 
that is believed to be an artefact of sample preparation.  
 
 
Elemental analysis of particles: a summary of the areal 
analyses providing estimates of bulk particle 
composition is provided in Table 5, with summary 
statistics in Table 6. The analyses are presented on 
SiO2-Al2O3-FeO ternary diagram in Figure 3. Most 
major elements show a positive correlation with silicon 
(in other words the particles are a mixture of iron and a 
siliceous material carrying those elements) but, 
interestingly the SiO2:Al2O3 also increases with silica 
(Figure 15; see interpretation). It may be significant 
that this collection includes several pieces of SHS with 
SiO2:Al2O3 ratios that are higher than the typical bulk 
trend (with SiO2:Al2O3 ratio of approximately 7.9; the 
overall ratio is 8.1 for the SHS and 7.1 for the FHS). 
Four examples of SHS and three of FHS show 

SiO2:Al2O3 ratios greater than 10. This suggests the 
use of a siliceous flux (see interpretation section).  
The CaO:MgO ratio for the FHS is low (Figure 13), a 
trend partly continuing with the SHS, but with a high 
degree of variability. 
 
 
Spheroidal hammerscale 
Morphology: thirty-six examples of spheroidal 
hammerscale were examined (all from PGI1). Eighteen 
of the particles showed a dominant central vesicle, but 
only one showed a particularly thin shell (S17; with 
85% 2d porosity). This group of particles showed 25%-
85% 2d porosity (mean 54%). Other spheroids showed 
less and more dispersed porosity, ranging from 3% to 
40% 2d porosity (mean 40%). The overall mean 2d 
porosity was 38%. 
 
 
Mineralogy/microstructure: details are provided in 
Table 7. Just 4 of the 36 particles showed a magnetite-
dominated mineral assemblage, all others showed a 
wustite-dominated assemblage except for three almost 
entirely of fayalite. Almost all particles had a magnetite 
crust, passing into inward-growing skeletal dendrites of 
magnetite.  
 
 
Bulk elemental analysis: details are provided in Table 
7, with summary statistics in Table 5 and some 
discussion has been made of the particle composition 
in the previous section. Copper is slightly elevated in 
the SHS compared with other samples, but tin much 
less so than in the FHS. 
 
The REE profile of PGI 1 (Figure 6; discussed further 
below) is very similar in form to those of PGI 2 (but the 
REE at very slightly elevated levels) and PGI4. All 
three show a strong negative Tb anomaly that is 
believed to be an artefact of sample preparation. 
 
 
Elemental analysis of particles: details are provided in 
Table 6. The particles show a wide range of iron 
contents from 56% to 95% expressed as FeO. The 
SiO2:Al2O3 ratio is on average higher than for the FHS 
(8.1 as opposed to 7.1). 
 
The CaO:MgO ratio for the SHS partly continues the 
low value of the FHS (Figure 13), but with a high 
degree of variability. 
 
 
Other microresidues 
General: besides the hammerscale, the prepared 
samples contained twelve other analysed particles. 
Two particles were of bloated ceramic, seven particles 
were droplets of slag, one particle was of slag with a 
contact with iron, one was a droplet of melted ceramic 
and one was an iron bearing particle with a pyroxene 
slag. Details are provided in Table 8.  
 
 
Slag droplets: these span a wide range of composition. 
Four of the particles carry inclusions of partially-melted 
ceramic and five carry relicts of oxide scale. They have 
a composition which is identical with the SHS, but 
extends further towards the ceramic composition.  
 
 
Slag particle: one particle was of iron slag with a planar 
surface with thin oxide surface layer, suggestive of 
contact between the slag and an iron surface. Such 
materials might be associated with the iron of the 
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workpiece or of the smith’s tools. The slag composition 
was similar to that SHC analyses from area E. 
 
 
Ceramic particles: three particles show bloated and 
partially-melted fine grained ceramic, and one is a 
more fully melted ceramic.  
 
 
Pyroxene-bearing slag particle: a single particle (PGI3 
P7) had a shell of inwardly bulbous radial growths of 
pyroxene, locally bearing small fragments of relict 
quartz. The inner part of the spheroid was an 
aluminous weathered material, rich in magnesium and 
phosphorus. 
 
 
Hearth lining 
Bulk elemental analysis: sample PGI16 was drawn 
from the assemblage from context (80018) to assist 
with understanding of the mass balance. Although 
aspects of its elemental composition (e.g. the 
SiO2:Al2O3 ratio) fits well with the compositional trends 
in residues from Site K7, there are some features that 
are unusual. Firstly, the magnesium content is very 
high (15.5% MgO). This feature is seen in other 
residues from Parc Cybi, but not particularly those from 
Area K7. It seems likely that particular geological 
contributions to the hearth material control this, and it 
is a regular but sporadic feature amongst the smithing 
hearths. The second unusual feature of this analysis is 
the concentration of the trace metals nickel (1970 ppm) 
and chromium (700ppm). This most likely reflects the 
presence of some unusual (probably natural) grains in 
the ceramic, but contamination by a fragment of alloy 
steel is perhaps also possible (though the relative 
proportions of the two trace metals are the inverse of 
their relative concentrations in a stainless steel). 
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Ironworking residues from Area E 
 
General  
Various cut-features in Area E produced residues from 
smithing.  
 
Fragments of hearth lining associated with 
microresidues were recovered from (30083), the fill of 
hollow [30082], currently interpreted as being of Phase 
IV (Roman) date. This lies at some distance from the 
other features in Area E and is not considered further 
in this section. 
 
Within the main zone of finds of metallurgical residues 
in Area E, two contexts yielded most of the material.  
 
Deposit (31153), a fill of pit [31152] provided a modest 
assemblage of microresidues (780g), much concreted, 
corroded iron, small slag fragments and small 
fragments of hearth lining. This pit (31152) measured 
1.3m by 0.7m and was 0.25m deep. It contained a 
probable copper alloy buckle tongue (sf5517). This pit 
was interpreted as a smithing hearth (Kenney et al. 
2011, 113).  
 
Fill (31163) of sub-circular gully [31162] (internal 
diameter approximately 3.2m) produced pieces of 
vitrified hearth lining and fragments of three SHCs 
(including the sampled specimens PGI9 and PGI10). 
This gully lies some 10m to the north of pit [31152].  
 
The sampled material comprised microresidues from 
(31153) and samples from two SHCs from (31163). 
 
 
Flake hammerscale 
Morphology: twelve fragments of flake hammerscale 
were examined (9 from PGI6 and 3 from PGI8). One 
piece (PGI6 F4) was essentially primary scale, and 
one fragment showed local areas of preservation of 
primary structure between areas of melting (PGI6 F8). 
One fragment had a magnetitised cataclastic texture. 
All others showed variable evidence for substantial 
melting. 
 
 
Bulk elemental analysis: the bulk analysis of PGI6 
(Table 2) shows a very high iron content. broadly 
similar to that of the flake particles from Area K7, but 
had very slightly elevated MnO, MgO and CaO 
amongst the major elements, with elevated REE (at 
approximately twice the concentration of their 
occurrence in PGI1). The analysis lacks the 
contamination by copper and tin as seen in equivalent 
material from area B2. The analysis shows slightly 
elevated cobalt and nickel, but is otherwise 
comparable with other materials from the site. 
 
The upper crust-normalised REE profile for PGI6 is 
very similar to that for PGI2, differing only in rather flat, 
rather than decline light REE section. 
 
 
Mineralogy/microstructure: details are provided in 
Table 9. The material was broadly similar to the FHS 
described above from Area K7. There is a single 
occurrence of arsenide inclusions (PGI6 F7). One thick 
(2400µm) scale showed a cataclastic texture. Two of 
the twelve flakes showed development of iscorite. 
 
 
Elemental analysis of particles: details are provided in 
Table 9, with summary statistics in Table 5. The 
composition of the particles form a subset of the range 
of compositions of the FHS from Area K7. The mean 

iron content is higher than that of equivalent material 
from Area K7 (Table 5). 
 
The average SiO2:Al2O3 ratio is 5.9. The CaO:MgO 
ratio for the FHS is low 0.72 (Figure 13). 
 
 
 
Spheroidal hammerscale 
Morphology: Twenty-five examples of spheroidal 
hammerscale were examined (23 from PGI5 and 2 
from PGI7). Eight of the particles showed a dominant 
central vesicle, but none showed a particularly thin 
shell. This group of particles showed 15%-80% 2d 
porosity (mean 45%). Other spheroids showed less 
and more dispersed porosity, ranging from 2% to 50% 
2d porosity (mean 15%). The overall mean 2d porosity 
was 25%. 
 
 
Bulk elemental analysis: the bulk analysis (Tables 2-4) 
is very similar to that of equivalent material from Area 
K7. The manganese content is slightly higher, 
however, as are those for magnesium, calcium and 
sodium. The REE profile for PGI5 is similar to that of 
PGI6, but lacks such a large negative terbium 
anomaly. 
 
 
Mineralogy/microstructure: details are provided in 
Table 10. Only one particle had magnetite as the 
dominant oxide phase. The other twenty-four were 
dominated by wustite, with typically a rather low 
degree of melting. Four of the particles showed 
polygonal textures, at least in part. Three others had 
‘brain’ textures. A total of seventeen particles showed 
pseudo-dendritic structures. Two particles possessed a 
purely coarse dendritic texture and one a fine dendritic 
texture. The examples with fine dendrites (both 
magnetite and wustite) in glass showed extremely low 
porosity. 
 
 
Elemental analysis of particles: details are provided in 
Table 9, with summary statistics in Table 5. Although 
the overall range of compositions is similar, the 
majority of particles lie just within a subset of the range 
possessed by the SHS from Area K7. The mean iron 
content is higher than that of equivalent material from 
Area K7 (Table 5). 
 
The average SiO2:Al2O3 ratio is 6.5. 
 
As with that of the FHS, the CaO:MgO ratio for the 
SHS is low (1.07), but slightly higher than that for scale 
from Area K7 (Figure 13). There are however a few 
grains of SHS that show anomalously high calcium 
contents. The same grains show anomalous 
manganese and phosphorus contents (Figure 17). This 
phenomenon is interpreted as being due to expulsion 
of inclusions of smelting slag and is discussed further 
below. 
 
 
Other microresidues 
General: besides the hammerscale, the prepared 
samples contained five other analysed particles. Two 
particles were high-iron slag droplets (PGI7 P3, P4), 
one particle was of melted ceramic with a moderately 
high iron content (PGI5 S16), and two were of melted 
ceramic with relict quartz, mainly glass bearing early 
Mg-olivine followed by pyroxene (PGI 7 P1, P2) and 
with a low iron content. Details are provided in Table 
11.  
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Slag droplets: particle PGI7 P4 is an iron-rich , dimpled 
droplet. It resembles SHS in many respects, but its 
dimpled form is usually associated with in-hearth 
residues (the dimple forming from contact with a fuel 
particle). It contains rounded wustite relicts, probably 
scale fragments. It lacks any indication of formation of 
a distinct crust, which (usually of magnetite) is a 
characteristic feature of SHS. 
 
The second large droplet, PGI7 P3, is more unusual. It 
too has a slightly dimpled form, has a wustite-
dominated mineralogy and bears fragments of relict 
scale. It also has a pervasive distribution of tiny voids 
interpreted as the locations of former particles of 
metallic iron. Iron metal is better preserved as an 
irregular complex crust to the particle. The presence 
(and former presence) of the iron as thin films 
suggests the iron was produced by reduction of the 
iron in the slag within the hearth. 
 
 
Ceramic particle:.this unusual particle was dominantly 
of glass, bearing skeletal olivine dendrites with 
measured compositions ranging from Fa36 to Fa40 
with very low levels of calcium and manganese 
substitution. Close to the margin, more granular olivine 
was recorded with compositions ranging up to Fa71 
and with up to 2.8% calcium substitution, 0.10-0.15% 
manganese substitution and 0.006 to 0.027 APFU 
phosphorus. In a small bulge on the margin there were 
similar olivines and also small crystals of diopside, but 
in very much lower quantities that in the main group of 
pyroxene-bearing particles described below. The glass 
locally bears small prills of both iron and iron sulphide. 
The grain bears an unusual, slightly spikey, iron oxide 
crust that may possibly be a film of altered metallic 
iron. 
 
 
Pyroxene-bearing slag particle: these two particles 
showed much similarity being mainly of glass bearing 
early Mg-olivine followed by pyroxene (PGI 7 P1, P2) 
and with a low iron content. PGI7 P2 also contained 
abundant tiny prills of very high phosphorus iron (with 
compositions clustered around of the iron-phosphorus 
eutectic at 17at%P (a eutectic at 1048C). 
 
 
Hearth lining 
Bulk elemental analysis: this cermaic sample (PGI11) 
was highly siliceous (75% SiO2) and with only very low 
quantities of magnesium (1.4% MgO) and calcium 
(0.33% CaO), but moderately elevated sodium (1.4% 
Na2O). The sample shows slightly elevated levels of 
zinc. There is a very high recorded level of tungsten 
(2137ppm) but this is believed to the result of 
contamination during sample grinding. 
 
 
Smithing hearth cakes 
 
Morphology: just five fragments of SHCs were 
recovered from this general area (total 1.3kg) of which 
only three were from a feature [31162] moderately 
spatially associated with the deposit (31153) with 
microresidues (and even so at 10m distance). One 
reasonably complete SHC from (31163) weighed 770g 
was estimated as roughly 90% of the original – giving 
an original weight of around 860g. This SHC measured 
100mm x 100mm x 50mm deep. This example was 
sampled as PGI9. This cake and a second partial cake 
contained charcoal clasts. This second SHC fragment 
weighed 368g (and was approximately half of the 
original cake); it as sampled as PGI10. 
 

Elemental analysis: bulk elemental analyses for two 
examples of SHCS, samples PGI9 and PGI10, were 
obtain by XRF/ICP-MS. These analyses are similar in 
general character, although the iron contents were 
different (69% and 48% for PGI 9 and 10 respectively, 
when expressed as FeO), leading to different dilutions 
of the other elements. Both samples show relatively 
elevated concentrations of magnesium, calcium and 
strontium. The SiO2:Al2O3 ratio is 7.2 and 6.6 
respectively, only slightly higher than that of a sample 
of hearth lining (PGI11) from a related context. The 
U:Th ratio is 0.47 and 0.61 respectively (compared 
with a much lower 0.23 in hearth lining PGI11). The 
reported total REE is 52ppm and 93ppm respectively, 
with the upper crust-normalised profiles showing a 
fairly flat HREE section and slightly depleted LREE, 
even slightly more depleted than the lining PGI11 
(although rather similar to the ceramic PGI16 from 
area K7). 
 
For sample PGI9, SEM mounts were made of the 
upper (9a) and lower (9b) sections of the cake (Figure 
5) permitting areal analyses by EDS to document 
variation through the SHC. These data (Table 12) 
show an upward decrease in the proportion of iron and 
manganese present, with all other elements increasing 
upwards proportionately. The ratios of Mn:Fe 
(approximately 0.003) and SiO2:Al2O3 (approximately 
7) are reasonably constant or very slightly increasing 
upwards through the cake. When considered on an 
iron-free basis (a means of examining the input to the 
hearth from sources other than workpiece) sodium and 
calcium show slight upwards increases, whereas 
manganese shows an upward decline. Other 
parameters show little evidence for a trend. 
 
 
Mineralogy/microstructure: the microstructure of SHC 
PGI9 was examined in detail with two samples, PGI9b 
from the lower part of the slag bowl and PGI9a from 
the upper part. 
 
The base of the bowl was marked by heavily altered 
(oxidised) material, including a layer of laminated 
secondary iron oxides and a complex basal layer to the 
cake itself. Some of the textures were suggestive of 
oxidised particles formerly of metallic iron, but this 
could not be demonstrated. The tubular vesicles that 
characterise this sample originate from close to the 
base of the bowl, where they are continued as gaps 
between the primary wustite dendrites. Some of the 
area of these gaps is occupied by coarse 
euhedral/subhedral olivine of up to 300µm. This was 
strongly zoned and very magnesian, being Fa52-87, with 
calcium substitution of 1.5% – 2% rising to 9.1% on the 
margins, manganese substitution of 0.35% - 0.60%, 
and a low phosphorus content of <0.01 APFU. The 
material interstitial to the olivine was too weathered for 
analysis. 
 
Slightly higher in the cake a similar, but better 
preserved, area on the margin of a tubular vesicle 
showed coarse olivine of Fa69-90, with calcium 
substitution of 3.2% – 8.9%, manganese substitution of 
0.42% - 0.53% and with phosphorus mostly <0.01 
APFU, abruptly overlain by an overgrowth of Fa 91-94, 
with calcium substitution of 37.3% - 37.5%, 
manganese substitution of 0.35%, and with 
phosphorus of 0.03-0.05 APFU. The interstitial material 
here was a glass (with up to 11% Na2O) bearing a fine 
phase, probably also kirschsteinitic olivine. 
 
Very similar compositions were recorded thorough 
sample PGI9b, with the tubular vesicles lined by large 
complex, subhedral skeletal olivine with grains of up to 
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1mm. In all cases, similar highly magnesian cores 
became slightly less magnesian on the margins and 
commonly showed calcic overgrowths and fine 
interstitial olivine (with grain sizes of up to 150µm) also 
of a calcic composition (with calcium substitution of up 
to 42%) These late olivine generations showed a very 
slightly phosphoran character, but the bodies of the 
coarse generation always had a very low-phosphorus 
composition. The most magnesian composition 
recorded through this section of the cake were of Fa50. 
 
The upper part of the cake where sectioned did not 
have continuations of the tubular vesicles, which 
appeared to merge into horizontally tabular voids at 
mid-section and near the top, but out of the cut section 
(but the mid-section void may be represented in some 
form by the array of particularly large euhedral olive 
crystals along the lower margin of PGI9a).. The upper 
part of the cake (accordingly shows very little porosity, 
most of which is in the form of small spherical vesicles. 
Sample PGI9a comprises three sub-horizontal zones. 
The lower, 7mm thick, shows primary wustite dendrites 
that are reasonably homogeneous across the sample, 
the second, 5mm thick, also has primary wustite 
dendrites but they occur inhomogeneously, with 
denser areas of dendrites picking out partially-reacted 
iron rich clasts, and the third, 5-7mm thick, is 
dominated by euhedral olivine, but with areas of 
wustite dendrites, pseudo-dendrites and even 
polygonal grains, marking partially reacted iron oxide 
scale. 
 
The lower zone shows olivine grading from Fa67 in the 
core to Fa80 on the margins, with from 2.8% to 4.2% 
calcium substitution, 0.32-0.43% manganese 
substitution and <0.01 APFU phosphorus. The coarse-
grained olivine appeared to grade from isolated 
euhedral grains through to blocky dendrites where the 
individual grains formed part of a larger structure of at 
least 800µm. The very fine interstitial olivine Is difficult 
to analyse but in one area was Fa84. With 27% calcium 
substitution and 0.36% manganese substitution with 
0.04 APFU P. As with the coarse generation, these 
were a little larger than higher in the SHC, forming 
delicate elongate crystals with lengths of up to 150µm. 
 
Despite the different texture, the upper zone shows 
olivine of a rather similar compositions, typically 
grading from Fa50 to Fa89, with 1.5% to 8.1% calcium 
substitution, locally with overgrowths of Fa94 with 41% 
calcium and 0.28 manganese substitutions and 0.05 
APFU phosphorus. The strongly zoned euhedral 
olivine was here of up to 300µm. A second generation 
of olivine had an elongate, skeletal morphology of up 
to 200µm in length. The fine interstitial olivine as 
analysed as Fa93-95, with 30%-38% calcium and, 0.3% 
manganese substitution and with 0.045 APFU 
phosphorus, was in the form of elongate crystals and 
feathery dendrites of up to 20µm. 
 
In one area very close to the top of the cake, the core 
of the euhedral olivine was as magnesian as Fa22, but 
otherwise the microstructure was similar. The strongly 
zoned euhedral olivine was here also of up to 300µm. 
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Ironworking residues from Area B2 
 
General 
The evidence for smithing in area B2 was dispersed 
between various cut features (including fragments of 
12 SHCs, with a total weight of 3.3kg, from five 
separate contexts), with fill (90036) of pit [90037] 
comprising the most significant component. This fill 
provided the analysed samples, but only yielded a very 
small quantity of microresidues. 
 
 
Flake hammerscale 
Morphology: Twenty-five fragments of flake 
hammerscale were investigated (24 from PGI13, 1 
from PGI12; Table 13). No fragments suggested 
primary scale, although six showed survival of the 
outer parts of the sale despite melting of the inner. 
Thirteen particles showed complete, or almost 
complete melting, of which two had microstructures 
suggestive of shock induced structures during a stage 
of partial melt. Five further fragments, variably 
magnetitised, showed cataclastic textures indicative of 
brittle deformation and compaction. 
 
 
Mineralogy/microstructure: details are provided in 
Table 13. Four of the 25 particles were magnetitised 
cataclasites. All FHS particles showed a high degree of 
melting, with four showing unusual fine intergrowth 
structures on the melting front. Eight of the 25 showed 
strong development of iscorite. 
 
 
Elemental analysis of particles: details are provided in 
Table 13, with summary statistics in Table 5. This 
assemblage shows a restricted range of iron contents 
from 78% to 99% (expressed as FeO), with only one 
particle less than 86% FeO. Phosphorus contents are 
generally low, except for two particles. Sulphur 
contents are high. 
 
The SiO2:Al2O3 ratio for the FHS (Figures 7, 15) is 
approximately 3.5. 
 
 
Spheroidal hammerscale 
Morphology: Eleven examples of spheroidal 
hammerscale were examined (Table14). Four of the 
particles showed a dominant central vesicle, but none 
showed a particularly thin shell. This group of particles 
showed 20%-80% 2d porosity (mean 46%). Other 
spheroids showed less and more dispersed porosity, 
ranging from 1% to 37% 2d porosity (mean 17%). The 
overall mean 2d porosity was 27%. 
 
 
Mineralogy/microstructure: details are provided in 
Table 14. The particles were mostly fully melted, with 
only one of those recorded as a partial melt showing 
certain unmelted scale fragments.  Two of the eleven 
particles bore iscorite and three showed a dominance 
of magnetite over wustite. Porosity was generally low. 
 
 
Elemental analysis of particles: particles show bulk 
compositions ranging from 64% to 96% FeO, forming a 
more tightly clustered assemblage than the FHS from 
the other areas with a higher average iron content 
(92.4% expressed as FeO). Summary analyses are 
presented in Table 13. Sulphur contents are high (up 
to 1.36% S), although generally much less. The 
composition of the particles is relatively aluminous with 
an average SiO2:Al2O3 ratio by 3.2, with both 

aluminium and silicon present in much higher average 
amounts than in the SHS from the other areas. 
 
 
Other microresidues 
General: other materials examined included four 
droplets of iron-rich slag, one of iron-poor lining slag 
and two chips of more conventional lining slag. 
 
 
Slag droplets: four sub-spheroidal particles are 
suggested to be slag droplets rather than SHS. Particle 
PGI12 s4 is a rather poorly-mixed material in an 
irregular hollow droplet, with what appears to be a 
quenched margin. It bears a quartz grain and the slag 
has a SiO2:Al2O3 ratio of 4.1. The more siliceous parts 
contain a skeletal olivine, the majority is wustite-
dominated. 
 
Particle PGI12 s8 was a highly unusual particle formed 
of a finely granular and very homogeneous mixture of 
iron oxides and hercynite, with a significant proportion 
of iron sulphide. The SiO2:Al2O3 ratio is just1.9, a very 
low value even for the materials from area B2. 
 
Like PGI12 s4, particle PGI12 s10 was rather 
inhomogeneous. The SiO2:Al2O3 ratio is slightly higher 
(5.1, rather than 4.1 in s4). It shows some similarity in 
composition, and in bearing large zoned olivine, with 
the SHC material from the same area. 
 
PGI12 s12 is a glassy particle with a slightly irregular 
shape (hence its grouping with the droplets), but might 
just possibly be a low-iron SHS particle. It is 
dominantly glassy, with fine magnetite dendrites and 
carries some relict quartz. 
 
 
Lining slag droplet: PGI12 s14 is an irregularly-shaped 
droplet bearing partially melted quartz in a fine 
groundmass with plagioclase (Or10Ab25An65; 
labradorite) and a poorly-characterised very fine 
phase, probably an iron-rich pyroxene, together with 
very small iron sulphide prills. The margin of the 
particle bears indented droplets of porous iron oxide-
rich material with a thin skin of similar material 
between the indented blebs. The SiO2:Al2O3 ratio is 
3.1, comparable with other materials from this area, 
particularly the conventional lining slag chips (see 
below). 
 
 
Lining slag fragments: PGI13 f3 and f4 were fragments 
of glassy material. F3 was vesicular and bore partially-
reacted fragments of both quartz and clay. The glassy 
matrix bore delicate spiders web-like dendrites of 
hercynite, particularly prominent close to the ceramic 
clasts where the glassy was also very aluminous. F4 
was slightly more iron-rich and showed a magnetite 
crust (similar to that which occurs on SHS particles) 
and bore magnetite dendrites in its glassy matrix. The 
SiO2:Al2O3 ratio of both particles was similar (3.2). 
 
 
 
Smithing hearth cakes 
 
Morphology: 
Of the 12 SHCs apparently represented by these 
fragments, at least 4 have flat tops, 3 at least have 
reddened tops, 3 contained good evidence for the use 
of coal fuel of which one showed both coal and 
charcoal and a further cake showed charcoal alone. 
These cakes are dense and mainly roughly 
subcircular, although there is variation. The recorded 



GeoArch Report 2018/26: residues from Parc Cybi 
 

14 

weights (or estimated reconstructed weights) of six 
fairly complete SHCs are 175g, 300g, 350g, 595g, 
600g and 646g. The examples sampled as PGI14 was 
the largest of these.  
 
PGI14 was an irregularly transverse SHC that 
measured 95mm x 130mm x 70mm deep (of which 
50mm was the bowl) overall. It possessed two distinct 
layers: a lower bowl of prilly slag (at least marginally) 
with coke fragments and a smaller upper dense pad of 
slag with clinkery prills, coal shale fragments and a 
dimpled upper surface, separated by a coke rich layer 
above the bowl. There is a slight distal extension in the 
form of a rod. The base shows a shale-rich boss of 
accretion. 
 
 
Elemental analysis: a single example of a SHC was 
selected for analysis (PGI14). This cake had a distinct 
lower bowl and an upper, fine-grained, pad separated 
by a layer dominated by coal fuel debris. The bowl was 
sampled as PGI14b and the pad as PGI14a. 
 
The two bulk elemental analyses by XRF/ICP-MS are 
similar in general character, although the iron contents 
were different (69% and 48% for PGI 9 and 10 
respectively, when expressed as FeO), leading to 
different dilutions of the other elements. Both samples 
show low concentrations of manganese, magnesium 
and calcium. Sulphur is strongly enriched at 1.4 and 
3.5 wt% S respectively. There is also a slight 
enrichment, compared with the other bulk analyses, of 
elements associated with sulphide minerals and with 
organic matter, including vanadium, nickel, copper, 
molybdenum, lead and uranium. The SiO2:Al2O3 ratio is 
2.8 and 2.6 respectively, markedly lower than for the 
other bulk analyses and showing the influence of the 
aluminous coal shale. The U:Th ratio is 0.46 and 0.51 
respectively (similar to the ratio measured in the other 
bulk analyses). The reported total REE is 147ppm and 
65ppm respectively, with the upper crust-normalised 
profiles showing a somewhat flat profile, with a low 
hump in the middle REE in sample PGI14b and to a 
lesser extent PGI14a. A MREE ‘hump’ has been 
reported as a feature of analyses of coal (Rose 2001). 
 
The relative original positions of sub-samples PGI14a 
and PGI14b as mounted for SEM examination, may be 
reconstructed and the location of the EDS areal 
microanalyses determined to provide a transect 
through the SHC (Table 16; Figure 9). The pattern of 
elemental distribution is particularly complicated 
because of the poorly-mixed materials in the lower part 
of the upper pad (see below). Some elements show an 
overall concentration gradient through the SHC and for 
many of these the trends are the reverse of those 
observed in PGI9 (see above). Elements such as 
sodium, magnesium, aluminium and titanium show an 
overall upwards increase. Silicon, sulphur and 
potassium also show an upward increase between the 
two components, but are more constant within each 
section leading to a sudden jump in concentration 
across the central fuel zone. In the case of potassium. 
The lower bowl shows potassium concentrations 
similar to those seen in sample PGI9 (<0.5%), but the 
upper layer shows a greatly enhanced concentration 
(1.5 to 2wt%). Two elements, iron and manganese 
show an upward decline with a break across the 
central fuel zone. Phosphorus also has an upward 
decrease, but does so more continuously through the 
thickness of the slag cake. The behaviour of these 
three elements, all of which would have some 
association with the metal being worked, thus shows a 
pattern which is quite different from that shown by 
analyses of the concentration in PGI9. The ratios of 

MnO:FeO, P2O5:(P2O5+FeO) and SiO2:Al2O3 all show 
an upwards decline through the SHC, rather than the 
upwards increase that they display in PGI9. The 
SiO2:Al2O3 ratio shows a sudden change at the 
interface from a value (5 to 7) close to that of PGI9 in 
the lower part, but dropping to a gently upwards 
declining value of approximately 3 through the upper 
pad (a pattern not reflected in the bulk elemental 
analyses reported above). These features suggest that 
the lower part is largely the product of reaction 
between iron oxides and the hearth lining, but that the 
upper pad shows a very strong influence from the coal 
fuel ash. 
 
 
Mineralogy/microstructure: sample PGI14b shows a 
basal contact with a thin (up to 700µm) layer of 
concretionary material that has probably formed post-
depositionally. The base of the SHC is formed by a 
zone of variable thickness (100-400µm) with a very 
high iron content. This zone appears rather weathered, 
but similar material occurs abundantly through the 
levels up to 4.5mm higher in the sample with a 
morphology of rounded drips and swirls of up to 
several mm across. These show a margin of coarse 
wustite, passing inwards into a very fine complex 
cotectic structure of wustite, with an uncertain phase. 
The material visually resembles the morphology of 
wustite-leucite cotectic structures, but no leucite was 
observed in these particles, merely patches of 
siliceous glass and rare olivine inclusions. The ion rich 
blebs are, however, locally overlain by large grains of 
leucite, locally associated with siliceous material (it is 
unclear if this is a weathering product of the leucite or 
an original silica polymorph). These materials are 
interpretable as a slightly unusual form of oxidised iron. 
It is unclear whether the iron had entirely oxidised 
before descending, whether molten iron had dropped 
through the slag, altering as it descended., or whether 
these clumps represent iron reduction from the slag 
around fuel particles. 
 
The matrix to the unusual blebs is a slag with very 
sparse coarse primary wustite, but a more significant 
generation of early euhedral hercynite (typically 80-
86% hercynite with variable contributions from spinel 
s.s. and more significant levels of magnetite) of up to 
100µm), followed by olivine (typically bearing further 
cotectic hercynite) of up to 200µm. The main olivine is 
Fa97-100, with 1.7-3.3% Ca substitution and 0.43-0.82% 
Mn substitution. The interstices of the olivine bear 
further finer skeletal olivine of broadly similar 
composition in a matrix rich in silica and associated 
with the uncertain phase overgrowing the leucite on 
the iron-rich blebs. None of the olivine was classifiable 
as being phosphoran. Large voids within the examined 
section, in both this and the layer above, represent 
‘lost’ fragments of partly reacted burnt coal. 
 
The hercynite-olivine layer was overlain by a zone up 
to 8mm thick, dominated by wustite (with an increased 
iron content, but markedly lower aluminium). The 
primary phase in this zone is formed by large euhedral 
zoned hercynite of up to 100µm. An analysed typical 
example of these showed up to 18% spinel s.s. in the 
core (80% hercynite), then a zone with traces of Cr 
overlain outwards by material of 80-87% hercynite with 
traces of Ti and V, with the balance being formed by 
magnetite. The stout wustite dendrites of up to 1mm 
follow and have an unusual (and unfortunately rather 
weathered) interstitial material, including phases 
associated with the iron rich blebs lower in the section: 
highly siliceous weathered glass, fine growths of 
wustite resembling a wustite-leucite cotectic but 
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lacking any surviving leucite and fine feathery or 
skeletal olivine. 
 
The upper most layer in the bowl section of the SHC 
was a thin (typically approximately 1mm) bearing 
coarse euhedral zoned hercynite (of similar 
composition to those escribed above) of up to 100µm, 
followed by skeletal olivine (Fa70-100, 3.3-4.2% Ca 
substitution. 0.65% Mn substitution and 0.05-0.06 
APFU phosphorus) of up to 300µm length, locally in a 
cotectic with wustite. The interstitial material is again 
material texturally resembling a wustite-leucite cotectic 
and weathered siliceous glass. 
 
The top of the bowl has a thin lamina of probable 
magnetite along the abrupt contact with the overlying 
ferruginous conglomerate of coal and coke particles. 
 
The base of the upper pad (sample PGI14a) is 
irregularly lobate and the lower part (10mm thick) of 
the pad is formed of vertically oriented flow foliated 
zones of quenched slag (variously glass or finely 
crystalline), bearing partly reacted and partly melted 
clasts of lining slags, shale and coke. This zone also 
carries swirls of iron-rich composition, surrounding 
cavities with fills of weathering products. These swirls 
locally pass into an almost continuous thin zone along 
the base of the pad. 
 
The iron-rich patches show a variable texture with 
open cells surrounded by a fine eutectic intergrowth, in 
some cases with a texture suggesting that the cells 
may have been filled by a primary dendritic phase. The 
contents of the cells are locally zoned botryoidal 
secondary iron oxides around the margins, but 
generally a strongly foliated material. In some areas 
the cells are poorly developed, and the iron rich zones 
comprise mossy masses of the intergrowth texture.  
 
The glassy zones locally bear tiny dendrites of 
hercynite and droplets of iron of up to 10µm with 
sulphidised surfaces. 
 
The uppermost 4-5mm of the SHC are markedly 
coarser-grained, with a fairly abrupt contact. This zone 
of slag is free from inclusions, even against the steep 
margin along which there are many inclusions of fuel 
and lining in the layers below. Within the upper slag 
layer, the primary phase is formed by dendrites of 
hercynite (approximately 80% hercynite, bearing up to 
2% Ti, the remainder dominantly magnetite). This is 
followed by elongate (frequently vertically-orientated) 
fayalite (of up to 600µm length) in a glassy matrix that 
bears small sulphide prills. 
 
 
 

  



GeoArch Report 2018/26: residues from Parc Cybi 
 

16 

Dark glass from areas H and K1 
 
Morphology: these glasses were only recovered as 
angular, fracture-bound, fragments. Two showed hints 
of a slightly flow-lobed surface and most showed a 
strong flow-foliation. The glass was dark, but 
reasonably translucent, despite the inclusions see on 
visual inspection. These visible inclusions were 
quartzose, provisionally and tentatively identified as of 
quartzite during the assessment. Representative 
microstructures are illustrated in Figure 10. 
 
 
Elemental analysis: the elemental composition of this 
sample was only assessed through EDS analysis, so 
no trace element data are available. A simple average 
of the areal analyses taken from the sample shows a 
somewhat aluminous composition (Figure 11), with a 
SiO2:Al2O3 ratio of 4.19 (a value lower than for most 
materials from this project, but higher than the ratio for 
materials from coal-fuelled smithing from site E2). The 
areal analyses show a strong negative correlation 
between the SiO2:Al2O3 ratio and the concentrations of 
calcium, titanium and magnesium, but a positive one 
with iron, manganese and phosphorus. The CIPW 
norm corresponding to a typical glass includes (by 
weight) 13.8% quartz, 29.6% anorthite, 34.8% 
diopside, 5.0% hypersthene, 3.2% albite and 10% 
orthoclase.  
 
The very high calcium content (12.5% - 17.6%, 
average 14.2%; expressed as CaO) is the most 
notable feature of the bulk composition, and a feature 
not paralleled in any of the other analysed materials 
from the project. Sulphur is present at low levels 
(0.14% to 0.49%; expressed as S) in the bulk samples, 
despite the widespread abundance of the tiny iron 
sulphide prills (see below). Magnesium is also 
moderately abundant (3.8% to 5.2%, average 4.5%; 
expressed as MgO). Iron is present at modest levels 
(6.5% to 9.2%, average 7.6% in the bulk analyses; 
8.9% to 10.2%, average 9.5% in the array of point 
measurements described below; expressed as FeO), 
close to the levels observed in the samples of hearth 
lining (levels which are less than those typically seen in 
the glassy slag on the lining of iron furnaces). 
 
 
Mineralogy/microstructure: sample PGI17 shows a 
marked (flow?) foliation parallel to the slightly lobate 
surface. Analysis shows this foliation is associated with 
inverse correlations between two groups of elements: 
sodium, potassium and silicon in one group and 
aluminium, magnesium, calcium and titanium in the 
other. These may, perhaps, be interpreted as reflecting 
the influence of furnace/hearth ceramic and coal fuel 
on the other, but it could also be a reflection of a 
coarse-grained feldspar/quartz component. The 
laminae show a variation in SiO2:Al2O3 ratio of 4.2 to 
5.6. These observations demonstrate small-scale 
variation in the same manner as the larger scale 
variations demonstrated by the areal analyses. 
 
There are pale inclusions visible to the naked eye. 
These mostly appear to be relicts of quartzose 
material, including relict grains and parts of the area of 
former grains picked out by the distribution of new-
formed crystals of a silica polymorph (Figure 10a, b).  
 
The sample also shows small ‘clots’ of anorthite, of 
very elongate habit, with a matrix of either glass or 
augitic clinopyroxene (Figure 10c). Analyses of the 
pyroxene proved problematic, but the best attempt at 
solving the mixing of the pyroxene with other phases 

suggested Ca0.48 Fe0.62 Mg0.87 as the main octahedral 
substitutions on the basis of six oxygens. 
The glassy matrix of the sample bears abundant 
spherical or sub-spherical (where attached to vesicles) 
prills (Figure 10 c, d, e). Analysis of the smaller prills 
suggests that most were iron sulphide, with persistent 
trace levels of copper and nickel. The EDS analyses 
also suggest a slight excess of iron over sulphur 
(compared with stoichiometric FeS), possibly indicating 
that the sulphide is mackinawite. Some of the larger 
examples of prills were examined in detail and proved 
to be rather complex. They had a matrix of similar 
nickel- and copper-bearing iron sulphide, but this bore 
blebs and dendrites of highly phosphoric (2.2 to 2.5 
atom% P) iron, also with trace levels of nickel. 
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Interpretation 
 

Chemistry of the ceramic component 
 
There are four likely inputs of elements other than iron 
(and its alloyed elements) into the residues: 
- the hearth lining 
- the slag inclusions with the iron 
- any smithing flux 
- the fuel ash 
 
Evidence for the ceramic input into the residues 
derives from: 
- elemental analysis of samples of fired hearth ceramic 
- EDS analysis of ceramic particles, and components 
of particles, within the microresidues 
- modelling of the composition of the residues 
 
Relevant analytical data from materials with a high 
input from a ceramic component are plotted on the 
SiO2-Al2O3-FeO ternary diagram in Figure 11. This 
representation of the data is somewhat simplistic, for 
many of the ceramic materials also have high levels of 
the alkali and alkaline earth elements. The distribution 
of calcium and magnesium is illustrated by Figure 13. 
 
The hearth lining has been investigated directly 
through the bulk elemental analysis of single samples 
from each of Area K7 (PGI16) and Area E (PGI11). 
These samples show similar SiO2:Al2O3 ratios (5.6 and 
5.8 respectively) and despite an order of magnitude 
difference in abundance, a similar CaO:MgO ratio 
(0.28 and 0.21 respectively). None of the residues 
shows a ratio as low as this, so hearth linings of this 
type cannot have been the dominant contributor of 
calcium and magnesium. 
 
Calcium and magnesium show a strong positive 
correlation in the analyses of ceramic materials within 
the microresidues (Figure 13). There are a few outliers 
in this general trend amongst the examples from Site 
K7 which have elevated values of either calcium or 
magnesium oxides off the main trend, but otherwise 
the analyses on the main trend show those from Area 
E showing higher CaO and MgO than those from Area 
K7 and with a lightly greater CaO:MgO ratio. 
 
The main trend of the analyses from K7 shows a 
CaO:MgO ratio of 0.79, although there is a high degree 
of variability for contents of either above 1%. The FHS 
has a ratio of 0.81 and the SHS a ratio of 0.83. 
 
The residues from Area E show an overall CaO:MgO 
ratio of approximately 0.95. The FHS has a ratio of 
0.81 and the SHS a ratio of 0.84, if a few high calcium 
outliers are excluded or 1.25 if they are included. The 
CaO:MgO ratio is 0.83 for the main slags of SHC 
PGI9.  
 
The material from Area B2 shows extremely low 
calcium and magnesium contents, but the average for 
the FHS is 2.3 and for the SHS is 1.9. This compares 
with an average of 1.9 for the upper part of SHC PGI14 
and 1.4 for its lower part. 
 
It is hard to draw firm conclusions on the basis of this 
evidence, but it is clear that simple mixture of iron and 
hearth lining of the composition of the two bulk 
samples cannot account for the observed microresidue 
compositions. The locally-elevated calcium and 
magnesium contents, most clearly expressed by the 
pyroxene-bearing droplets (more common in E than 
K7) suggest some additional input. 

What is clear, is that the residues from area B2 show a 
clearly different composition in terms of SiO2:Al2O3 
ratio, CaO:MgO ratio and the REE profile, amongst 
others. The total range of silica and alumina in the 
microresidues from area B2 (Figure 15) is not very 
different from that in those of Areas K7 and E, yet the 
content of calcium and magnesium is less, indicating a 
contribution from a different cermaic. That component 
is the coal shale and dirt. This is likely, on the basis of 
analyses of coal residues analysed from elsewhere, to 
be alkaline-earth poor, aluminous and possessing a 
‘humped’ REE profile. 
 
The unresolved issue with the earlier sites K7 and E is 
to separate the relative inputs from charcoal ash, 
hearth lining and flux. This is developed further in the 
following sections. 
 
 

The dark glass from areas H and K1 
 
This material has an unusual distribution within the 
site: approximately 235g was recovered from areas H 
(“Neolithic” pit fills c2070, 47g and c2093, 63g) and K1 
(medieval corn drying kiln [21052], 125g and posthole 
[18172], 0,2g). The interpretation of the analytical data 
is therefore of importance.  
 
The observed microstructures and compositions 
clearly indicate that the material is anthropogenic and 
the suggestion in the assessment that it was just 
possible that this is a natural obsidian-like glass can be 
excluded. The textural evidence suggests that the 
glass may have formed as a deposit of the walls of a 
hearth or furnace. Neither the minute prills contained in 
the glass not the bulk composition showed any 
significant concentration of copper, so an association 
with copper metallurgy appears unlikely. 
 
The determination of the origin of the glasses has four 
main threads of evidence: the patterns of bulk 
elemental composition, the high calcium content, the 
nature of the inclusions, the nature of the metal-
bearing prills. 
 
The bulk SiO2:Al2O3 ratio is low. The variations in bulk 
composition suggests that the glass was formed from 
at least two components – one identified above as 
being dominated by elements typically associated with 
the siliceous ceramic of hearth/furnace linings, the 
other with a more aluminous ceramic. The luminous 
component might possibly be coal shale/dirt, but in 
theory other sources of aluminous clay would be 
possible and partial melting of hearth ceramic would 
also generate a melt more aluminous than the bulk 
ceramic.  
 
The very high calcium content (12.5% - 17.6%, 
average 14.2%) is not directly paralleled by other 
analysed materials. The average CaO:MgO ratio for 
the glass is approximately 3.2. The composition does, 
however, lie closest to the trend exhibited by the 
microresidues from area B2. The average CaO:MgO 
ratio for the FHS for instance was 2.3 and or the SHS 
and the upper part of SHC PGI14 was 1.9.  
 
The inclusions included quartzose materials, largely 
reacted and recrystallizing as an unidentified silica 
polymorph. Such siliceous inclusions could be present 
as part of the hearth contents, as debris from a 
smithing flux, or as material derived from the hearth 
wall. Estimating the temperature of formation of the 
analysed sample is difficult, because of the varied 
elemental assemblage, but the degree of melting of the 
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quartzose clasts hints that a temperature of perhaps as 
much as 1500C may have been reached.  
 
The anorthite-pyroxene clots may reflect poorly mixed 
areas of relict elevated calcium content. The anorthite-
diopside eutectic may provide some indication of the 
likely temperature above which these clots must have 
formed, and the temperature of that eutectic is 1274C. 
 
The prills present in the sample showed intimate 
mixtures of iron sulphide and phosphoric iron. These 
prills are perhaps paralleled by those in one of the 
pyroxene-bearing slag spheroids from Area E (PGI7 
P2) and, more tenuously, by the bulk iron and 
phosphorus contents of the weathering products in the 
altered core of the pyroxene-bearing particle PGI3 P7. 
Indeed, the pyroxene bearing spheroids from Areas K7 
and E occupy a similar position with respect to the 
array of analyses of hammerscale from those areas as 
does sample PGI17 to the array of hammerscale 
analyses from area B2. The prills present in PGI17 are 
somewhat sulphidised, but are specifically related in 
composition to the iron-phosphorus eutectic at around 
17at%P. 
 
Synthesis of the arguments presented above suggests 
that the glass is of a composition compatible with 
having been generated in a smithing hearth of similar 
aspect to that producing the residues recovered from 
area B2. The texture suggests the glass was held at 
high temperature (therefore probably originating near 
the blowhole) and probably underwent a very viscous 
down-wall flow. The prills represent droplets of iron-
phosphorus eutectic released into the hearth during 
heating of a phosphoric iron. The high calcium content 
of this suite of residues might be associated with the 
fuel (if the coal was contaminated by fragments of coal 
ball for instance), but it is at least as equally possible 
that it formed part of the hearth lining – as part of a 
conventional ceramic or perhaps as part of a hearth 
structure involving a lime mortar. 
 
It is not possible to relate the glassy materials 
specifically to the same smithing event/operation that 
produced the residues in Area B2, although that is very 
likely. The one key element in which the evidence from 
the dark glasses differs from that from most (although 
not all) of the evidence from Area B2, is that the iron-
phosphorus eutectic prills imply that the working of 
highly phosphoric iron.  
 
 
 

The pyroxene-bearing droplets 
 
The high Ca/Mg ceramic includes two different types of 
material: the almost fully melted droplets (on the main 
trend PGI5 S16, PGI7 P1, PGI 7 P2, PGI3 P4 ; off the 
main trend PGI3 P7) and parts of partially melted 
inclusions within FHS particles (PGI2 F4, PGI4 T3) 
 
Pyroxene was been identified as significant component 
in the four particles (one from area K7 and three from 
area E2): PGI3 p7, PGI5 s16, PGI7 p1 and PGI7 p2. 
One further particle (lining slag droplet PG12 s14; Area 
B2) probably bears an iron-rich pyroxene alongside a 
calcic plagioclase and has a bulk iron content 
(expressed as FeO) of 19.4%. 
 
PGI7 p2 and PGI12 s14 share the feature of having 
porous iron oxide blebs forming a halo around the 
outside of the grain. 
 
The suite of spheroidal droplets identified above with 
low iron contents, but elevated contents of calcium and 

magnesium has been demonstrated to be the product 
of melting (or partial melting) of the hearth ceramic in 
the vicinity of the blowhole. They show a rather low 
degree of reaction with iron, although in at least one 
case they appear to have been associated with a 
droplet of iron and in two to be rimmed by iron oxides. 
 
Where iron is present in these materials it appears to 
be associated with elevated levels of phosphorus, 
possibly reflecting the role of droplets of iron-
phosphorus eutectic as a vector in the movement of 
both iron and phosphorus within the hearth. 
 
It would appear likely that these Ca-, Mg-rich particles 
were generated within the hearth and probably indicate 
one of the modes of transfer of matter from the hearth 
wall into the zone of reaction with the iron/iron oxides. 
 
 
 

Glass films in primary FHS 
 
The general model for oxide scale formation is well-
known, but most studies have dealt with modern 
materials, with a low slag content and low phosphorus 
content. The published accounts (e.g. Svedung et al. 
1976; Ahtoy et al. 2014) include some discussion of 
the role of phosphorus in the detachment of scale, but 
only within the context of rather low-phosphorus, slag-
free, homogeneous metals.  
 
Observation of ancient flake hammerscale (e.g. Young 
2011) shows that a substantial slag may develop on 
the rear of the scale and that thin glass films may 
extend between the grains of unmelted wustite towards 
the front of the flake. This glass must represent the 
solidified melt that was in contact with the wustite as 
the scale was melting. The detailed analysis of this 
glass preserved within the pores and intergranular 
cracks of the primary FHS is likely to provide 
information concerning both the nature of the fluxing 
materials acting upon the scale and of aspects of the 
metal composition.  
 
Detailed analysis was undertaken on several particles; 
those from the four investigated in most detail are 
illustrated in Figure 14. The four examples comprise 
one from Area K7, two from Area E and one from Area 
B2. The analyses are illustrated recast on an iron-free 
basis, to avoid the problem of ‘contamination’ of the 
microanalyses by the adjacent wustite.  
 
This approach revealed that the glass films show a 
systematic and coherent variation across the thickness 
of the scale. The composition of the glass was, 
moreover, rather unexpected, not only being high in 
phosphorus in some cases, but also in the alkali and 
alkaline earth elements. 
 
The four illustrated examples show many differences 
(particularly in the absolute concentration of the 
various elements), but also show significant similarities 
in terms of trends. In all cases, the relative 
concentration of Na2O, CaO and K2O increase towards 
the front (outside) of the scale, whereas SiO2, Al2O3 
and S decrease towards the front. Some examples 
show P2O5 decreasing very slightly towards the front 
and probably MnO also. The SiO2:Al2O3 ratio may 
decrease slightly towards the front of the scale, but 
may be elevated in the glass inclusions near the front. 
Some of the examples, and possibly all, contain larger 
‘pools’ of glass immediately to the rear of the 
magnetite layer. These inclusions have compositions 
that do not always lie on the trend of the connected 
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films and in particular they may contain elevated levels 
of phosphorus. 
 
The absolute values are markedly different between 
the scales; for instance, the scale PGI13 f9 from area 
B2 showed much lower level of MgO than the other 
three, one scale from area E (PGI6 f5) showed a P2O5 
content over five times any of the others, and the scale 
from Area K7 together with one from Area E (PGI2 f5 
and PGI6 f6) showed elevated levels of manganese.  
 
Table 18 presents two sets of data for each example of 
FHS investigated with preservation of appropriate 
textures. The first column indicates the values reached 
in isolated (or apparently isolated in the 2d section) 
blebs (these blebs are often present as small holes in 
the surface of the specimen, meaning these analyses 
should be regarded with some caution because of the 
interaction of the microtopography with the geometry of 
the X-Rays produced), the second column gives a 
subjective estimate of the typical value at the head of 
the connected glass-filled cracks. The quoted values 
are given as wt% calculated on an iron-free basis. 
Table 18 also includes some aspects of the analysis 
undertaken as an estimate of typical whole-particle 
composition in each case.  
 
There is some degree of correlation within the data in 
Table 18 between the composition of the whole scale 
and of the glass films (e.g. for sodium), less good for 
some other elements (phosphorus, manganese). The 
differences may result from the local inhomogeneities 
within the scale, the volumetric dominance of the inner 
slag on the bulk composition as well as the relationship 
between the glass and the distribution of the elements 
in the precursor metal (e.g. the role of inclusions 
versus generalised. 
 
There are no precisely equivalent experimental 
observations with which to compare these data. 
Current investigations by the author into the origin of 
SHS has generated some limited data on FHS, but 
because the experiments were dealing with forge 
welding, the scale was mostly formed at high 
temperature leading to a high degree of melting in 
most examples. A three examples of less-altered scale 
were, however recorded, providing very limited 
comparative data. These three, all from different 
metal/fuel/flux combinations all showed similar 
gradients in the composition of the connected films and 
a discrete population of typically phosphorus rich pools 
just below the magnetite layer. 
 
It would appear likely that the compositional gradient 
across the thickness of the scale exhibit by the slag 
films is the result of mixing between the developing 
rear slag and pre-existing inclusions near the front face 
(and in some examples also dispersed through the 
scale). The inner slag dominates the non-iron 
composition of the scale, and it is this that produces 
the overall trend in, for instance, the SiO2 – Al2O3 
content of scale. It is more difficult to ascribe an origin 
to the pre-existing inclusions (typically rich in 
phosphorus, sodium, potassium and calcium), 
however. Several distinct possibilities exist: 
1. direct derivation from inclusions within the precursor 
metal 
2. through concentration of elements incompatible with 
wustite/magnetite from the metal and its inclusions 
during the formation of the scale 
3. from the remnants from the phosphorus-rich 
detachment zone of previous scaling at the same 
location. 
 

Further work to determine the processes contributing 
to these features is clearly desirable, but would need 
investigation of much larger populations of scale from 
known processes. 
 
Further work to determine the concentrations of, for 
instance, phosphorus and manganese in FHS 
produced from metals of particular compositions under 
particular types of working and fluxing, would also be 
desirable. 
 
 
 

Further melting of the FHS 
 
Further melting of the oxide scale would have been 
from the rear, either because the wustite has a lower 
melting point than the magnetite and haematite on the 
scale’s outer face, or because that melting point has 
been further reduced through the fluxing action of the 
hearth lining/smithing flux. 
 
Incomplete melting of the scale is demonstrated by 
both the in-situ and ex-situ preservation of areas of 
relict primary scale, but also because of the survival of 
small wustite pieces that will form the cores of the 
‘brain’ and pseudo-dendritic textures on cooling. 
 
The highest degrees of melting appear to leave a 
magnetite zone intact on the front face, although to 
what extent at least a part of this is new-formed during 
cooling is hard to evaluate. In some examples cooling 
in oxidising conditions is marked by oxidation 
(‘magnetitisation’) of pre-existing new-formed wustite. 
 
The melting of the scale occurs in a dynamic 
environment where movement, striking and 
deformation of the underlying iron may produce both 
disrupted textures during crystallisation (the ‘d’ 
category) and brittle deformation (the ‘cat’ category). 
 
 
 

Morphology of SHS 
 
The microstructure and mineralogy of the SHS 
particles will depend on a number of factors: 
- the composition of the material 
- the completeness of the melt from which it was 
generated 
- the degree of subsequent oxidation of the particle 
during flight 
- the evolution of a gas phase from the melt during 
cooling 
 
Previous work (Young 2011) suggested that the more 
siliceous particles exhibited lower porosity and that 
very iron-rich particles tended to demonstrate the 
highest porosities and a shell-like form. Although the 
maximum porosity does appear to decline with 
reduced iron content, a high proportion of the high iron 
SHS exhibited very low porosity. No relationship of this 
form was found in the present data and there may be 
other factors controlling the previous observations. 
 
 
 

Relationship of SHS and FHS compositions 
 
The data presented in Table 6 show significant and 
consistent differences in the average composition of 
FHS and SHS from the same deposit. These 
differences vary in magnitude between the different 
assemblages.  
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Scale generated experimentally also shows consistent 
differences in composition (author’s unpublished 
studies). Unlike the material from Parc Cybi (and 
archaeological material in general), the experimental 
material was generated during one particular process 
(forge welding) with one particular metal-type, one 
particular fuel and one particular use of smithing flux. 
Nonetheless, the limited experimental data may assist 
with the interpretation of the archaeological material. 
 
Figure 16 illustrates the average silica and alumina 
concentrations of pairs of related FHS and SHS 
samples. Silica and alumina form useful variables for 
this analysis because the SiO2:Al2O3 ratio for sand flux, 
hearth lining and coal ash are quite different. 
 
In the experimental material, both the amount of SiO2 
present in the scale and the magnitude of the 
difference between the concentrations of SiO2 in the 
FHS and SHS are increased by the use of a sand flux. 
The difference between the FHS and SHS 
compositions is seen particularly by an increase in 
silica for charcoal-fuelled samples (i.e. the tie-line 
between FHS and SHS is close to being parallel to the 
x (silica) axis, whereas the coal-fuelled example shows 
a greater difference in the alumina content (because 
the relatively alumina-rich coal ash is also playing a 
fluxing role). It might be expected that these 
parameters would be different in the archaeological 
material, where not all the forging would have been 
associated with welding. 
 
On this basis it would appear likely, however, that the 
smithing in Area K7 employed more flux, on average, 
than that of area E2. Area B2 may also have been 
undertaking forging with the use of silica flux, but within 
the context of the use of an apparently rather ‘dirty’ 
coal. 
 
 

Evolution of the SHCs 
 
Area E 
 
The analyses of the assemblage of both 
macroresidues and microresidues from Area E formed 
a compositionally coherent group. The SHCs are 
indicative of formation in a charcoal-fuelled hearth with 
a blowhole in a ceramic wall or tuyère. It is not certain 
whether pit [31152] was a smithing hearth or an 
associated feature; the dimensions given are rather 
large for a smithing hearth.  
 
The morphological evidence provided by the three 
SHC fragments from the circular gully [31162] is 
similar, with the two smaller fragments both compatible 
with SHCs of the general size of the almost intact 
example sampled as PGI9. PGI9 showed a bulk 
analysis by XRF with 69% FeO, and an average areal 
EDS analysis with 62% FeO, whereas PGI10, from the 
burr region of its cake (which would be expected to 
have a higher contribution form the lining) gave an 
analysis by XRF containing 48% FeO. At an original 
weight of 860g, SHC PGI9 would represent the loss of 
approximately 430g of iron to the hearth.  
 
PGI9 shows the development of prominent large 
tubular vesicles. These cavities provide vertical 
conduits for the movement of volatiles from the base of 
the SHC upwards, although they do not reach the 
upper surface. The upper surface of the SHC is largely 
very smooth, showing that the air blast from the 
blowhole probably played directly onto the top of the 
slag cake in its final development. 
 

The presence of tubular vesicles is a feature which, in 
SHCs from Ireland, is strongly associated with 
bloomsmithing or bloom refining (e.g. Young 2009d). 
The smooth blown top of the present example 
suggests it was not generated during a hearth refining 
technique but it might have been formed during 
conventional bloomsmithing. The deep cake, which 
must have been hot through its entire thickness, the 
large size and the high iron loss all point to this cake 
having been formed during very hot working, if not 
actually during bloomsmithing. The partial SHC PGI10 
is also suggestive of very hot working because of the 
large size of the burr (the zone of interaction of the 
slag with the hearth wall, where the two react and slag 
eats into the wall forming a rounded protuberance on 
the proximal side of the SHC). 
 
The SHC weights of 860g and c. 740g as described 
above are large for residues from early blacksmithing 
in a charcoal hearth. Rather few medieval 
assemblages have been described in detail, but 
assemblages from Tidworth and Worcester (from the 
earlier part of the Middle Ages) have ranges of 80 – 
680g and 74 – 782g, with means of 265g and 285g 
respectively (Young 2007, 2009b, 2016). A later 
medieval assemblage from Cricklade (Young 2008) 
had a range of SHC weight from 156 – 794g with a 
mean of 329g. A late medieval smithy at Garryleagh 
(Co. Cork; Young 2009e) produced an SHC 
assemblage ranging from 84 – 802g, with a mean of 
331g. Closer to Parc Cybi (although probably rather 
earlier) is the assemblage from Hen Gastell with a 
range of 72 – 1000g, with a mean of 260g; Young 
2016c), again a rather similar distribution. Similar 
statistics have also been recorded for earlier, Roman, 
assemblages from urban and military sites, for 
instance Carmarthen (Crew 2003; maximum SHC 
weight 820g), Neath (Young 2014a; 74 – 630g , mean 
of 244g) and Ware (Young 2014c; maximum of 952g), 
whereas most rural sites produce assemblages of 
smaller SHCS, for instance Exminster (Young 2014b; 
32 – 482g, maximum of 482g).  
 
 
 
Area B2 
 
The evidence from the composition, the cake sizes and 
presence of vitrified hearth wall material from related 
contexts, all suggests that the SHCs from Area B2 
were formed in a hearth blown through a ceramic 
tuyère, or more likely a blowhole in a clay wall.  
 
The SHC assemblage from area B2 was small, so 
comparison with the weight-frequency statistics of 
other assemblages can only be tentative, nonetheless 
although the maximum SHC weight of 646g is similar 
to that from some coal-fuelled SHC assemblages, the 
average SHC weight of 444g is much higher than in 
other assemblages. Described comparative 
assemblages of post-medieval date are almost absent 
from Britain, but several have been described from 
Ireland, including a smithy at Gorteens Castle (Dabal & 
Young 2011; 52 – 748g, mean of 206g, mixed fuel), 
but many rural sites produce might lighter 
assemblages, for instance Moyveela (Young 2009b; 
range 44 – 388g, mean 134g) and Cuffsborough 
(Young 2009a; SHC weight range 107 – 420g, mean 
260g, coal-fuelled). The difference may be due to 
some taphonomic factor, with small SHCs being 
absent from the preserved/recovered assemblage at 
Parc Cybi, but it may be a genuine difference. 
 
The presence of large SHCs with iron contents 
averaging 60% (expressed as FeO) shows that there 
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was considerable iron loss during each work period. 
For the SHC PGI14, the 646g SHC with 60% FeO 
corresponds to an iron loss of approximately 300g. If 
the iron-rich blebs and swirls in the lower part of PGI14 
do represent oxidised iron, then they rather graphically 
show the incorporation of this lost metal into the slag. 
 
The SHC PGI14 shows some unusual features in its 
elemental composition. The description above notes 
that for many parameters there is a sudden break 
across the central coke horizon. Below that horizon, for 
instance, the SiO2:Al2O3 ratio is markedly higher than 
above. Indeed, the lower section of the cake has a 
general elemental composition not strongly distinct 
from that of the charcoal-fuelled residues from the site. 
Above the coke horizon the analyses lie on a common 
compositional trend with the microresidues from the 
area. Precisely why this pattern should exist is unclear. 
It may be that the lower part of PGI14 was produced 
during use of a particularly ‘clean’ batch of coal, with 
the upper part being much dirtier (rich in shale). The 
inclusions visible in hand-specimen certainly suggest 
that that the lower part also used coal as fuel (although 
dual fuel use was noted on other SHCs from the area). 
It may, alternatively, simply be that the hearth had a 
through clean before the start of the work period, but 
that it got rapidly dirtier during the period. The coke-
rich parting may indicate that the SHC was pushed 
down into the hearth between two different work 
periods – the first focussing on higher temperature 
work than the second. 
 
The great loss of iron to the hearth during the 
formation of PGI14 (particularly of its lower part) might 
be suggestive of a period of higher-temperature work. 
The evidence from the microresidues, discussed 
above, may indicate that his was not typical of the work 
undertaken in Area B2, with the residues probably 
indicating somewhat lower temperature work than in 
the earlier phases. Another slightly contradictory facet 
is the relatively high concentration of phosphorus in the 
lower part of the PGI14, at only slightly lower 
concentrations than in PGI9. The most likely 
explanation for this would be the production of the 
lower part of PGI14 during the processing of 
phosphoric iron.  
 
The evidence from Area B2 is thus rather mixed. The 
current dating evidence suggests a later post-medieval 
date and the microscopic smithing debris suggests the 
dominant use of a low-phosphorus iron compatible with 
a post-medieval forge-iron, the product of fining cast 
iron. There are some high-phosphorus scale particles 
in the assemblage and the investigated SHC PGI14 
suggests that its lower part may indicate the working of 
iron with a moderate to high phosphorus content. The 
scale composition and the SHC composition both 
suggest the use of a very poor-quality dirty coal rich in 
shale fragments. The residue analyses and the finds of 
vitrified ceramic suggest the use of a blowhole in a clay 
wall. Even from the later medieval period the use of 
iron tuyères had been growing and they are 
documented in small forges in the 17th century (Moxon 
1683). The spread of this technology into rural areas is 
not well understood. In Ireland, the survival of ceramic 
blowholes/tuyères is known certainly into the 17th and 
probably into the 18th century.  
 
 
 

The metal worked 
 
The interpretation of the metal being worked during the 
production of the three studied residue assemblages 
rests largely on the interpretation of the microresidues, 

since no pieces of raw material or semi-product were 
identified.  
 
For the FHS, a role for both alloying elements and slag 
inclusions may be postulated alongside any smithing 
flux, for the development of the slag below the oxide 
scale. This slag (the ‘inner slag’ of Young 2011) will 
play a major role in the detachment of the scale from 
the underlying iron. In modern steels, the phosphorus 
content of the metal has been shown to play an 
important role (Ahtoy et al. 2014). These authors 
demonstrated that a eutectic between FeO and 
Fe3(PO4)2 occurs at a composition of 65.5% FeO - 
34.5% P2O5 and a melting point of 940°C. In the 
oxidising conditions prevalent during scale formation 
this means that solid iron phosphate forms along the 
metal-oxide interface at temperatures below 940C, but 
above that temperature a melt will form, infiltrating 
grain boundaries and loosening the scale. According to 
Svedung et al. (1976) gaseous P2O5 may be generated 
above 950C, leading to scale buckling and 
detachment. 
 
It is clear from the analysis undertaken for this project 
that elevated phosphorus contents may be detected in 
bulk areal analyses of scales (both FHS and SHS), in 
the intergranular glass phase in primary FHS and in 
the tiny glassy inclusions with the oxide in FHS. A 
comparison between these datasets is presented in 
Table 17 and the frequencies of scale particles within 
binned ranges for each assemblage in Table 18. 
Although it might appear likely that the P ratio (P ratio 
= P2O5/(P2O5+FeO; all in wt%) would be related 
directly to the phosphorus content of the precursor 
ferrous alloy, this has not yet been demonstrated 
experimentally. That this provides at least an indicative 
measure of the amount of phosphorus in the iron (a 
total of that in the metal and in the inclusions) would, 
however, seem very likely.  
 
On this basis, it is considered significant that the 
average concentration of phosphorus in the scale from 
Area B2 is much less (less than half) that in the scale 
from areas K7 and E. Nonetheless, phosphorus is still 
a significant element in the scale from Area B2, and 
the piece PGI13 F2 that was investigated in detail 
showed very high concentrations in its glassy 
inclusions and films. 
 
A similar statistic may be constructed for the 
concentration of manganese in the scale. There is little 
detailed experimental data on the behaviour of 
manganese during scale formation on comparable 
materials, but the work of Hayashi et al. (2009) appear 
to show manganese broadly being conserved from iron 
to scale in studies of modern steel. In the early ferrous 
materials considered here, the manganese will be 
largely carried in the inclusions of smelting slag, rather 
than MnS inclusions as in modern steels. 
 
Data for manganese are presented in Table 19, which 
shows lower manganese contents in the scale from 
Area B2 than for areas K7 and Area E. The data from 
Area E are marked by the occurrence of some 
extremely manganese-rich outliers amongst the SHS, 
possibly because these particular particles formed 
largely from expelled smelting slag inclusions. 
 
Figure 17 illustrates the relationship between these 
ratios of phosphorus and manganese oxides to iron 
oxide.  
 
Elevated manganese and phosphorus concentrations 
are typical of (but not restricted to) smelting processes 
associated with the working of bog iron ore. There is 
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only a very limited database of analysed early smelting 
slags from Wales, with probable Roman exploitation of 
bog iron ore from Johnston (elevated manganese, low 
phosphorus) and Llandefaelog (elevated manganese, 
elevated phosphorus) in South Wales (Young 2014d), 
early medieval exploitation at South Hook (strongly 
elevated manganese, elevated phosphorus; Young 
2010b), Brownslade (slightly elevated manganese and 
phosphorus; Young 2010a) and Llandre (strongly 
elevated manganese, low phosphorus; Young 2016b) 
in South-West Wales), together with medieval 
evidence from Llwyn Du in North Wales (strongly 
elevated manganese, low to slightly elevated 
phosphorus; Charlton 2007, Table 9.3; Charlton et al. 
2010).  
 
Limited experimental work (author’s unpublished 
investigations) has shown the manganese oxide (MnO) 
content of the SHS that forms from modern mild steel 
produces a ratio (as calculated above) for manganese 
in the range of 0.8 to 1.3% and for phosphorus mostly 
below detection, but with a few examples ranging 
upwards to 0.2%. For a sample of wrought iron (of 
uncertain origin) a similar experiment produced SHS 
with 0.10% to 0.25% MnO and mostly less than 1% 
P2O5, a distribution not unlike that of the scale from 
Area B2. 
 
The evidence from areas K and E shows higher 
degrees in enrichment in both manganese and 
phosphorus. This is particularly clear in the scale from 
Area E, with its outliers rich in both. The pattern of 
phosphorus and manganese in the scale from Area E 
shows a degree of similarity with that observed at Hen 
Gastell (Young 2016c), compatible with the possibility 
that both sources might have been of relatively local 
origin. The scale from area K7 differs only subtly from 
that of Area E, with the possibility that its inputs were 
slightly lower in manganese. 
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Discussion 
 
The Parc Cybi project provided evidence for multiple 
phases of blacksmithing on the site between the Iron 
Age and the post-medieval. The quantity of evidence 
for three of these phases of blacksmithing since the 
late Roman period was sufficient to permit useful 
further investigation. There was little direct evidence 
for the nature of the artefacts produced or for the 
nature of ferrous alloys being worked, so investigation 
of the macro- and micro-residues from the smithing 
was undertaken to provide evidence for the evolution 
of rural blacksmithing over this period. 
 
The programme of work described above is innovative 
in its scope and intent. There has been little or no 
previous discussion in the published literature of key 
aspects of the development of smithing residues. This 
project has expanded and developed the ideas of 
Young (2011) in order that the processes of origin of 
hammerscale may be better understood and that 
understanding be applicable to the generation of 
archaeologically significant interpretation. That is not to 
say that all the compositional evidence can, at present, 
be explained unambiguously, but plausible and 
justifiable interpretations may now be made of the 
three main suites of archaeometallurgical residues 
from Parc Cybi. 
 
 

Area K7 
 
The first phase of blacksmithing, that in area K7 
currently interpreted to be of late Roman age, provided 
the only identified metallurgical features. The most 
significant of these is the grave-like cut [80063], 
divided into two by stone slabs. The eastern 
compartment was approximately 400mm square, the 
fill of which (80013) yielded the microresidues 
investigated here. The western compartment also 
contained charcoal-rich fills. To the north of this ‘grave’ 
was an irregular hollow [80104] filled by deposits with 
charcoal and smithing residues. Some 6m to the NW 
was pit [80055] which had fills with in situ burning and 
contained residues. Many of the graves produced 
smithing resides, suggesting that those graves post-
date at last some of the metalworking. If feature 
[80063] was a grave (either used or unused), then it 
would imply that the metalworking post-dates at least 
the onset of the cemetery. If cut [80063] was not a 
grave, or was perhaps a grave-cut abandoned on 
encountering the stones of an earlier feature, then the 
cemetery could, in theory, post-date the metalworking. 
The grave containing most residue was Grave K, in the 
opposite corner of the cemetery to cut [80063]; this 
produced 346g of material (including the hearth lining 
fragment sampled as PGI16). This suggests that either 
the smithing activity was multi-focal, or the residues 
were dispersed over a wide area. The abundance of 
residues in the ‘eastern compartment’ of [80063] 
suggests this may have been either a hearth or anvil 
base; in either case the distance from probable hearth 
[80055] would strongly support the multi-focal model.  
 
The stone setting (80045) of the ‘eastern compartment’ 
of [80063] suggests some similarity with the early 
medieval smithing hearths at Gelligaer (Young 2015) 
and Pontardulais (Ward 1978), both of which were 
elongate cuts (albeit of different sizes) at one end of 
which was a smithing hearth, the other a stone setting 
interpreted as an anvil base. 
 
The smithy has uncertain detailed stratigraphic 
relationship with the cist cemetery but may have been 

broadly contemporary. An association of areas 
employed as cemeteries with ironworking appears to 
have been common in early medieval Ireland, but there 
is no recognised association within Roman Britain. An 
association with a cemetery suggests an occasional 
activity – with cemeteries sometimes acting as focal 
points for community gatherings or fairs.  
 
Besides a rich assemblage of microresidues and other 
materials likely to have accumulated on the smithy 
floor (using the term smithy in its broadest sense – 
there is no evidence these deposits represent a 
building or other roofed structure), these features 
produced some small fragments of metalwork 
indicating the working of both iron and copper alloy, 
with sheet metalwork, rivets and nails. The 
hammerscale composition suggests a more significant 
level of use of a siliceous flux than in the other areas, 
perhaps, but not certainly (some smiths just chose to 
use more flux than others) indicative of the need to 
weld carbon steel. If so, the smiths of area K7 were 
employing a very wide range of metals – a much more 
diverse range of activities than there is evidence for at 
the other areas. The composition of the scale 
suggests, however, that the dominant ferrous alloy was 
a phosphorus bearing iron with some manganese 
(within smelting slag inclusions). Such a phosphoric 
iron is most likely to have smelted from a bog iron ore. 
 
There were no significant pieces of macroscopic slag 
recovered and these residue facies must have been 
deposited elsewhere. The abundant microresidues are 
indicative of a significant period of activity, but further 
quantification is limited by lack of significant waste 
dumps. 
 
 

Area E 
 
The second phase of blacksmithing evidence from 
area E is of uncertain age but is currently interpreted 
as being late medieval. The residues were recovered 
from a series of cut features, but none of these was 
certainly identifiable as being of metallurgical origin. 
These features partly underlay the farmyard of Tyddyn 
Piodan which appears on the estate map of 1769. A 
possible timber barn(?), however, intervenes 
stratigraphically between the evidence for smithing and 
features known from the 18th century. An age of late 
medieval has been assumed for the smithing, but in 
the suppose hearth [31152] and the circular gullies 
(haystacks?) with which it was associated the only 
direct dating evidence was supplied by an associated 
copper alloy object, probably a buckle tongue (sf5517). 
 
The metal being worked appears to have been 
dominantly a bloomery iron of moderate phosphorus 
and manganese contents, suggestive of iron smelted 
from a bog iron ore. The general pattern of manganese 
and phosphorus distribution in the residues resembles 
that observed at Hen Gastell (Young 2016c), although 
the overall residue composition is rather different 
because of the differing hearth ceramic at the two 
sites. The composition of this ceramic at Parc Cybi 
resulted in elevated magnesium and calcium in the 
residues, as in those from area K7. 
 
The later history of bloomery iron production in North 
Wales is almost entirely unknown. The industry in 
upland Merioneth is known to have survived into the 
early 15th century (Smith 1995; Crew 2009), but it is 
unclear if similar activities continued elsewhere. The 
first blast furnaces appeared in N Wales in the late 16th 
century, but the industry is poorly known for this 
period. The late medieval smelting slags from Llwyn 
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Du contained an average of 9.7% MnO (Charlton 
2007, Table 9.3; Charlton et al. 2010) so slags of this 
type would be capable of providing the high-Mn SHS 
particles from Area E, but the phosphorus content of 
the Llwyn Du slag was on average only 0.2%. The 
high-P SHS particles show a higher phosphorus 
content than is typical for smelting slags, so unless a 
very unusual source was employed, they probably 
reflect either the partitioning of the phosphorus from 
the iron into high-P inclusions during bloom refining or 
concentration from metal to melt during scale formation 
(potentially the mixing of a melt produced from 
smelting slag inclusions with a eutectoid iron oxide-
phosphorus oxide melt). 
 
The assemblage comprised a small number of 
substantial SHCs and a suite of microresidues, from 
separate contexts (and thus not certainly derived from 
a single phase of activity, although this is likely). The 
SHCs are towards the upper end of the range of 
blacksmithing SHC weights, with a loss of 430g of iron 
to the hearth during the work period presented by SHC 
PGI9. This is not the total amount of iron lost during 
that work period, because much would also have been 
lost as scale at the anvil. A substantial amount of iron 
must therefore have been processed in the work 
period, probably with a high proportion of high 
temperature work. 
 
The composition of the scale suggests that the smith 
did not make as much use of sand flux as did their 
predecessor in Area K7. The difference may be simply 
personal choice, or it may be that the smiths of Area E 
were making less use of carbon steels (that would 
have required more extensive flux use; Young 2011). 
 
It might be viewed as slightly unusual that such a small 
assemblage is indicative of such intense activity. SHCs 
of the kind seen in area E would normally be seen as 
the waste from a full-time smithy rather than a sparse 
rural activity. On that basis, it might be possible that 
this assemblage is related to a specific event rather 
than to an intermittent activity of the farm. It is also 
possible that the sporadic high-manganese/high 
phosphorus scale particles, taken with the SHC 
morphology, suggests a component of working down 
of not fully refined bloom iron. 
 
 

Area B2 
 
Area B2 produced a assemblage of blacksmithing 
residues of rather different character from the earlier 
two phases. This phase of smithing, interpreted to be 
of post-medieval age, showed clear evidence for the 
dominant, although perhaps not exclusive, use of coal 
as fuel. The scale chemistry suggests, mainly, the 
working of an iron much lower in manganese and 
phosphorus than that employed previously in areas K7 
and E This is compatible with a switch from using 
relatively locally-sourced bloomery iron, to a fined bar 
(wrought) iron (or just possibly to a low manganese, 
low phosphorus bloomery iron). Some evidence for 
high-phosphorus iron continues, both in some of the 
scale from B2, but also in the dark glassy slags from 
Area K that are probably associated. 
 
The SHCs from this phase of activity were not as large 
as those from Area E, but again indicate iron loss 
greater than that typical of relatively low-status rural 
smithies. The SHCs would not be compatible, for 
instance, with just intermittent farrier work. As with 
Area E, it is possible (but not certain) that the iron 
working represents a specific event (e.g. a building 
project), rather than a long-lived farm activity. The very 

low quantity of residues recovered during excavation 
would argue against either phase being a persistent 
major activity of a permanent smithy. 
 
The residues are interpreted as showing influence from 
hearth ceramic, indicating the use of a clay wall (or 
tuyère) with blowhole, rather than the use of an iron 
tuyère that was probably usual by the 18th century, if 
not rather earlier. This, together with the slightly 
elevated phosphorus content of the iron suggests an 
earlier date rather than a later post-medieval age and 
the low manganese content of the scale makes a later 
19th century or younger age very unlikely. 
 
 

General 
 
Taken together, the three phases of smithing 
investigated here show some similarities, perhaps not 
least the sparsity of evidence for each. This 
observation is even more pronounced when the 
evidence for smithing in all the other parts of the Parc 
Cybi site, at other periods, is also considered. Not one 
of these phases/occurrences has convincing evidence 
for more than a short-lived activity, and none has 
convincing evidence for a metallurgical structure of any 
sort (a smithy). Unless Tyddyn Piodan had a medieval 
precursor, none of the occurrences appears to have 
been particularly lose to domestic habitation. This 
raises the question of whether the smiths were actually 
inhabitants of the site, or perhaps instead visitors.  
 
It is unlikely that the intense work (indicated by the 
large size of the SHCs from areas E and B2) would be 
that of a part-time smith. Usually the heavy, welding-
intensive, tasks would be the realm of a professional 
craftworker, not a farmer dabbling in ironworking. The 
evidence from K7 is different, but again hints at a 
craftworker working with multiple metals, ferrous and 
non-ferrous. Although Roman settlements and estates 
commonly show evidence for such activities, it is 
unclear, at best, whether rural estates would have 
afforded enough work for the continuous employment 
of a suitable specialist. This is interpreted to be the 
reason behind the difference in a residue assemblages 
recovered from rural and urban sites. 
 
Thus, both the Roman and later evidence, both the 
style of metalworking evidence and its dispersed 
geographical distribution, may hint that the 
metalworking at Parc Cybi was undertaken by itinerant 
metalworkers. 
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Illustration Captions 
 
Figure 1: Flake hammerscale, BSEM images. 
 
a. Scale preserving much primary texture (classified as 
‘u’). Planar magnetite zone (mid grey) below outer 
face, approximately 10µm thick. Outer part of wustite 
(pale) zone shows abundant exsolved magnetite (mid 
grey). Limited slag formation on rear face, particularly 
around embayments, glass (dark grey) with fine 
wustite dendrites and locally (right) fine iscorite 
(elongate mid-grey plates) in areas with some 
magnetitisation of wustite. Intergranular slag films 
extend only locally to rear of magnetite zone. Scalebar 
100µm. PGI6 particle f8. 
 
b. Scale preserving much primary texture (classified as 
‘p1’). Planar magnetite zone (mid grey) below outer 
face, approximately 15µm thick. Outer part of wustite 
(pale) zone shows abundant exsolved magnetite (mid 
grey). Extensive, but irregular melting along embayed 
rear face with wustite present in these areas as 
rounded ‘pseudo-dendritic’ growths in glass. 
Intergranular slag films extend only locally to rear of 
magnetite zone, probably associated with cracking. 
Scalebar 500µm. PGI2 particle f5. 
 
c. Scale preserving much primary texture (classified as 
‘p1’). Planar magnetite zone (mid grey) below outer 
face, approximately 35µm thick. Outer part of wustite 
(pale) zone shows abundant exsolved magnetite (mid 
grey). Inner part of wustite shows development of thick 
intergranular glass films with pore-lining iscorite 
fringes. Intergranular slag films extend only to mid-
thickness. Some magnetitisation of wustite along rear 
margin. Scalebar 100µm. PGI2 particle f10. 
 
d. Scale preserving little or no primary texture 
(classified as ‘c’). Planar irregular magnetite zone (mid 
grey) below outer face, approximately 35µm thick. 
Wustite (pale) zone completely melted and regrown as 
pseudo-dendritic texture with abundant areas of plate-
like iscorite. New-formed wustite locally overprinted by 
magnetitisation extending inwards from magnetite 
zone. Some roundedly tabular porosity within slag. 
Scalebar 100µm. PGI13 particle f12. 
 
e. Scale preserving primary texture only in isolated 
blocks ‘floating in slag (classified as ‘p3’). Planar 
irregular magnetite zone (mid grey) below outer face, 
approximately 35µm thick. Slag comprises wustite 
dendrites and pseudo-dendrites followed by fayalite 
laths. Some minor rounded vesicles within slag. 
Scalebar 500µm. PGI6 particle f1. 
 
f. Scale showing a high degree of lateral variability. 
Overall classified as ‘p3’, but has some areas (left of 
centre) with preservation of in-situ primary scale. Slag 
comprises wustite dendrites and pseudo-dendrites 
followed by fayalite laths. In the external protuberance 
(right) the slag is dominantly magnetite followed by 
fayalite, with a thick secondary magnetite layer. Some 
minor rounded vesicles within slag. scalebar 500µm. 
PGI2 particle f6. 
 
g. Scale preserving little or no primary texture 
(classified as ‘c’), although there is a minor are of 
poorly preserved polygonal texture lower left of centre. 
The new-formed texture shows stout wustite dendrites 
with little glass (i.e. this scale must have experienced 
high temperatures to have undergone melting since 
the fluxing effect would have been low). The scale 
shows the development of fractures indicating brittle 
deformation (at high temperature, since the glass 

phase has flowed into the cracks locally). Scalebar 
500µm. PGI2 particle f3. 
 
h. Scale showing cataclastic texture. Angular 
fragments with a wide variety of textures from primary 
to recrystallised are muddled and cemented by a slag 
containing equant olivine crystals. This texture has 
been produced through the effects of the smith’s 
hammering. Scalebar 100µm. PGI13 particle f19. 
 
 
 
Figure 2: Spheroidal hammerscale, BSEM images 
 
a. High-iron spheroid (96% expressed as FeO), with 
20µm magnetitised crust cross-cutting wustite 
structure, then polygonal to dendritic wustite. The form 
of the dendrites is visible in the vesicle lower right that 
has not become filled with resin on mounting the 
sample. Scalebar 100µm. PGI5 particle s5. 
 
b. High-iron spheroid (96% expressed as FeO), coarse 
subhedral magnetite marginally, passing into wustite 
pseudo-dendrites and dendrites with little glass. 
Scalebar 100µm.  PGI12 particle s16. 
 
c. Low-iron spheroid (70% expressed as FeO), 10µm 
magnetite crust, then fine wustite dendrites in glass 
growing off ‘brain’ fragments. Scalebar 100µm. PGI5 
particle s7. 
 
d. Medium-iron spheroid (84% expressed as FeO), 
very thin crust, then densely packed wustite pseudo-
dendrites and dendrites in minor glass. Scalebar 
100µm. PGI5 particle s22. 
 
e. Medium-iron spheroid (82% expressed as FeO), thin 
crust supporting coarse skeletal magnetite dendrites, 
internally fine wustite dendrites in glass. Scalebar 
100µm. PGI12 particle s3. 
 
f. Low-iron spheroid (60% expressed as FeO), very 
thin crust with minor oxide dendrites, but dominated by 
feathery olivine dendrites. Scalebar 100µm. PGI1 
particle s29. 
 
 
 
Figure 3: SiO2-Al2O3-FeO ternary diagram (after 
Schairer & Yagi 1952) for analyses of samples from 
Area K7. 
The higher-iron residues form a very strong linear 
array with an average ratio for SiO2:Al2O3 of 7.9. 
 
 
 
Figure 4: SiO2-Al2O3-FeO ternary diagram (after 
Schairer & Yagi 1952) for analyses of samples from 
Area B2. 
The higher-iron residues form a very strong linear 
array with an average ratio for SiO2:Al2O3 of 6.8. 
 
 
 
Figure 5: montage of BSEM images of SHC PGI9. 
The SHC is illustrated with its top uppermost. The two 
samples (PGI9a lower and PGI9b upper) are illustrated 
in approximately their original relative locations. 
 
 
Figure 6: Upper Crust-normalised REE data for 
samples from Parc Cybi. The normalisation factors are 
after Taylor and McLennan 1981. 
The diagrams on the left illustrate the raw data, those 
on the right the data recalculated on an iron-free basis 
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(which may allow for ease of comparison of the non-
iron input in the slag). 
 
 
 
Figure 7: SiO2-Al2O3-FeO ternary diagram (after 
Schairer & Yagi 1952) for analyses of samples from 
Area B2. 
The residues include a very strong linear array with an 
average ratio for SiO2:Al2O3 of 3.3 (including most of 
the microresidue analyses and those of the upper part 
of SHC PGI14), but some data, most notably some of 
the analyses from the lower part of SHC PGI14, 
possess an average ratio for SiO2:Al2O3 of 6.8. 
 
 
 
Figure 8: montage of BSEM images of SHC PGI14. 
The SHC is illustrated with its top uppermost. The two 
samples (PGI14a lower and PGI14b upper) are 
illustrated in approximately their original relative 
locations, which has necessitated the reversal of the 
image of PGI14b. The two samples reflect an original 
division of the SHC into two components, divided by a 
layer rich in spent coal fuel in a ferruginous matrix. 
 
 
Figure 9: the variation through the complex SHC 
PGI14 for various elements, elemental oxides and 
oxide ratios. 
 
 
Figure 10: Glass PGI 17, BSEM images 
 
a. Glassy matrix bearing bright prills of iron/iron 
sulphide. The large discontinuous clast is a relict of a 
large grain of a quartzose material, the smaller clot 
(just below the centre) is a calcic area dominated by 
anorthite. Scalebar 1mm.  
 
b. Detail of part of a siliceous clast showing the new-
formed crystals of a high-temperature silica polymorph. 
The cracking of the siliceous mineral is probably 
associated with the volume changes associated with 
the polymorph transitions. Scalebar 100µm.  
 
c. Detail of a crystalline clot in the mostly glassy 
sample. This clot has elongate anorthite (dark) fringed 
with dendrites of pyroxene (mid-tones). The bright 
blebs are prills, mainly of iron sulphide. Scalebar 
50µm. 
 
d. Prill of a complex eutectic featuring dendrites of 
phosphoric, nickel-bearing iron, in iron sulphide. 
Scalebar 100µm.  
 
e. Complex prill in glassy matrix. Scalebar 1mm.  
 
f. Detail of complex prill in (e) showing weathering 
around dendrites of phosphoric iron and along the 
grain boundaries of the iron sulphide. The iron and the 
sulphide are intergrown on at least two scales. 
Scalebar 100µm.  
 
 
 
Figure 11: SiO2-Al2O3-FeO ternary diagram (after 
Schairer & Yagi 1952) for analyses of sample PGI17. 
The illustrated data include analyses of bulk glass 
(crosses) and bulk analyses of two recrystallised 
inclusions, one silica-rich (probably originally mainly 
quartz) and one more aluminous and strongly calcic 
(an anorthite-pyroxene clot). The bulk material has an 
average SiO2:Al2O3 ratio of approximately 4.5. 
 

 
Figure 12: SiO2-Al2O3-FeO ternary diagram (after 
Schairer & Yagi 1952) for analyses of samples of 
ceramic materials.  
 
 
 
Figure 13: CaO plotted against MgO (both wt%) for 
analyses of residues from Parc Cybi. 
 
 
 
Figure 14: Variations in various elements, elemental 
oxides and oxide ratios plotted against distance from 
the from (outer) face of flake hammerscale for four 
particles. 
 
 
 
Figure 15: variation in the SiO2:Al2O3 ratio of analyses 
of hammerscale particles plotted against their SiO2 
content (all values wt%). 
 
 
 
Figure 16: Plots of Al2O3 against SiO2 for the average 
composition of associated assemblages of FHS (open 
circle) and SHS (filled circles). 
The upper diagram illustrates the assemblages from 
the three investigated areas at Parc Cybi. The lower 
diagram shows data from a series of experimental 
forge welding sessions. The forge hearth employed for 
the experimental one was of modern design, so lacks 
significant contamination by hearth ceramic. 
 
 
 
Figure 17: Comparison of phosphorus and manganese 
contents of spheroidal hammerscale (blue) and flake 
hammerscale (orange).  
Phosphorus and manganese are illustrated as a 
percentage of their total including iron. For Area E the 
inset diagram allows presentation of high outlying 
values outside the range of the other plots. 
Comparative data from Hen Gastell after Young, 
2016c. 
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Glossary 
 
Blacksmithing: the working of iron and steel. Often 
restricted to the secondary smithing – i.e. the smithing 
of iron to produce or repair artefacts, as opposed to the 
smithing involved in the production of billets or bar iron 
from raw iron blooms. 
 
Bloomery: a furnace for smelting iron from ore in which 
iron is produced as a solid material. The bloomery 
process was employed mainly prior to the introduction 
of the later blast furnace from the late 15th century. 
 
Bloomsmithing: The process of reworking a raw bloom, 
through repeated reheating and hammering, to reduce 
its content of slag, to remove unwanted inclusions and 
to draw out the remaining slag into elongate inclusions. 
The end product may be a bar or billet. Usually taken 
as an alternative term for bloom-refining. 
 
Blowhole: A hole through a furnace or hearth wall 
through which air is blown. 
 
Cotectic: crystallisation of a liquid to produce two 
phases at the same time. 
 
Dendrite: a branched crystal form, often associated 
with rapid growth. 
  
End member: a limit of a solid solution. E.g. forsterite 
and fayalite are the magnesium and iron end-members 
of the substitution forming solid solution in the Fe-Mg 
olivines. 
 
Euhedral: a crystal shape in which the crystal has 
developed its faces, indicating its growth was 
unobstructed by previously formed phases. 
 
Fayalite: the iron-rich end member of the olivine group, 
Fe2SiO4. Abbreviated to Fa. 
 
Flake hammerscale (FHS): fine, thin flakes, of iron 
oxides spalled from the surface of the workpiece. They 
result from the oxidation of iron at high temperature. 
They typically have shiny surfaces. 
 
Forsterite: the magnesium-rich end member of the 
olivine group, Mg2SiO4. Abbreviated to Fo. 
 
Hammerscale: material, usually detached, formed by 
oxidation of the surface of hot iron. Closely related 
terms forge scale and mill scale are also often sued for 
modern materials. 
 
Haematite (hematite): anhydrous iron (III) oxide, Fe2O3 

 
Hercynite: an iron-aluminium member of the spinel 
group of minerals: FeAl2O4 

 
Iscorite: a mineral (ideally Fe7SiO10) with iron in both 
+2 and +3 valence states. 
 
Lining Slag: Slag formed from the complete or partial 
melting of hearth or furnace lining. 
 
Liquidus: the liquidus is the line on a phase diagram 
above which a particular composition is completely 
liquid (molten). 
 
Magnetite: ideally Fe3O4; the iron end member of 
spinel group/ 
 

Olivine: a group of silicate minerals of the form 
(M2+)2SiO4 where M can commonly be iron, 
magnesium, calcium (up to half the M2+

 ions) or 
manganese. 
 
Phosphoran: a mineral name qualifier for a phosphorus 
rich variant (usually in substitution for silicon). Applied 
to iscorite and olivine (including fayalite) amongst 
others. Phosphoran olivine has >0.03 atoms per 
formula unit phosphorus (Boesenberg & Hewins 2010). 
 
Smelting: a process involving the reaction of raw ore to 
produce a metal, 
 
Smithing: the activity involved in forming a metal 
object, including, but not limited to, forging metal and 
joining metal by welding. 
 
Smithing hearth cake (SHC): a typically plano-convex 
slag mass that forms below the blowhole in a smithing 
hearth from the reaction of iron/iron oxides lost from 
the workpiece, melted hearth ceramic and fuel ash. 
 
Solidus: the solidus is the line on a phase diagram 
below which a particular composition is is completely 
solid (crystallized). 
 
Spheroidal hammerscale (SHS): are very small (<2mm 
diameter) spheroidal droplets, with a shiny surface, 
formed by chilling in air of droplets of melted iron 
oxides forcibly expelled from workpiece during 
hammering. They may be generated purely from the 
melting of the superficial oxide film (as generated the 
flake hammerscale), from the expulsion of melted slag 
included within the iron, and their generation may be 
enhanced by the use of a smithing flux 
 
Spinel: a mineral group with the general formula 
X2+Y3+

2O4, which includes, amongst many others, the 
minerals hercynite and magnetite. 
 
Subhedral: a form of crystal growth which is impeded 
by some pre-existing phases to permit only some of 
the crystals faces to be developed. 
 
Substitution: the process or pattern of replacement of 
one ion by another within a crystal lattice. 
 
Vesicle: a void or pore, usually rounded and formed as 
a preserved gas bubble in a solidified melt.  
 
Wustite: an iron II oxide, nominally FeO, but frequently 
non-stoichiometric. 
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Table 1: samples selected for analytical investigation 
 

Sample C SF S photo chem SEM notes 

      
Smithing in Area K7 (Roman) 

     

PGI1 SHS 80013 733 
 

y y y 
 

PGI2 FHS 80013 733 
 

y y y 
 

PGI3 droplets 80013 733 
 

y y y 
 

PGI4 flats 80013 733 
 

y y y 
 

PGI16 lining 80018 811 
  

y 
  

      
Smithing in Area E (medieval?) 

     

PGI5 SHS 31153 878 5551 y y y 
 

PGI6 FHS 31153 878 5551 y y y 
 

PGI7 droplets 31153 878 5551 y y y 
 

PGI8 flats 31153 878 5551 y y y 
 

PGI9 SHC1 31163 922 
  

y y (9a: upper) 2 halves of dense well-formed plano-convex SHC (100x100x50mm) 90%? effectively complete, charcoal 
inclusions, 770g. 

       
y (9b: lower) 

PGI10 SHC2 31163 922 
  

y 
 

proximal end of SHC with deep burr and slightly prilly base, probable charcoal inclusions, 368g 
PGI11 lining 31172 920 

  
y 

 
200g piece 

    
Smithing in Area B2 (post-medieval) 

   

PGI12 spheroidal 90036 84 5907 y 
 

y 
 

PGI13 tabular 90036 84 5907 y 
 

y 
 

PGI14 SHC1 90036 600 
  

y y (14a: upper pad) 95x130x70(50)mm, transverse irregular SHC, badly weathered, dished top with raised central dimpled 
lump, this pad (dense clinkery prills and coal shale fragments) overlies a coke rich layer forming the top 
beyond its extent, rod extends distally, local shale-rich boss of accretion on base. Main body of slag 
comprises prills and coke. 646g 

      
y y (14b: lower body) 

        
Glass, Area H 

       

PGI17 glass 2093 1017 
   

y 
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Table 2: major element analyses by XRF expressed as wt%. Raw numerical values, except for calculated columns for FeO (as an alternative to Fe2O3) and S (as an alternative to SO3). 
 

Sample SiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O TiO2 P2O5 SO3 S total plus LOI 

               

PGI1 10.39 1.46 86.17 77.54 0.04 1.52 1.24 0.57 0.24 0.16 0.60 0.00 0.00 97.11 

PGI2 6.97 1.14 95.49 85.92 0.06 1.09 0.64 0.40 0.15 0.12 0.60 0.00 0.00 101.12 

PGI3 28.77 3.67 63.10 56.78 0.06 3.74 3.05 1.50 0.63 0.32 0.99 0.24 0.10 101.96 

PGI4 12.39 1.79 85.83 77.23 0.04 1.29 0.84 0.72 0.24 0.17 0.55 0.00 0.00 98.38 

PGI5 10.49 1.60 85.88 77.28 0.23 2.08 1.76 0.77 0.31 0.16 0.93 0.00 0.00 98.54 

PGI6 6.08 1.01 96.99 87.27 0.12 1.38 0.95 0.47 0.13 0.10 0.63 0.22 0.09 102.23 

PGI7 36.91 3.94 52.97 47.66 0.10 4.38 3.95 1.73 0.75 0.34 0.96 0.27 0.11 103.27 

PGI8 8.63 1.34 92.58 83.31 0.11 1.77 1.59 0.65 0.17 0.12 0.74 0.29 0.12 102.30 

PGI9 18.00 2.49 76.86 69.16 0.17 4.01 4.03 1.32 0.30 0.24 0.75 0.96 0.39 103.14 

PGI10 32.09 4.83 53.07 47.76 0.24 5.68 5.17 1.99 0.72 0.39 0.81 1.05 0.42 102.05 

PGI11 75.19 12.10 5.84 5.25 0.05 1.44 0.33 1.40 1.82 0.75 0.07 0.00 0.00 100.05 

PGI14a 31.41 11.06 56.69 51.01 0.02 0.72 0.86 0.50 1.54 0.43 0.17 3.43 1.37 105.31 

PGI14b 14.89 5.76 73.48 66.12 0.17 0.35 0.73 0.06 0.42 0.23 0.64 8.81 3.53 114.02 

PGI16 59.29 10.60 8.80 7.92 0.28 15.50 4.12 0.98 1.16 0.30 0.22 0.00 0.00 103.60 
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Table 3: trace element analyses by ICP-MS (part 1). Raw numerical values in ppm. 
 

Sample Be V Cr Co Ni Cu Zn Ga Rb Sr Y Zr Nb Mo Sn Cs Ba 
                  

PGI1 0.07 17.27 11.59 53.07 41.59 93.12 5.21 4.02 3.33 114.30 4.09 38.37 1.69 10.11 15.88 -0.20 57.90 

PGI2 0.38 15.34 10.45 96.55 90.50 91.75 5.57 5.17 3.26 65.70 3.53 33.02 1.37 11.82 54.24 -0.14 50.33 

PGI3 0.87 28.96 31.62 56.37 49.06 76.82 6.04 6.09 14.56 330.86 12.80 123.55 5.16 10.71 13.77 0.30 162.25 

PGI4 0.04 21.98 11.27 56.62 52.60 40.47 5.49 3.84 4.06 126.27 4.44 41.05 1.93 5.38 3.43 -0.10 55.23 

PGI5 0.59 49.55 15.00 93.58 51.42 26.59 33.19 3.94 7.84 178.21 7.85 49.34 2.49 5.66 5.37 0.14 129.20 

PGI6 0.26 4.77 10.96 142.50 92.99 32.68 6.07 3.69 2.66 101.63 3.31 29.34 1.17 10.87 3.31 -0.13 79.09 

PGI7 1.04 37.41 31.22 95.12 41.05 35.16 14.45 5.07 19.01 404.47 13.61 124.09 5.38 9.71 2.64 0.46 232.14 

PGI8 0.30 16.11 10.69 137.51 100.16 35.68 11.57 3.55 3.81 172.28 6.20 41.12 3.23 5.15 1.35 -0.01 100.03 

PGI9 0.46 17.64 15.73 81.61 67.44 23.60 -1.33 4.33 5.64 401.61 10.52 86.10 3.81 3.13 0.23 -0.04 202.87 

PGI10 1.36 44.68 34.03 53.89 29.15 25.21 8.67 4.35 20.62 535.65 21.89 145.73 6.13 7.94 0.43 0.75 270.72 

PGI11 1.37 53.09 80.77 96.15 27.89 17.03 66.23 12.92 60.71 52.75 20.35 235.00 9.34 2.32 1.75 2.40 287.50 

PGI14a 5.70 130.34 68.20 54.85 115.57 84.57 9.96 12.18 58.91 195.38 23.34 114.83 7.49 22.86 0.41 4.63 306.43 

PGI14b 2.93 117.15 41.72 22.10 45.69 118.89 17.28 8.71 10.02 164.81 11.00 67.03 3.90 13.00 0.35 0.56 231.32 

PGI16 0.59 74.37 1969.95 111.92 700.70 20.60 108.71 7.87 20.48 28.66 11.62 89.12 3.86 1.07 0.85 0.88 81.85 
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Table 4: trace element analyses by ICP-MS (part 2). Raw numerical values in ppm. 
 

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta W Tl Pb Th U 

                      

PGI1 3.71 7.76 0.87 3.54 0.69 0.15 0.58 0.05 0.68 0.14 0.38 0.06 0.38 0.06 0.95 0.15 580.00 -0.03 7.68 1.09 0.47 

PGI2 3.09 6.23 0.70 2.75 0.63 0.13 0.44 0.03 0.50 0.10 0.30 0.05 0.32 0.05 0.86 0.11 131.20 -0.02 19.93 0.90 0.36 

PGI3 10.65 25.59 2.89 11.96 2.38 0.57 2.29 0.32 2.16 0.46 1.33 0.21 1.33 0.20 3.22 0.38 606.20 -0.02 10.90 3.50 1.41 

PGI4 3.62 7.12 0.82 3.24 0.67 0.16 0.65 0.05 0.68 0.14 0.43 0.06 0.45 0.07 1.08 0.15 238.60 -0.02 6.96 1.45 0.56 

PGI5 7.37 13.30 1.61 6.72 1.40 0.35 1.28 0.16 1.27 0.26 0.69 0.12 0.61 0.11 1.29 0.20 835.50 -0.02 7.15 1.66 0.76 

PGI6 2.45 5.64 0.71 2.89 0.65 0.15 0.53 0.02 0.53 0.11 0.31 0.05 0.33 0.04 0.77 0.13 759.10 -0.02 1.51 0.85 0.38 

PGI7 13.09 26.43 3.12 12.61 2.51 0.53 2.25 0.34 2.21 0.46 1.28 0.20 1.30 0.21 3.16 0.48 1369.10 -0.01 3.06 3.52 1.58 

PGI8 4.79 10.47 1.30 5.44 1.18 0.27 1.13 0.14 0.99 0.21 0.54 0.10 0.54 0.09 1.03 0.15 218.80 0.05 0.85 1.46 0.61 

PGI9 8.99 20.83 2.46 10.31 2.08 0.47 1.84 0.25 1.71 0.35 1.02 0.17 1.04 0.16 2.16 0.25 144.80 -0.01 0.07 2.57 1.22 

PGI10 17.50 35.17 4.28 17.71 3.70 0.91 3.85 0.59 3.55 0.73 2.14 0.34 2.08 0.32 3.66 0.46 745.80 -0.01 1.11 4.25 2.60 

PGI11 20.56 44.97 4.86 18.48 3.63 0.72 3.13 0.50 3.31 0.70 2.06 0.34 2.15 0.34 6.05 0.92 2137.10 0.37 13.56 7.27 1.69 

PGI14a 27.89 59.07 7.21 29.64 6.17 1.27 4.84 0.70 4.22 0.82 2.33 0.36 2.15 0.32 3.03 0.56 680.10 0.15 23.73 8.22 3.80 

PGI14b 13.98 25.86 2.90 11.12 2.52 0.68 2.96 0.38 2.09 0.38 0.97 0.14 0.85 0.13 1.70 0.26 105.30 0.03 20.49 3.79 1.92 

PGI16 9.64 21.63 2.28 8.94 1.70 0.44 1.77 0.25 1.92 0.39 1.19 0.18 1.13 0.16 2.30 0.33 854.00 0.00 10.09 2.46 0.58 
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Table 5: statistics of areal elemental analysis (expressed in the species as shown) by EDS for SHS and FHS populations from each investigated area. 
 
 

sample n normalised oxides 
             

  Na2O MgO Al2O3 SiO2 P2O5 S Cl K2O CaO TiO2 V2O5 Cr2O3 MnO FeO 
 

                 

K7 SHS 36 1.02 1.78 1.63 13.26 0.66 0.13 0.01 0.27 1.37 0.13 < < 0.11 79.64 mean   
0.54 0.97 0.75 6.66 0.35 0.07 0.01 0.25 0.73 0.08 

 
0.01 0.11 9.58 std. dev.   

0.16 0.45 0.51 2.78 0.23 < < < 0.29 < < < < 55.88 min   
2.51 4.85 3.53 29.36 1.77 0.29 0.05 1.21 3.03 0.33 < 0.05 0.54 95.25 max                  

K7 FHS 13 0.85 1.70 1.38 9.79 0.86 0.15 0.02 0.20 1.39 0.10 0.01 0.01 0.10 83.45 mean   
0.66 1.26 0.85 7.32 0.53 0.11 0.02 0.19 1.46 0.08 0.03 0.02 0.09 11.59 std. dev.   

< 0.10 0.29 1.12 0.27 < < < 0.15 < < < < 62.47 min   
2.11 4.16 2.62 21.36 2.07 0.36 0.06 0.54 5.12 0.22 0.11 0.06 0.23 97.52 max                  

E SHS 25 0.57 1.31 1.32 7.82 0.73 0.12 0.01 0.21 1.40 0.08 < < 0.59 85.86 mean   
0.35 0.66 1.41 5.56 0.59 0.05 0.01 0.36 1.10 0.08 

  
1.55 10.07 std. dev.   

0.14 0.26 0.36 1.82 0.19 0.04 < < 0.36 < < < 0.00 56.84 min   
1.30 2.57 6.80 21.52 2.77 0.24 0.04 1.61 4.69 0.34 < < 6.34 95.90 max                  

E FHS 12 0.95 1.73 1.12 7.28 0.60 0.11 0.01 0.14 1.24 0.07 < 0.01 0.12 86.65 mean   
0.44 1.11 0.54 3.58 0.28 0.05 0.01 0.08 0.70 0.05 

 
0.02 0.13 6.16 std. dev.   

0.19 0.22 0.33 1.74 0.24 0.04 < < 0.17 < < < < 79.56 min   
1.44 3.30 1.89 12.15 1.21 0.19 0.04 0.25 1.98 0.14 < 0.06 0.35 97.01 max                  

B2 SHS 11 0.26 0.33 3.67 12.64 0.28 0.73 0.01 0.51 0.65 0.16 0.01 < 0.07 80.68 mean 

  0.14 0.13 2.08 7.42 0.15 0.39 0.02 0.46 0.33 0.08 0.03 < 0.05 10.62 std. dev. 
 

 < 0.14 0.89 2.08 < 0.11 < < 0.06 < < < < 63.59 min  

 0.44 0.54 7.61 24.23 0.56 1.36 0.05 1.36 1.16 0.27 0.09 0.00 0.13 96.47 max                  

B2 FHS 25 0.08 0.13 1.38 4.77 0.34 0.37 0.02 0.12 0.32 0.05 < < 0.06 92.35 mean   
0.12 0.10 0.80 2.95 0.35 0.23 0.02 0.11 0.26 0.06 

  
0.09 4.18 std. dev.   

< < 0.30 0.58 0.12 0.05 < < 0.09 < < < < 78.47 min 

  0.38 0.40 3.33 14.21 1.57 0.77 0.07 0.50 1.40 0.19 < < 0.39 98.51 max 
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Table 6. Investigated FHS particles from Area K7 (80013). Melt types: u = unmelted, p = partial (p1>50% thickness unmelted, p2<50% thickness unmelted, p3 relict fragments dispersed in slag), c = complete, d = deformed. Elemental areal analyses by EDS presented as normalised results cast 

as oxides, except for S and Cl. < = below detection. 

 

sample # type melt description normalised oxides 
           

     
Na2O MgO Al2O3 SiO2 P2O5 S Cl K2O CaO TiO2 V2O5 Cr2O3 Mn Fe 

                   

PGI2 F1 FHS cd <800µm, pseudo-dendritic to blebby wustite, locally with iscorite near faces, followed by fayalite; magnetitised outer face does not appear to be primary texture 0.40 0.81 0.84 5.57 0.78 0.13 0.03 0.06 0.67 0.05 < < 0.14 90.52 

PGI2 F2 FHS cd <1000µm, irregular thickness, large embayments from rear, internally rather chaotic wustite followed by fayalite, magnetitised outer surface abrupt, superimposed, various internal scale relicts 0.30 1.13 0.78 7.94 0.65 0.10 < 0.05 0.78 0.07 < < < 88.21 

PGI2 F3 FHS p2 sinuous, 700µm, polygonal relicts and very large stout dendrites, sharp superimposed magnetitised zone, minor glass, cracks, inner face iscorite on wustite, outer face relict wustite and magnetite 0.57 0.54 0.69 5.13 1.55 0.32 < 0.11 0.54 < < < < 90.55 

PGI2 F4 FHS p3 <700µm, chaotic siliceous slag with coarse olivine, scale fragments, lining slag inclusions 2.11 4.16 2.56 21.36 0.89 0.36 0.03 0.54 5.12 0.22 0.11 0.06 < 62.47 

PGI2 F5 FHS p1 <800µm, sheet has slaggy rear with olivine and wustite dendrites, covered with variably preserved flake scale, brecciated and overlapping to form peaks 0.88 0.95 2.08 12.04 0.40 0.11 < 0.23 0.67 0.15 < 0.04 0.18 82.25 

PGI2 F6 FHS c <700µm, chaotic mixed wustite pieces in olivine slag, deep embayments from rear and vesicles, with thin magnetitised front probably original 0.75 1.39 0.72 9.09 0.84 0.09 0.03 0.14 0.77 0.09 < < 0.09 86.00 

PGI2 F7 FHS p1 <600µm, of which 400µm largely original, breaking down into pseudo-dendrite-bearing slag to rear 0.28 0.76 0.57 2.73 0.33 0.04 < 0.06 0.41 < < < 0.21 94.61 

PGI2 F8 FHS p3 <800µm, rather chaotic blebby pseudo-dendrite rich wustite-dominated slag with flake fragments, fronted by thin magnetitised layer 0.77 0.90 0.67 5.17 0.27 0.08 0.06 0.09 0.65 0.05 < < < 91.28 

PGI2 F9 FHS p3 <900µm, coarse fayalitic slag bearing wustite as debris from scale, including substantial 150µm slab towards (locally on) front of cracked flake 1.63 3.50 1.97 19.65 0.86 0.19 0.03 0.39 2.61 0.14 < < 0.11 68.93 

PGI2 F10 FHS u <400µm well-formed flake scale with embayed rear, just starting to slag to rear, here locally iscorite bearing 0.31 0.10 0.29 1.12 0.31 < < 0.06 0.15 < < < 0.15 97.52 

PGI2 F11 FHS p3 <600µm, chaotic pseudo-dendrite and other coarse wustite in fayalitic slag matrix, fronted by thin magnetitised zone < 2.38 2.15 1.58 1.27 0.07 < < 0.37 0.15 < < < 92.03 

PGI4 T3 FHS p3 siliceous slag sheet, with basal thin oxide crust, slag with wustite dendrite patches after scale inclusions and large extents of surviving scale, local zones of partially melted ceramic 1.76 2.76 2.62 20.91 0.96 0.19 0.03 0.53 3.19 0.19 < < 0.16 66.71 

PGI4 T4 FHS p3 complex slagged sheet with scale layers and slags with dominant fayalite (with both wustite and magnetite) 1.30 2.72 2.03 14.93 2.07 0.21 < 0.34 2.10 0.19 < 0.06 0.23 73.81 
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Table 7. Investigated SHS particles from Area K7 (80013). Melt types: p = partial, c = complete. Elemental areal analyses by EDS presented as normalised results cast as oxides, except for S and Cl. < = below detection. 

 

sample # type melt vesicularity v total description normalised oxides 
           

       
Na2O MgO Al2O3 SiO2 P2O5 S Cl K2O CaO TiO2 V2O5 Cr2O3 MnO FeO 

                     

PGI1 S1 SHS p dispersed 20% 20 dominantly wustite, with mixed 'brain', pseudo-dendrites and dendrites 1.19 0.59 1.59 10.48 0.48 0.12 < 0.30 0.84 < < < < 84.42 

PGI1 S2 SHS c central multicuspate 85%d, minor small dispersed 75 dominantly wustite, mostly tightly-packed dendrites, has external scale fragment 1.01 0.46 0.68 4.28 0.37 0.07 < 0.09 0.61 0.07 < < 0.12 92.23 

PGI1 S3 SHS c central multicuspate 75%d, moderate dispersed 60 dominantly wustite, but appreciable glass, mostly dendritic 0.94 1.99 1.15 10.55 0.61 0.11 0.03 0.16 1.20 0.06 < < 0.07 83.13 

PGI1 S4 SHS p dispersed 30% 30 dominantly wustite, with mixed brain, pseudo-dendrite and dendrite 0.79 1.70 1.06 9.35 0.43 0.08 < 0.12 0.79 0.11 < < 0.11 85.46 

PGI1 S5 SHS c central rounded void, 70%d, minor small dispersed 55 magnetite crust, 70µm thick magnetite zone with dendrites in glass, then w stout dendrites in glass 1.45 2.50 1.86 16.50 0.44 0.10 < 0.26 2.09 0.12 < < < 74.68 

PGI1 S6 SHS p moderate dispersed 30% 30 magnetite crust, then densely packed blebby/pseudo-dendritic wustite 0.63 0.93 0.72 5.16 1.27 0.19 0.03 0.09 0.74 0.09 < < 0.10 90.05 

PGI1 S7 SHS p moderate dispersed 40% 40 magnetite crust with 40µm of dendrites, then wustite pseudo-dendrites, some glass 1.17 1.74 2.05 11.48 0.26 0.15 < 0.28 1.11 0.10 < < < 81.66 

PGI1 S8 SHS c dispersed 10% 10 magnetite? crust, then fayalite/wustite/glass in fine dendritic texture 0.27 3.35 1.26 17.35 1.77 0.19 < 0.04 1.30 0.24 < < 0.54 73.70 

PGI1 S9 SHS c central, angular 35%, and minor dispersed 15 magnetite crust then 140µm stout magnetite dendrites in glass, then fine probable wustite dendrites 1.67 3.00 2.10 19.76 0.63 0.14 < 0.35 1.97 0.21 < < < 70.17 

PGI1 S10 SHS c central rounded void, 70%d, minor small dispersed 55 thin magnetite crust then 40µm with some magnetite in glass then fine wustite dendrites in glass 1.75 1.97 2.48 20.46 0.41 0.15 < 0.43 1.18 0.21 < < 0.19 70.79 

PGI1 S11 SHS c moderate dispersed 25% 25 thin crust then 40-200µm of magnetite dendrites then wustite dendrites, both followed by fayalite 1.14 2.32 1.75 20.59 0.56 0.15 < 0.36 2.14 0.12 < < 0.08 70.78 

PGI1 S12 SHS c central multicuspate 85%d, minor small dispersed 75 thin magnetite crust then 100µm with magnetite dendrites in glass then fine probably wustite dendrites in glass 1.70 1.64 2.23 18.81 0.48 0.12 < 0.42 2.35 0.22 < < 0.10 71.93 

PGI1 S13 SHS c off centre large rounded 65%d, moderate dispersed 55 magnetite crust and thin dendrite zone, then variable wustite dendrite, pseudo-dendrite and brain followed by olivine 0.28 1.95 0.64 9.69 0.76 < 0.04 < 0.56 0.11 < < < 85.96 

PGI1 S14 SHS c central multicuspate, 50%d, minor dispersed 25 thin crust, porous outer magnetite/wustite zone 80µm, then tight packed blebby wustite in glass 0.76 1.41 1.21 7.82 0.41 0.12 < 0.12 1.66 0.11 < < < 86.38 

PGI1 S15 SHS p moderate finely dispersed 30% 30 dominantly wustite, with mixed brain and pseudo-dendrite 0.23 0.87 0.58 4.88 0.55 0.10 < 0.04 0.29 0.07 < < < 92.38 

PGI1 S16 SHS p moderate coarse dispersed 30 dominantly wustite, with mixed brain, pseudo-dendrite and dendrite 0.48 0.60 0.79 5.07 0.45 0.13 < 0.08 0.59 < < < < 91.80 

PGI1 S17 SHS c large, slight multicuspate central 90, minor dispersed 85 appears to be equant magnetite in glass 0.49 0.49 0.99 10.48 0.71 < < 0.15 0.46 0.07 < < 0.14 86.01 

PGI1 S18 SHS c central mainly multicuspate, 65%d, minor dispersed 15% 55 thin crust, porous outer magnetite/wustite zone 100µm, then stout wustite dendrite in glass 0.98 1.53 1.86 11.74 1.13 0.20 0.03 0.19 1.19 0.15 < < 0.17 80.82 

PGI1 S19 SHS c low dispersed 15 external flake, then stout wustite dendrite in glass 1.62 2.66 2.21 15.07 0.59 0.13 < 0.35 1.71 0.19 < < 0.12 75.33 

PGI1 S20 SHS c large dispersed 30 thin crust, then magnetite dendrites in glass to 200µm, then equant magnetite in glass with interspersed finer dendrites 1.07 2.04 1.96 16.55 0.49 0.11 < 0.26 2.75 0.14 < < < 74.64 

PGI1 S21 SHS p round central 60%d, fine dispersed 50 thin magnetite crust, then wustite with mixed brain, pseudo-dendrite and dendrite in glass 1.57 1.36 1.98 17.54 0.50 0.07 < 0.46 1.19 0.14 < < < 75.18 

PGI1 S22 SHS c round central 53%d, very little dispersed 30 thin magnetite crust, then very fine dendrites in glass, outer 100µm lacking glass 1.63 2.61 2.43 18.11 0.76 0.28 0.03 0.45 1.89 0.18 < 0.05 0.07 71.52 

PGI1 S23 SHS c large dispersed 30 very thin crust with minute dendrites, mostly feathery olivine 2.51 3.29 3.53 29.36 0.93 0.11 < 0.96 3.03 0.28 < < 0.12 55.88 

PGI1 S24 SHS p some shrinkage cracking, very little dispersed 3 30µm magnetite crust then wustite dominates with mixed brain, pseudo-dendrite and dendrite in minor glass 0.71 1.03 0.88 7.02 0.48 0.08 < 0.04 0.71 0.05 < < 0.12 88.87 

PGI1 S25 SHS c multicuspate central 60%d, very little dispersed 40 all magnetite dendrites in glass 0.82 2.17 1.75 15.26 1.28 0.12 < 0.18 1.31 0.16 < < 0.10 76.84 

PGI1 S26 SHS p dispersed coarse central porosity and dispersed fine marginal 25 40µm magnetite with crust and dendrites, then mixed dense dendrite and pseudo-dendrite wustite in minor glass  0.81 1.36 1.32 11.09 0.68 0.14 < 0.18 1.02 0.09 < < 0.16 83.14 

PGI1 S27 SHS c rounded central 65%d, minor dispersed 50 thin crust, then 60µm of probable magnetite dendrites in glass then very fine wustite dendrites in glass 1.45 2.50 2.62 17.25 1.02 0.29 < 0.38 1.96 0.20 < < 0.37 71.96 

PGI1 S28 SHS c round, locally m/c central 70%D, significant dispersed marginal 65 thin crust then magnetite dendrites in glass 1.27 1.58 2.44 16.80 0.31 0.16 < 0.52 2.19 0.14 < < 0.07 74.52 

PGI1 S29 SHS c moderate multicuspate 35%d and dispersed marginal 30 very thin crust with minor dendrites, but dominated by feathery olivine 1.65 4.85 2.93 24.91 1.19 0.13 0.05 1.21 2.69 0.33 < < 0.25 59.81 

PGI1 S30 SHS p abundant dispersed 30 thin crust followed by very variable dendrite and pseudo-dendrite in either glass or olivine 0.43 2.63 1.31 12.44 0.86 < < 0.09 1.05 0.18 < < 0.07 80.92 

PGI1 S31 SHS p rounded central 80%d, slight m/c, v minor dispersed 65 thin magnetite crust then dense blebby pseudo-dendritic wustite 0.71 0.97 1.35 5.98 1.01 0.11 < 0.18 0.95 0.08 < < 0.31 88.35 

PGI1 S32 SHS p moderate dispersed 30 30µm magnetitised crust with inward facing terminals, then blebby-polygonal wustite 0.16 0.52 0.51 2.78 0.32 0.05 < < 0.36 < < < 0.06 95.25 

PGI1 S33 SHS p modest central rounded 40d minor dispersed 20 outer 25µm granular oxide in glass, then inwards blebby to polygonal 0.33 0.45 0.59 3.03 0.23 0.24 < 0.07 0.57 < < < 0.07 94.43 

PGI1 S34 SHS c broken, rounded central 65%d, minor dispersed 50 no crust, large skeletal olivine in glass 0.90 1.63 2.72 26.55 0.90 0.09 < 0.47 2.01 0.29 < < 0.08 64.36 

PGI1 S35 SHS p offset rounded 30%d, very minor dispersed 12 wustite in minor glass, dendrites, pseudo-dendrites and brain all present 1.35 2.01 1.66 12.34 0.31 0.18 < 0.27 1.81 0.12 < < 0.07 79.88 

PGI1 S36 SHS p offset rounded 45%d, minor dispersed 25 dense wustite dendrite and pseudo-dendrite in glass 0.76 1.37 1.66 10.66 0.31 0.12 < 0.21 0.94 0.09 < < 0.11 83.77 
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Table 8. Other investigated microresidue particles from Area K7 (80013). < = below detection. 

 

sample # type description normalised oxides 
 

  
        

    
Na2O MgO Al2O3 SiO2 P2O5 S Cl K2O CaO TiO2 V2O5 Cr2O3 MnO FeO 

                  

PGI3 P1 ceramic p1 ceramic; typical bloated partially-melted ceramic lump  0.25 0.51 1.20 95.67 0.12 < < 0.07 0.17 0.05 < < 0.06 1.90 

PGI3 P1 ceramic p1 ceramic; typical bloated partially-melted ceramic lump  3.46 1.64 9.57 72.22 0.97 < 0.03 2.12 0.33 0.96 < < 0.10 8.59 

PGI3 P1 ceramic p1 intermediate glass 2.30 4.07 8.96 52.14 1.08 0.21 < 1.09 2.93 0.86 < < 0.23 26.13 

PGI3 P1 ceramic p1 intermediate glass 1.64 4.31 8.07 49.97 0.89 0.24 < 0.86 2.01 0.89 < < 0.19 30.94 

PGI3 P1 ceramic p1 outer slag, fayalitic slag (feathery olivine in glass) with thin (80micron) zone of delicate probably magnetite dendrites growing in from quenched surface 1.71 2.48 3.97 32.59 0.65 0.33 < 0.59 3.32 0.34 < < 0.16 53.87 

PGI4 T2 ceramic bloated and partially-melted ceramic sheet, with iron slag on various margins (wustite-rich in various forms) 5.29 0.15 9.71 75.67 < 0.10 0.05 3.11 0.39 0.31 < < < 5.23 

PGI4 T3 ceramic siliceous slag sheet, with basal thin oxide crust, slag with wustite dendrite patches after scale inclusions and large extents of surviving scale, local zones of partially melted cermaic 6.07 1.88 11.86 68.26 0.20 0.09 0.04 4.57 1.93 0.50 < < 0.09 4.51 
                  

PGI3 P2 slag droplet vesicular fine slag droplet, bearing relicts of partially-melted ceramic. Slag has fine wustite dendrites growing from scale fragments, followed by fine skeletal olivine and glass 1.88 3.05 3.32 24.51 0.82 0.15 < 0.53 4.32 0.24 < < 0.07 61.12 

PGI3 P3 slag droplet vesicular iron-rich slag droplet with partially melted ceramic (now mostly missing) in its core. Much of surface is coated in scale or a magnetitised scale-like crust 1.39 2.16 1.98 8.53 0.63 0.12 0.01 0.33 1.53 0.13 < < 0.05 83.13 

PGI3 P5 slag droplet iron rich slag droplet with dense fine wustite dendrites followed by fayalite, with margin scale relicts 0.28 1.37 0.90 9.47 0.87 0.10 < < 0.49 0.17 < < 0.08 86.28 

PGI3 P6 slag droplet droplet formed from mixture of partially-melted ceramic and iron slag, formed of coarse olivine with very fine wustite(?) dendrites.  3.25 4.35 4.81 47.39 1.12 0.13 < 1.05 3.15 0.37 < < 0.11 34.27 

PGI3 P8 slag droplet compound droplet of iron slag (flow slag-like), fine small wustite dendrites in glass, with thin wustite crust between lobes 1.31 1.85 2.40 15.11 0.65 0.21 0.03 0.55 1.42 0.16 < < 0.07 76.24 

PGI3 P9 slag droplet SHS-like particle, with marginal vesicles, multiple marginal flake inclusions, fine wustite dendrites followed by olivine, 1.82 4.18 2.84 20.82 1.28 0.23 < 0.51 4.64 0.20 < < 0.08 63.40 

PGI3 P10 slag droplet hammerscale-like particle with multiple marginal scale fragments, mostly dense dendrites of wustite followed by fayalite, locally pseudo-dendrites 0.27 1.61 0.98 8.81 0.84 0.10 0.03 0.04 0.81 0.11 < < 0.09 86.30 
                  

PGI3 P7 pyroxene droplet spheroid with rusted core, probably once iron, coated with pyroxene slag, locally with pyroxene in rosettes. 0.59 13.95 11.44 39.79 5.90 0.27 0.23 0.25 14.36 1.43 < 0.17 0.30 11.31 
                  

PGI3 P4 lining slag droplet vesicular partially-melted ceramic, marginal iron-rich inclusions, thin crust with delicate magnetite dendrites; main coarse wustite dendrites, pseudo-dendrites and feathery olivine in glass 4.69 5.27 7.13 68.92 2.04 < 0.04 1.77 3.91 0.75 < < < 5.48 
                  

PGI4 T1 slag with iron contact irregular crude sheet of slag with sparse, early wustite blebs, then skeletal olivine, then local fine wustite dendrites in glass, base of sheet is magnetite margined flake crust of 20µm 1.88 3.13 3.14 26.13 0.88 0.22 < 0.56 4.96 0.28 < < 0.07 58.74 
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Table 9. Investigated FHS particles from Area E (31153). Melt types: u = unmelted, p = partial (p1>50% thickness unmelted, p2<50% thickness unmelted, p3 relict fragments dispersed in slag), c = complete, d = deformed, c= cataclasite. Elemental areal analyses by EDS presented as normalised 

results cast as oxides, except for S and Cl. < = below detection. 

 

sample # type melt description normalised oxides 
           

     
Na2O MgO Al2O3 SiO2 P2O5 S Cl K2O CaO TiO2 V2O5 Cr2O3 MnO FeO 

                   

PGI6 F1 FHS p3 <600µm, front face of magnetitised material, backed by variably disrupted wustite zone mixed with slag with wustite dendrites followed by fayalite. Some large rear embayments 1.29 1.94 1.46 12.15 0.44 0.16 < 0.21 1.92 0.08 < < 0.08 80.26 

PGI6 F2 FHS p1 <500µm, front face with outer part of original scale intact but with thick (up to 400µm) rear slag with wustite dendrites in glass and feathery fayalite, locally possible iscorite on rear face, locally external slagged layer with second magnetitised 
surface. 

1.07 1.81 1.89 11.15 0.56 0.19 < 0.15 1.22 0.14 < < 0.09 81.72 

PGI6 F3 FHS p1 <175µm, scale variably intact, but with some zones of melting 0.28 0.28 0.40 4.39 0.26 0.05 < 0.06 0.31 < < < 0.09 93.88 

PGI6 F4 FHS u <400µm, scale largely intact, with thin rear slag zone to about 50µm with possible small-scale iscorite. 0.19 0.22 0.33 1.74 0.24 0.09 < < 0.17 < < < < 97.01 

PGI6 F5 FHS p2 <400µm, outer scale intact, except where cut by glass filled fractures, wustite shows increasing melting towards rear face, but low glass proportion except around small embayments, no generalised rear slag 0.36 0.65 0.47 2.80 1.21 0.10 < 0.04 0.56 < < < < 93.81 

PGI6 F6 FHS p2 <500µm, front face has thin magnetitised layer with abrupt rear face into disrupted and locally melted wustite, has deep embayments on rear face 0.73 1.70 1.04 5.15 0.30 0.09 < 0.10 0.97 0.07 < < 0.34 89.52 

PGI6 F7 FHS p3d <1200µm, variable, large rear embayments, thin magnetitised front face, largely recrystallised texture of blebby and dendritic wustite in glass behind, locally with some somewhat intact wustite layer as floating fragments. Localised area rich in 
arsenide. 

1.44 3.30 1.30 6.70 0.67 0.13 < 0.14 1.77 0.10 < 0.06 < 84.39 

PGI6 F8 FHS ud <350µm, rear embayments, very variable, in places largely intact with slight rear slagging, others have thin magnetitised front, with largely recrystallised material behind - these areas associated with localised 'faulting'. 1.15 0.38 0.70 5.32 0.62 0.16 < 0.18 0.49 < < < 0.09 90.91 

PGI6 F9 FHS p3 <600µm, thin magnetitised front abruptly back by coarse w dendrites/pseudo-dendrites, various internal w layer relicts, then rear is irregular layer with wustite dendrites and fayalite 1.21 2.88 1.27 8.08 0.76 0.09 < 0.17 1.78 0.09 < < < 83.66 

PGI8 T1 FHS p3 <1000µm, marginal m layer, inside which mainly recrystallised wustite in glass, locally with olivine; relict surface-parallel laminae shows some survival of wustite, large rear embayments, some coinciding with bumps on surface, and with glass 
filled cracks to surface. 

1.24 3.12 1.52 11.28 0.60 0.07 0.03 0.24 1.98 0.12 < < 0.20 79.58 

PGI8 T2 FHS cat <2400µm, scale shows four zones, rear fine grained variable thickness to 500µm, then coarse zone to 700µm, then finer again for 200µm, outer zone is coarser, wustite-rich and contains much brittle fracture and porosity 1.10 2.23 1.87 11.50 0.91 0.16 0.04 0.25 1.91 0.11 < < 0.35 79.56 

PGI8 T3 FHS p3 <3200µm, shows vague outlines of scale remnants, particularly towards ends. Centrally dendritic wustite with some rounded porosity, 200µm of more slaggy material on inner margin, fine grained on outer 1.28 2.23 1.19 7.06 0.57 0.04 < 0.10 1.76 0.09 < < 0.20 85.49 
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Table 10. Investigated SHS particles from Area E (31153). Melt types: p = partial, c = complete. Elemental areal analyses by EDS presented as normalised results cast as oxides, except for S and Cl. < = below detection. 

 

sample # type melt vesicularity v total description normalised oxides 
           

       
Na2O MgO Al2O3 SiO2 P2O5 S Cl K2O CaO TiO2 V2O5 Cr2O3 MnO FeO 

                     

PGI5 S1 SHS p almost none in main, some fine dispersed in coating 2 15µm magnetitised crust, then dense blebby to almost polygonal wustite with iron prills in very minor glass 0.18 0.42 0.59 2.96 0.53 0.12 < < 0.48 0.07 < < 0.21 94.45 

PGI5 S2 SHS p some dispersed, mainly marginal 5 dense variable wustite dendrite, pseudo-dendrite and brain 0.47 1.01 0.68 4.41 0.50 0.16 0.03 0.09 0.94 0.07 < < 0.07 91.58 

PGI5 S3 SHS p dispersed, fine 25 dense variable wustite dendrite, pseudo-dendrite and brain 0.39 0.64 0.62 3.44 0.31 0.06 < 0.09 0.70 < < < < 93.76 

PGI5 S4 SHS p minor dispersed marginal 5 15µm magnetitised crust then blebby to pseudo-dendritic wustite, almost granular in outer part 0.44 1.36 0.88 5.31 0.58 0.12 < 0.05 1.01 0.10 < < 0.16 90.00 

PGI5 S5 SHS p some dispersed, mainly marginal 10 20µm magnetitised crust with dendrite bases, then polygonal to dendritic wustite 0.21 0.26 0.36 1.82 0.86 0.08 < 0.06 0.36 < < < 0.09 95.90 

PGI5 S6 SHS p some dispersed, mainly marginal 10 15µm magnetitised crust then blebby to pseudo-dendritic wustite, almost granular in outer part 0.36 1.39 0.60 4.21 0.38 0.09 < < 0.61 0.07 < < 0.07 92.22 

PGI5 S7 SHS p minor marginal, some shrinkage cracking 2 10µm crust, then fine wustite dendrites in glass growing off brain fragments 0.33 1.80 3.70 13.50 1.53 0.15 < 0.87 3.31 0.19 < < 4.91 69.71 

PGI5 S8 SHS c off-centre rounded void 35%d and rare marginal vesicles 15 thin crust then 60µm magnetite dendrites in glass, then very fine wustite dendrites in glass 0.30 1.82 6.80 18.31 2.77 0.17 < 1.61 4.69 0.34 < < 6.34 56.84 

PGI5 S9 SHS c moderate dispersed 20 densely packed wustite dendrites in minor glass 1.21 2.57 1.50 12.57 0.42 0.15 < 0.21 2.33 0.13 < < 0.08 78.84 

PGI5 S10 SHS p moderate fine dispersed 15 densely packed wustite dendrites and pseudo-dendrites followed by olivine 0.14 0.89 0.53 6.37 0.65 0.04 < < 0.40 0.08 < < 0.24 90.66 

PGI5 S11 SHS p large central multicuspate 87%d 80 dense pseudo-dendritic to polygonal wustite 0.36 0.44 0.45 2.30 0.24 0.05 < < 0.40 < < < < 95.76 

PGI5 S12 SHS p rare moderate dispersed 6 10µm crust with inward-facing magnetite then dense wustite pseudo-dendrite in minor glass 0.68 1.53 0.98 6.97 1.01 0.24 < 0.08 1.77 < < < 0.08 86.66 

PGI5 S13 SHS p moderate dispersed 15 11µm crust with inward-facing magnetite then dense wustite pseudo-dendrites and dendrites in moderate glass 1.30 2.20 1.80 15.63 1.23 0.18 < 0.22 1.98 0.13 < < 0.58 74.76 

PGI5 S14 SHS p moderate, mostly fine dispersed 20 dense pseudo-dendrites to polygonal wustite 0.47 0.83 0.48 3.20 0.30 0.07 0.04 < 0.63 0.05 < < < 93.94 

PGI5 S15 SHS p mostly rounded central void 55%d, minor marginal 28 mixture of large magnetite dendrites, dendritic and pseudo-dendritic wustite, increasing inwards 0.34 0.84 0.75 4.61 0.58 0.07 < 0.05 0.74 < < < 0.12 91.90 

PGI5 S17 SHS p dispersed mostly fine 15 tightly-packed wustite dendrites becoming coarser inwards 1.04 1.93 1.27 8.98 0.39 0.13 < 0.22 1.65 0.12 < < < 84.27 

PGI5 S18 SHS p part round, part multicuspate central 80%d, plus minor 
marginal 

65 30µm magnetised crust, then dense blebby to pseudo-dendritic wustite 0.55 1.24 0.69 5.12 0.21 0.07 < 0.05 0.85 < < < < 91.21 

PGI5 S19 SHS p central mostly rounded 40%d moderate dispersed 35 10µm crust, then 20-30µm magnetitised wustite, then granular wustite becoming pseudo-dendritic inwards, minor glass 0.63 1.27 0.60 3.64 0.59 0.11 < < 0.88 0.05 < < 0.13 92.10 

PGI5 S20 SHS p central mostly rounded 83%d moderate fine dispersed 80 15µm crust, then 50µm magnetised wustite, then granular wustite becoming pseudo-dendritic inwards, minor glass 0.62 1.10 0.66 4.87 0.26 0.04 0.03 0.06 0.70 < < < < 91.65 

PGI5 S21 SHS p central mostly rounded 37%d moderate dispersed 25 15µm crust, then 40µm magnetised wustite, then granular wustite becoming pseudo-dendritic inwards, followed by olivine 0.14 0.88 0.50 4.64 0.57 0.10 < < 0.45 < < < 0.09 92.61 

PGI5 S22 SHS p irregular rounded centre 50%d, sparse dispersed 27 densely packed wustite pseudo-dendrites and dendrites in minor glass 0.89 1.67 1.45 8.28 0.98 0.15 < 0.25 1.45 0.10 < < 1.03 83.74 

PGI5 S23 SHS p irregular rounded central 37%d, moderate dispersed 35 15µm magnetite crust facing in, then 100-150µm porous granular wustite, then blebby to pseudo-dendritic even dendritic wustite in glass 0.92 2.56 1.06 7.65 0.69 0.13 0.03 0.12 2.04 0.09 < < 0.08 84.64 

PGI5 S24 SHS c sparse dispersed 3 dispersed dendrites in glass after very thin crust, probably magnetite 1.28 2.08 3.09 21.52 0.19 0.08 < 0.58 1.61 0.15 < < < 69.41 

PGI7 P5 SHS p rounded central 40%d, abundant dispersed mostly fine 25 magnetitised margin, inward-facing subhedral skeletal magnetite of up to 20µm, 5-10µm magnetitisation of adjacent wustite; then mainly blebby to polygonal 
wustite in glass 

0.68 1.62 0.81 7.03 0.58 0.17 < 0.08 1.54 0.07 < < 0.09 87.33 

PGI7 P6 SHS p several large rounded and other dispersed 50 15µm dendritic magnetite crust, fine inward-facing skeletal growths, locally magnetite dendrites for 20-30µm, then variable wustite (brain, dendrite, pseudo-
dendrite) in glass  

0.30 0.42 2.13 18.23 1.82 0.18 < 0.58 3.52 0.10 < < 0.30 72.42 
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Table 11. Other investigated microresidue particles from Area E (31153). < = below detection. 

 

sample # type description normalised oxides 
           

    
Na2O MgO Al2O3 SiO2 P2O5 S Cl K2O CaO TiO2 V2O5 Cr2O3 MnO FeO 

                  

PGI5 S16 clinker' clinker-like grain, solid glassy core, porous outer, rough iron-oxide coat 3.61 10.01 8.68 44.09 3.93 0.08 0.09 0.97 9.36 1.14 0.00 0.00 0.00 18.05                   

PGI7 P1 ceramic melt rounded glassy particle with relict partially-melted quartz; glass has elongate (to 600µm) skeletal olivine, followed by dendritic (to 150µm) strongly zoned pyroxene 5.12 12.03 6.26 57.81 1.25 0.03 0.03 0.95 11.27 0.69 0.00 0.00 0.00 4.56 

PGI7 P2 ceramic melt similar to P1, but also has marginal iron oxide rich blebs (laminated) and much dispersed sub-spherical blebs of Fe-P eutectic in the glass 7.04 13.16 7.16 56.78 1.07 0.07 0.00 1.44 9.35 0.61 0.00 0.00 0.09 3.22                   

PGI7 P3 slag droplet slag droplet with primary dendritic/pseudo-dendritic wustite followed by olivine; olivine interstices show abundant tiny voids (after weathered iron?) and some internal areas and all of margin shows complex convoluted Fe-
oxide films, also after iron; contains a large fragment of incompletely-reacted relict hammerscale 

0.18 1.91 0.52 9.72 0.91 0.34 0.03 0.00 0.98 0.07 0.00 0.00 0.31 85.02 

PGI7 P4 slag droplet wustite-rich droplet with some large pieces possibly relict after hammerscale; margin has 10µm magnetitised crust with inward-facing terminals in places, mostly various blebby/dendritic textures of wustite in glass 0.30 1.62 0.73 8.62 0.84 0.34 0.07 0.07 1.04 0.00 0.00 0.00 0.24 86.13 
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Table 12. EDS areal analyses of SHC PGI9 from Area E (31163). h = approximate height of centre of area above the base of the SHC. < = below detection. 

 

Sample Spectrum# h (mm) normalised oxides           Normalised oxides on iron free basis        

   Na2O MgO Al2O3 SiO2 P2O5 S Cl K2O CaO TiO2 V2O5 Cr2O3 MnO FeO Na2O MgO Al2O3 SiO2 P2O5 S Cl K2O CaO TiO2 V2O5 Cr2O3 MnO 
                              

PGI9a 761 29.50 3.36 7.08 3.97 31.05 0.94 0.32 0.04 0.52 6.42 0.27 < < 0.14 45.89 6.21 13.09 7.34 57.38 1.73 0.59 0.07 0.95 11.87 0.49 < < 0.26 

PGI9a 762 28.46 0.37 6.23 3.22 21.81 1.90 0.38 0.05 0.06 3.74 0.40 < < 0.19 61.65 0.97 16.24 8.41 56.87 4.95 1.00 0.13 0.15 9.76 1.04 < < 0.48 

PGI9a 785 24.38 2.65 8.73 3.16 29.96 0.76 0.25 < 0.45 5.06 0.21 < < 0.21 48.55 5.15 16.96 6.15 58.24 1.47 0.49 < 0.87 9.84 0.41 < < 0.42 

PGI9a 793 24.00 4.00 4.77 4.62 28.53 1.13 0.34 < 0.57 6.76 0.34 < 0.06 0.14 48.74 7.79 9.31 9.01 55.66 2.21 0.66 < 1.12 13.19 0.66 < 0.11 0.27 

PGI9a 821 16.88 3.11 4.64 3.66 23.90 0.88 0.24 < 0.41 5.05 0.19 < 0.06 0.15 57.71 7.35 10.97 8.65 56.52 2.09 0.57 < 0.96 11.94 0.46 < 0.13 0.35 

PGI9a 7 13.90 2.86 5.54 3.29 26.35 0.88 0.23 < 0.42 4.78 0.16 < 0.06 0.18 55.25 6.38 12.38 7.35 58.89 1.97 0.51 < 0.93 10.69 0.37 < 0.13 0.40 

PGI9a 822 13.74 2.84 4.60 3.21 20.11 0.73 0.25 0.06 0.30 4.25 0.21 < < 0.17 63.27 7.74 12.52 8.75 54.74 1.97 0.68 0.16 0.82 11.58 0.57 < < 0.47 

PGI9b 55 8.80 2.24 5.34 2.63 20.54 0.63 0.18 < 0.28 3.68 0.15 < < 0.22 64.12 6.25 14.87 7.33 57.25 1.76 0.49 < 0.79 10.24 0.41 < < 0.60 

PGI9b 57 6.72 2.72 4.39 3.06 19.45 0.72 0.22 < 0.33 4.02 0.20 < < 0.20 64.70 7.69 12.45 8.67 55.10 2.03 0.61 < 0.93 11.39 0.55 < < 0.57 

PGI9b 113 2.56 2.46 3.90 2.88 15.83 0.63 0.17 < 0.28 3.24 0.21 < < 0.19 70.21 8.25 13.11 9.66 53.12 2.12 0.56 < 0.96 10.87 0.72 < < 0.64 

PGI9b 183 0.50 1.71 6.22 2.31 19.00 0.55 0.15 < 0.22 2.98 0.18 < < 0.24 66.45 5.09 18.52 6.88 56.62 1.63 0.45 < 0.64 8.89 0.55 < < 0.73 

PGI9b 184 0.30 0.65 5.21 6.02 24.42 1.56 0.52 0.05 0.13 3.73 0.21 < < 0.22 57.26 1.53 12.18 14.09 57.15 3.66 1.22 0.12 0.31 8.74 0.48 < < 0.52 

PGI9b 185 0.10 < 0.24 0.86 1.75 0.21 0.20 0.05 < 0.31 < < < 0.10 96.28 < 6.38 23.15 47.16 5.61 5.25 1.40 < 8.32 < < < 2.71 
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Table 13. Investigated FHS particles from Area B2 (90036). Melt types: u = unmelted, p = partial (p1>50% thickness unmelted, p2<50% thickness unmelted, p3 relict fragments dispersed in slag), c = complete, d = deformed, c= cataclasite. Elemental areal analyses by EDS presented as 

normalised results cast as oxides, except for S and Cl. < = below detection. < = below detection. 

 

sample # type melt description normalised oxides          
     Na2O MgO Al2O3 SiO2 P2O5 S Cl K2O CaO TiO2 V2O5 Cr2O3 MnO FeO                    

PGI12 f1 FHS p3 relict floating on melted material rich in fayalite < 0.26 1.54 7.84 0.28 0.26 0.04 0.05 0.27 0.09 < < < 89.36 

PGI13 f1 FHS cd granular structure of rounded wustite - shock induced? < 0.14 1.31 4.25 0.49 0.29 0.03 0.12 0.20 < < < 0.08 93.09 

PGI13 f2 FHS cat magnetitised cataclasite < 0.28 2.41 8.39 0.20 0.21 0.03 0.19 0.49 0.11 < < 0.17 87.53 

PGI13 f5 FHS cat cataclasite < 0.14 1.31 3.64 0.29 0.42 < < 0.31 0.07 < < < 93.82 

PGI13 f6 FHS c all wustite melted, dry < 0.09 1.65 3.51 0.24 0.77 < 0.09 0.38 < < < 0.12 93.15 

PGI13 f7 FHS p1 only basal wustite melted, remainder primary, strong iscorite development, external aluminous bleb < < 0.64 2.49 0.12 0.14 < 0.06 0.12 < < < 0.11 96.32 

PGI13 f8 FHS cat magnetitised cataclasite < 0.09 1.16 5.11 0.60 0.21 < 0.08 0.17 < < < 0.08 92.49 

PGI13 f9 FHS p1 only basal W melted, remainder primary, local melting towards front 0.14 0.10 0.88 3.68 0.33 0.26 < 0.10 0.50 0.07 < < < 93.94 

PGI13 f10 FHS c dominantly magnetite in glass 0.38 0.40 3.33 14.21 0.31 0.70 0.04 0.50 1.40 0.18 < < 0.08 78.47 

PGI13 f11 FHS n/a unusual, cf. rust 0.17 < 0.30 0.58 0.16 0.10 0.06 0.04 0.09 < < < < 98.51 

PGI13 f12 FHS c wustite entirely melted, strong iscorite development 0.17 < 1.15 4.45 0.19 0.25 < 0.10 0.53 < < < 0.09 93.07 

PGI13 f13 FHS p2 wustite partly melted, strong iscorite development 0.11 0.12 0.59 1.91 1.27 0.70 < 0.05 0.21 < < < 0.07 94.97 

PGI13 f14 FHS p2 wustite partly melted, intergrowth on front 0.17 0.24 3.28 8.97 0.21 0.27 < 0.37 0.46 0.14 < < 0.11 85.80 

PGI13 f15 FHS p2 wustite partly melted, intergrowth on front 0.19 0.17 1.62 4.83 0.26 0.61 < 0.20 0.13 0.05 < < < 91.94 

PGI13 f16 FHS c wustite entirely melted, dendritic all through < 0.21 0.92 2.70 0.22 0.17 0.03 0.04 0.28 0.05 < < 0.14 95.25 

PGI13 f17 FHS c scale largely magnetitised, wustite melted, strong iscorite development < < 0.49 2.57 0.12 0.25 < 0.04 0.21 < < < < 96.32 

PGI13 f18 FHS cat magnetitised cataclasite < 0.14 1.23 3.68 0.30 0.46 < 0.05 0.39 0.07 < < 0.08 93.60 

PGI13 f19 FHS cat cataclasite with range of relict wustite structures from primary to dendrite 0.21 0.23 2.11 6.61 0.19 0.15 0.06 0.04 0.28 < < < < 90.12 

PGI13 f20 FHS c wustite completely melted and reacted with fuel? 0.12 0.13 2.22 7.79 0.28 0.63 0.07 0.22 0.31 0.19 < < 0.10 87.95 

PGI13 f21 FHS p2 wustite melted to sharp front, with fine intergrowth texture, vesicles in slag behind < 0.09 1.12 4.72 0.20 0.75 < 0.06 0.30 < < < 0.39 92.38 

PGI13 f22 FHS p3 wustite melted leaving irregular relicts, intergrowth present 0.35 0.12 0.55 2.12 1.57 0.48 0.03 0.10 0.16 < < < < 94.51 

PGI13 f23 FHS cd wustite all melted, strong iscorite development, some deformation < < 0.64 1.75 0.19 0.09 < 0.08 0.15 < < < < 97.10 

PGI13 f24 FHS c wustite all melted, strong iscorite development < 0.09 1.04 4.74 0.26 0.38 0.04 0.10 0.31 < < < < 93.05 

PGI13 f25 FHS c wustite all melted, strong iscorite development < 0.16 2.01 5.84 0.15 0.05 0.03 0.12 0.16 0.12 < < < 91.36 

PGI13 f26 FHS c wustite all melted, strong iscorite development < 0.10 1.11 2.96 0.12 0.57 < 0.09 0.27 0.05 < < < 94.74 
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Table 14. Investigated SHS particles from Area B2 (90036). Melt types: p = partial, c = complete. Elemental areal analyses by EDS presented as normalised results cast as oxides, except for S and Cl. < = below detection. 

 

sample # type melt vesicularity v total description normalised oxides            
   

 

   

Na2O MgO Al2O3 SiO2 P2O5 S Cl K2O CaO TiO2 V2O5 Cr2O3 MnO FeO 
   

 

                 

PGI12 s1 SHS c moderate, dispersed 25 pear shaped glassy particle, much relict scale externally, this and crust growing inward magnetite dendrites, fine wustite dendrites internally 0.44 0.54 7.61 24.23 0.26 0.31 < 1.36 1.16 0.27 0.09 < 0.13 63.59 

PGI12 s2 SHS c large central rounded void and dispersed 80 dominantly magnetite dendrites in glass with localised wustite 0.26 0.39 4.06 11.24 0.56 1.20 < 0.31 1.03 0.20 < < 0.11 80.64 

PGI12 s3 SHS c dispersed 15 thin crust supporting coarse skeletal magnetite dendrites, internally fine wustite dendrites in glass 0.20 0.40 3.81 10.63 0.26 0.46 < 0.59 0.96 0.12 < < 0.07 82.49 

PGI12 s5 SHS p central, crudely m/c, dispersed marginal 40 finely pseudo- to fully dendritic wustite dominant, thin magnetitised zone at edge bears iscorite. No real crust 0.13 0.21 1.73 5.61 0.19 0.74 < 0.13 0.37 0.07 < < 0.07 90.75 

PGI12 s6 SHS c large eccentric void and dispersed others 50 glassy particle with thin magnetite crust and dispersed magnetite dendrites interspersed with rare fine wustite dendrites 0.29 0.39 3.74 16.30 0.41 0.96 < 0.36 0.58 0.21 < < 0.12 76.64 

PGI12 s7 SHS c dispersed (but particle incomplete) 30 glassy particle, block magnetite on crust, dispersed skeletal magnetite internally supporting fine wustite dendrites 0.41 0.40 4.28 16.22 0.21 0.86 0.03 0.69 0.67 0.19 < < 0.05 75.98 

PGI12 s9 SHS p eccentric central, few other vesicles, shrinkage 10 extremely thin crust on glassy particle, body bears clots, brain, flake fragments forming roots for fine wustite dendrites 0.34 0.30 4.37 19.62 0.21 0.93 < 0.72 0.68 0.15 < < < 72.66 

PGI12 s11 SHS c small central and dispersed 10 external flake, internally complex mixture of dendrites of wustite and magnetite 0.15 0.16 1.59 5.74 0.33 0.11 < 0.07 0.52 0.13 < < 0.11 91.09 

PGI12 s13 SHS c dispersed 5 magnetite crust with thick zone of coarse magnetite inside, internally mainly coarse pseudo-dendritic, locally finer dendritic wustite 0.18 0.20 1.90 5.81 0.43 0.74 0.05 0.11 0.31 0.11 < < 0.11 90.06 

PGI12 s15 SHS c mostly shrinkage  3 glassy particle with very fine dendrites of magnetite (mainly) and wustite (limited) with iscorite 0.44 0.48 6.43 21.56 0.26 1.36 < 1.24 0.79 0.27 < < < 67.16 

PGI12 s16 SHS p eccentric large and minor dispersed 15 coarse magnetite marginally, passing into wustite pseudo-dendrite and dendrite with little glass < 0.14 0.89 2.08 < 0.36 < < 0.06 < < < < 96.47 
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Table 15. Other investigated microresidue particles from Area B2 (90036). < = below detection. 

 

sample particle type description normalised oxides             
    Na2O MgO Al2O3 SiO2 P2O5 S Cl K2O CaO TiO2 V2O5 Cr2O3 MnO FeO 

                  

PGI12 s4 slag droplet irregular vesicular slag particle with quartz inclusion 0.29 0.48 3.90 15.98 0.43 0.12 0.04 0.36 0.56 0.30 0.00 0.00 0.22 77.31 

PGI12 s8 slag droplet unusual droplet of iron oxide plus hercynite with some sulphidisation 0.14 0.27 3.00 5.75 0.19 5.41 0.00 0.20 0.67 0.14 0.00 0.00 0.00 84.23 

PGI12 s10 slag droplet large heterogeneous slag droplet 0.00 0.26 1.54 7.84 0.28 0.26 0.04 0.05 0.27 0.09 0.00 0.00 0.00 89.36 

PGI12 s12 slag droplet glassy grain with delicate dendrites, quartz inclusions 0.15 0.16 1.59 5.74 0.33 0.11 0.00 0.07 0.52 0.13 0.00 0.00 0.11 91.09 

                  

PGI12 s14 lining slag droplet 
Irregular glassy/microcrystalline slag bearing large quartz grains, with irregular 
iron rich blebby material around exterior 

0.18 0.20 1.90 5.81 0.43 0.74 0.05 0.11 0.31 0.11 0.00 0.00 0.11 90.06 

                  

PGI13 f3 lining slag fragment 0.56 1.06 16.06 51.17 0.22 0.15 0.00 3.72 2.01 0.94 0.00 0.00 0.11 23.99 

PGI13 f4 lining slag fragment 0.58 1.17 13.82 44.76 0.27 0.00 0.00 2.50 2.23 0.55 0.00 0.00 0.08 34.03 
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Table 16. EDS areal analyses of SHC PGI14 from Area B2 (90036). h = approximate height of centre of area above the base of the SHC. < = below detection. 

 

sample spectrum notes h (mm) Normalised oxides          Normalised oxides on iron free basis         
    Na2O MgO Al2O3 SiO2 P2O5 S Cl K2O CaO TiO2 V2O5 Cr2O3 MnO FeO Na2O MgO Al2O3 SiO2 P2O5 S Cl K2O CaO TiO2 V2O5 Cr2O3 MnO 
                               

PGI14a 1069 typical bulk 29.7 0.76 0.51 10.08 31.38 0.17 0.82 0.00 1.81 1.21 0.43 0.00 0.00 0.00 52.83 1.62 1.09 21.37 66.52 0.35 1.74 0.00 3.84 2.56 0.91 0.00 0.00 0.00 

PGI14a 1114 typical bulk 28.5 0.80 0.60 9.89 33.05 0.17 0.85 0.00 1.84 1.06 0.48 0.00 0.00 0.05 51.21 1.63 1.23 20.27 67.74 0.34 1.74 0.00 3.76 2.17 0.99 0.00 0.00 0.11 

PGI14a 1116 oxide rich patch 28.3 0.00 0.00 0.94 9.60 0.00 5.01 0.00 0.99 0.20 0.12 0.00 0.00 0.00 83.14 0.00 0.00 5.60 56.96 0.00 29.69 0.00 5.89 1.16 0.69 0.00 0.00 0.00 

PGI14a 1117 oxide rich patch 27.7 0.00 0.12 0.97 5.85 0.17 1.45 0.15 0.40 0.33 0.20 0.13 0.00 0.00 90.23 0.00 1.27 9.90 59.84 1.75 14.83 1.53 4.05 3.42 2.04 1.36 0.00 0.00 

PGI14a 1115 oxide rich patch 27.5 0.17 0.19 0.69 6.79 0.18 1.09 0.43 0.15 0.43 0.08 0.00 0.00 0.00 89.80 1.69 1.82 6.71 66.56 1.80 10.69 4.24 1.51 4.18 0.79 0.00 0.00 0.00 

PGI14a 1136 oxide rich patch (weathered) 26.4 0.00 0.00 0.56 2.77 0.00 2.36 0.08 1.03 0.25 0.00 0.00 0.00 0.00 92.94 0.00 0.00 7.99 39.26 0.00 33.42 1.16 14.66 3.51 0.00 0.00 0.00 0.00 

PGI14a 1135 typical bulk (weathered) 26.3 0.60 0.56 9.18 33.37 0.17 0.87 0.00 1.64 0.95 0.39 0.00 0.00 0.00 52.26 1.26 1.18 19.22 69.91 0.36 1.83 0.00 3.43 1.99 0.82 0.00 0.00 0.00 

PGI14a 1145 typical bulk 25.9 0.57 0.54 10.30 34.06 0.19 1.22 0.00 1.97 1.36 0.44 0.00 0.00 0.08 49.26 1.12 1.07 20.31 67.13 0.37 2.40 0.00 3.89 2.68 0.88 0.00 0.00 0.16 

PGI14a 1146 oxide rich patch (weathered) 25.8 0.00 0.00 0.33 1.31 0.00 0.45 0.05 0.00 0.05 0.00 0.00 0.00 0.00 97.81 0.00 0.00 15.27 59.82 0.00 20.58 2.11 0.00 2.21 0.00 0.00 0.00 0.00 

PGI14a 1158 glassy/microcrystalline 24.2 0.56 0.60 10.12 33.39 0.19 1.20 0.00 1.89 1.10 0.40 0.00 0.00 0.05 50.51 1.13 1.21 20.44 67.46 0.38 2.42 0.00 3.82 2.22 0.80 0.00 0.00 0.11 

PGI14a 1159 glassy/microcrystalline 23.8 0.77 0.58 10.08 34.51 0.22 1.15 0.02 1.74 1.08 0.48 0.00 0.00 0.00 49.36 1.53 1.15 19.91 68.16 0.43 2.26 0.04 3.43 2.14 0.94 0.00 0.00 0.00 

PGI14a 1160 glassy/microcrystalline 22.9 0.87 0.65 11.03 36.05 0.20 1.14 0.02 2.01 1.27 0.50 0.00 0.05 0.07 46.14 1.62 1.21 20.48 66.95 0.36 2.11 0.04 3.74 2.35 0.92 0.00 0.09 0.13 

PGI14a 1163 ceramic-derived 22.0 1.31 0.83 13.57 46.39 0.16 0.52 0.06 3.19 1.17 0.53 0.00 0.00 0.00 32.28 1.94 1.22 20.04 68.50 0.23 0.77 0.08 4.71 1.73 0.78 0.00 0.00 0.00 

PGI14a 1166 ceramic-derived 22.0 1.52 0.90 14.59 47.76 0.12 0.41 0.00 3.77 1.05 0.56 0.00 0.00 0.00 29.32 2.15 1.27 20.65 67.57 0.17 0.58 0.00 5.33 1.49 0.79 0.00 0.00 0.00 

PGI14a 1216 ceramic-derived 22.0 0.50 1.15 23.01 50.83 0.18 0.20 0.07 3.68 0.21 0.69 0.00 0.00 0.00 19.47 0.63 1.43 28.58 63.12 0.23 0.25 0.08 4.58 0.26 0.86 0.00 0.00 0.00 

PGI14a 1164 glassy/microcrystalline 21.9 0.94 0.69 11.53 36.52 0.20 1.01 0.00 2.08 1.26 0.44 0.00 0.05 0.07 45.21 1.72 1.26 21.05 66.65 0.37 1.84 0.00 3.80 2.29 0.80 0.00 0.09 0.13 

PGI14a 1162 ceramic-derived 21.9 1.37 0.81 13.90 46.85 0.08 0.55 0.08 3.17 1.12 0.54 0.00 0.00 0.00 31.52 2.00 1.18 20.30 68.42 0.12 0.80 0.12 4.64 1.63 0.78 0.00 0.00 0.00 

PGI14a 1165 ceramic-derived 21.9 0.59 0.68 10.53 29.04 0.27 0.82 0.29 1.63 0.82 0.34 0.00 0.00 0.00 54.97 1.32 1.52 23.39 64.50 0.60 1.83 0.65 3.62 1.83 0.76 0.00 0.00 0.00 

PGI14a 1208 glassy/microcrystalline 20.9 1.14 0.80 12.00 42.68 0.19 0.58 0.00 2.54 1.30 0.56 0.00 0.00 0.00 38.22 1.84 1.29 19.42 69.09 0.31 0.94 0.00 4.11 2.10 0.90 0.00 0.00 0.00 

PGI14a 1182 ceramic-derived 20.8 0.71 0.61 9.59 26.51 0.30 1.18 0.32 1.64 0.96 0.31 0.00 0.00 0.00 57.89 1.68 1.45 22.77 62.94 0.71 2.80 0.75 3.90 2.27 0.73 0.00 0.00 0.00 

PGI14a 1206 ceramic-derived 20.8 0.32 0.90 24.33 58.15 0.00 0.33 0.05 3.25 0.41 0.53 0.00 0.00 0.00 11.73 0.36 1.02 27.56 65.87 0.00 0.38 0.06 3.68 0.46 0.60 0.00 0.00 0.00 

PGI14a 1205 ceramic-derived 20.1 0.42 0.65 18.19 40.79 0.09 0.50 0.07 2.14 0.37 0.50 0.00 0.00 0.00 36.29 0.66 1.02 28.55 64.02 0.14 0.78 0.10 3.36 0.57 0.79 0.00 0.00 0.00 

PGI14a 1211 ceramic-derived 20.1 0.00 0.00 0.45 1.45 0.08 0.16 0.00 0.00 0.11 0.00 0.00 0.00 0.00 97.74 0.00 0.00 19.96 64.18 3.56 7.24 0.00 0.00 5.07 0.00 0.00 0.00 0.00 

PGI14a 1210 ceramic-derived 20.1 1.10 0.24 4.76 82.27 0.10 0.09 0.03 2.57 0.56 0.33 0.00 0.00 0.00 7.95 1.20 0.26 5.17 89.37 0.10 0.10 0.03 2.79 0.61 0.36 0.00 0.00 0.00 

PGI14a 1209 ceramic-derived 19.9 0.00 0.10 0.40 1.46 0.00 0.19 0.04 0.00 0.08 0.00 0.00 0.00 0.00 97.74 0.00 4.30 17.87 64.35 0.00 8.30 1.56 0.00 3.63 0.00 0.00 0.00 0.00 

PGI14a 1203 glassy/microcrystalline 19.7 0.76 0.65 10.70 35.35 0.19 1.12 0.00 2.02 1.25 0.40 0.00 0.00 0.00 47.56 1.46 1.24 20.40 67.41 0.36 2.14 0.00 3.85 2.39 0.75 0.00 0.00 0.00 

PGI14a 1181 glassy/microcrystalline 19.6 0.86 0.58 12.63 42.78 0.15 0.91 0.03 2.54 1.32 0.58 0.00 0.00 0.07 37.54 1.38 0.92 20.22 68.49 0.24 1.46 0.05 4.07 2.12 0.93 0.00 0.00 0.11 

PGI14a 1204 ceramic-derived 19.4 0.50 0.50 8.44 54.76 0.00 0.79 0.12 2.03 1.02 0.32 0.00 0.00 0.00 31.52 0.73 0.73 12.32 79.96 0.00 1.15 0.18 2.96 1.49 0.47 0.00 0.00 0.00 

PGI14a 1202 typical bulk 18.8 0.50 0.62 9.50 32.59 0.14 0.77 0.00 1.74 1.03 0.43 0.00 0.00 0.00 52.68 1.06 1.30 20.07 68.87 0.30 1.64 0.00 3.68 2.17 0.91 0.00 0.00 0.00 

PGI14b 1338 fuel breccia 16.0 0.00 0.00 5.20 0.00 0.00 0.00 52.77 0.00 0.00 0.00 0.00 0.00 0.00 42.03 0.00 0.00 8.96 0.00 0.00 0.00 91.04 0.00 0.00 0.00 0.00 0.00 0.00 

PGI14b 1337 fuel breccia 15.9 0.85 0.00 1.02 5.19 0.24 2.39 0.56 0.08 0.93 0.00 0.00 0.00 0.00 88.73 7.57 0.00 9.03 46.03 2.14 21.20 4.99 0.75 8.29 0.00 0.00 0.00 0.00 

PGI14b 1336 fuel breccia 15.6 0.66 0.00 2.77 10.31 0.20 2.08 0.31 0.19 0.31 0.11 0.00 0.00 0.00 83.07 3.87 0.00 16.37 60.88 1.20 12.27 1.83 1.10 1.83 0.65 0.00 0.00 0.00 

PGI14b 1339 fuel breccia 15.1 0.60 0.00 4.97 5.66 0.31 2.44 0.17 0.25 0.53 0.00 0.00 0.00 0.18 84.89 3.98 0.00 32.90 37.44 2.08 16.14 1.14 1.64 3.50 0.00 0.00 0.00 1.17 

PGI14b 1340 fuel breccia 15.1 0.55 0.00 4.75 6.03 0.43 2.19 0.25 0.19 0.44 0.00 0.00 0.00 0.00 85.16 3.70 0.00 32.02 40.67 2.90 14.79 1.69 1.27 2.96 0.00 0.00 0.00 0.00 

PGI14b 1311 fuel breccia 13.9 0.44 0.00 2.83 9.78 0.23 2.09 0.18 0.22 0.40 0.00 0.00 0.00 0.00 83.83 2.71 0.00 17.49 60.47 1.44 12.94 1.13 1.36 2.46 0.00 0.00 0.00 0.00 

PGI14b 1310 typical bulk 13.4 0.11 0.95 15.44 17.73 1.10 0.73 0.12 0.21 0.82 0.35 0.00 0.08 0.22 62.15 0.28 2.50 40.78 46.85 2.90 1.93 0.32 0.55 2.16 0.94 0.00 0.21 0.59 

PGI14b 1309 typical bulk 12.9 0.22 0.57 5.61 22.93 0.54 0.24 0.00 0.04 0.75 0.25 0.00 0.00 0.22 68.63 0.69 1.82 17.87 73.09 1.73 0.75 0.00 0.12 2.40 0.80 0.00 0.00 0.71 

PGI14b 1157 typical bulk 9.3 0.22 0.45 4.70 27.94 0.59 0.15 0.00 0.05 0.50 0.25 0.00 0.00 0.15 65.00 0.62 1.28 13.42 79.82 1.69 0.43 0.00 0.15 1.42 0.72 0.00 0.00 0.44 

PGI14b 1283 typical bulk 6.3 0.22 0.34 5.13 29.65 1.64 0.53 0.07 0.09 0.69 0.32 0.00 0.00 0.15 61.18 0.56 0.87 13.21 76.38 4.22 1.35 0.19 0.23 1.79 0.82 0.00 0.00 0.39 

PGI14b 1282 typical bulk 5.8 0.17 0.43 4.55 32.28 0.64 0.12 0.02 0.04 0.39 0.20 0.00 0.00 0.17 60.99 0.45 1.10 11.65 82.75 1.65 0.30 0.06 0.10 1.01 0.51 0.00 0.00 0.43 

PGI14b 1262 typical bulk 5.5 0.26 0.32 3.66 30.88 0.39 0.17 0.00 0.08 0.34 0.21 0.00 0.00 0.15 63.53 0.72 0.89 10.04 84.68 1.08 0.47 0.00 0.23 0.92 0.58 0.00 0.00 0.41 

PGI14b 1268 typical bulk 5.5 0.38 0.29 5.88 47.75 0.65 0.20 0.06 0.11 0.61 0.29 0.00 0.00 0.12 43.66 0.68 0.51 10.43 84.75 1.15 0.36 0.11 0.20 1.09 0.51 0.00 0.00 0.22 

PGI14b 1267 typical bulk 4.8 0.16 0.39 3.99 25.32 0.57 0.13 0.00 0.08 0.45 0.23 0.00 0.00 0.22 68.45 0.51 1.25 12.64 80.25 1.80 0.41 0.00 0.25 1.44 0.74 0.00 0.00 0.71 

PGI14b 1261 typical bulk 4.5 0.10 0.92 8.83 29.88 0.63 0.17 0.04 0.13 0.59 0.20 0.00 0.00 0.30 58.20 0.25 2.19 21.12 71.49 1.52 0.40 0.11 0.32 1.41 0.49 0.00 0.00 0.72 

PGI14b 1260 typical bulk 3.4 0.16 0.59 6.30 34.96 0.66 0.20 0.03 0.42 0.76 0.23 0.00 0.00 0.25 55.44 0.35 1.33 14.14 78.45 1.48 0.44 0.08 0.94 1.70 0.52 0.00 0.00 0.57 

PGI14b 1221 oxide rich patch 1.5 0.18 0.14 1.65 17.96 1.12 0.49 0.06 0.16 0.46 0.22 0.00 0.00 0.17 77.37 0.80 0.63 7.30 79.36 4.96 2.16 0.27 0.72 2.04 0.99 0.00 0.00 0.77 

PGI14b 1250 oxide rich patch 1.4 0.00 0.00 1.14 15.99 1.07 2.02 0.00 1.16 0.52 0.43 0.00 0.00 0.21 77.47 0.00 0.00 5.05 70.95 4.73 8.98 0.00 5.16 2.31 1.89 0.00 0.00 0.93 

PGI14b 1219 typical bulk 1.3 0.13 0.37 5.18 35.14 0.84 0.24 0.04 0.33 0.96 0.20 0.00 0.00 0.24 56.34 0.29 0.85 11.88 80.49 1.92 0.54 0.08 0.75 2.19 0.45 0.00 0.00 0.56 

PGI14b 1220 typical bulk 0.1 0.00 0.00 1.59 6.01 0.82 1.10 0.04 0.27 0.23 0.26 0.00 0.00 0.15 89.52 0.00 0.00 15.20 57.41 7.82 10.46 0.34 2.60 2.23 2.47 0.00 0.00 1.47 
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Table 17. EDS analyses of glassy slag PGI17 from H (2093), presented as normalised oxides with analytical total in wt%. < = below detection. 

 

site spectrum notes Normalised oxides  

   Na2O MgO Al2O3 SiO2 P2O5 S Cl K2O CaO TiO2 V2O5 MnO FeO NiO CuO ZnO total 

                    

Areal analyses                  

2 #7 glass 0.37 4.94 13.31 56.28 0.39 0.16 < 1.70 15.03 0.57 < 0.27 6.97 < < < 99.85 

2 #8 glass 0.33 3.85 11.74 59.43 0.42 0.14 < 1.67 12.50 0.52 < 0.25 9.16 < < < 99.25 

5 #69 typical 0.23 5.24 21.28 49.06 0.30 0.23 0.03 1.92 17.59 0.65 < 0.15 3.30 < < < 99.87 

6 #82 typical 0.38 4.56 12.73 57.25 0.35 0.22 < 1.71 14.45 0.54 < 0.28 7.54 < < < 98.26 

6 #83 typical 0.38 4.57 12.45 57.36 0.39 0.25 0.04 1.66 14.01 0.59 < 0.26 8.03 < < < 98.63 

7 #84 typical 0.35 3.90 12.15 58.71 0.39 0.14 < 1.78 12.73 0.57 < 0.25 9.03 < < < 99.49 

9 #110 typical 0.33 5.22 13.69 55.58 0.33 0.23 < 1.66 15.63 0.55 < 0.25 6.53 < < < 97.83 

11 #125 typical 0.35 4.43 12.40 56.79 0.37 0.49 < 1.64 13.70 0.59 < 0.28 8.87 0.11 < < 98.6 

16 #166 typical near weathered prill 0.30 3.88 11.83 59.55 0.41 0.14 < 1.69 12.45 0.57 0.10 0.30 8.78 < < < 99.49 

13 #126 bulk prill < < 0.20 0.18 0.10 23.85 < < 0.04 < < < 75.08 0.33 0.23 < 98.19 

14 #139 bulk prill (weathered) < 0.12 0.43 0.49 1.23 22.93 0.07 0.05 0.22 < < < 73.60 0.51 0.36 < 99.55 

15 #150 dendrite core < < 0.46 0.18 2.45 0.05 < < 0.03 < < < 96.32 0.41 0.09 < 100.04 

2 #9 prill? < 0.67 1.71 5.80 0.13 23.16 < 0.15 1.45 < < 0.15 65.68 0.55 0.33 0.20 90.89 

2 #10 silica-rich relict clast 0.25 0.78 3.54 87.42 0.09 < < 1.37 3.05 0.36 < 0.05 3.08 < < < 99.86 

6 #81 anorthite-rich relict clast 0.34 4.06 23.32 48.13 0.24 0.27 0.07 1.16 17.92 0.48 < 0.19 3.82 < < < 95.28 

                    

Point analyses across foliation 
            

    99.52 

7 #85  0.29 4.63 12.86 55.73 0.42 0.11 < 1.38 14.31 0.62 < 0.28 9.38 < < < 99.56 

7 #86  0.36 3.79 10.98 60.10 0.41 0.27 < 2.03 12.10 0.48 < 0.27 9.21 < < < 99.63 

7 #87  0.33 3.84 11.22 59.80 0.37 0.11 < 1.89 12.22 0.51 < 0.29 9.42 < < < 99.79 

7 #88  0.33 4.09 11.70 57.62 0.37 0.10 < 1.59 13.02 0.55 0.11 0.30 10.21 < < < 99.29 

7 #89  0.36 3.88 11.36 59.23 0.42 0.10 < 1.75 12.35 0.52 < 0.29 9.76 < < < 99.67 

7 #90  0.37 3.79 10.73 60.05 0.44 0.07 < 1.75 12.10 0.51 < 0.29 9.88 < < < 99.42 

7 #91  0.39 3.74 12.55 58.43 0.37 0.07 < 1.71 12.86 0.57 < 0.30 8.99 < < < 99.27 

7 #92  0.32 4.35 13.35 55.42 0.44 0.12 < 1.32 14.05 0.55 < 0.30 9.77 < < < 99.45 

7 #93  0.37 3.89 11.70 59.74 0.37 0.10 < 1.67 12.53 0.52 < 0.26 8.86 < < < 99.85 
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Table 18: concentration of selected oxides/elements and oxide ratios for the glass in isolated inclusions (i) and the heads of the connected glass-filled network (c) in examples of FHS showing 
minimal amounts of slag generation. All contributing analyses were normalised to exclude iron oxide. Comparative data from real analyses providing estimates of bulk particle composition are also 
provided. P ratio = P2O5/(P2O5+FeO) (all wt%) 
 

sample scale Na2O MgO Al2O3 SiO2 P2O5 S K2O CaO MnO SiO2:Al2O3 whole particle 

  i c i c i c i c i c i c i c i c i c i c SiO2:Al2O3 CaO:MgO Na2O P2O5 P ratio 

                      
     

PGI2 F5 14 8 0.4 0.3 2.3 2.2 46 61 14.5 1.8 0.12 0.5 1.5 1.8 21 18 0.45 0.5 20 15 5.8 0.7 5.0 2.2 0.48% 

PGI2 F10 18 12 0.3 0.5 1.2 1.6 40 38 24 22 0.5 1.4 3.6 3.3 11 9 0.5 0.8 37 33 3.9 1.4 12.5 12.5 0.32% 

                           

PGI6 F2 9 7 8 6 11.5 10 55 55 2.7 2.5 0.5 0.4 1.1 1.3 15 18 0.25 0.15 5.5 5 8.3 1.0 5.9 3.1 0.67% 

PGI6 F5 9 7 6 4.5 2.8 2.1 37 42 25 24 1 1.3 1.6 1.7 17 18 0.1 0.1 17 20 6.0 0.9 5.8 19.5 0.87% 

PGI6 F6 10 8 5 4.5 7.5 6.5 55 57 3 2.7 0.8 0.6 1.4 1.5 18 18 0.9 0.8 7.5 9 6.9 0.6 12.7 2.9 0.57% 

                           

PGI13 F1  0.8  0.9  4.5  75  10  4  2.4  3  0.65  16 5.1 1.0 < 7.1 0.53% 

PGI13 F9 4 4 0.5 0.3 13 10 55 50 4 4 0 0 3 2.5 23 30 0.1 0.1 5 6 4.2 4.9 2.3 5.5 0.35% 

PGI13 F14 3 2.5 1 1 12 10 72 72 2 1 0.4 0.5 2.7 4.5 9 8 0.5 0.5 8 7 3.2 1.7 1.1 1.5 0.25% 

PGI13 F15 3 5 0.7 0.6 17 17 67 65 2 4 1 5 5.5 5 3 4 0 0 3 4 3.0 0.8 2.4 3.2 0.26% 

PGI13 F22 17 10 0.57 0.3 0.5 2.2 12 40 59 45 1 2 5 5 4 6 1 0.2 22 20 3.8 1.3 6.5 28.3 1.63% 
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Table 19: comparison of the populations of scale with ratio P2O5:(P2O5+FeO) (all as wt%) within stated ranges across the studied assemblages. 
 
 

P ratio Area K7 Area E Area B2 

 SHS FHS SHS FHS SHS FHS 

       

mean 0.83% 1.02% 0.84% 0.68% 0.39% 0.37% 

       

0 - 0.4% 6 3 6 3 7 21 

0.4 - 0.8% 15 2 11 6 3 2 

0.8 - 1.2% 7 2 4 2 1 0 

1.2 - 1.6% 4 4 0 1 1 1 

1.6 – 2.0% 3 1 1 0 0 1 

2.0 - 2.4% 1 0 1 0 0 0 

2.4 - 2.8% 0 1 1 0 0 0 

       

total 36 12 23 12 12 25 
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Table 20: comparison of the populations of scale with ratio MnO:(MnO+FeO) (all as wt%) within stated ranges across the studied assemblages. < = Mn below detection. The mean for the Area E 
SHS is 0.018% if the two extremely high outliers (10.03% and 6.58%) are excluded. 
 
 

P ratio Area K7 Area E Area B2 

 SHS FHS SHS FHS SHS FHS 

       

mean 0.14% 0.12% 0.83% 0.14% 0.09% 0.07% 

       

< 10 5 7 4 4 12 

0 - 0.1% 7 0 6 1 4 5 

0.1 - 0.2% 12 4 5 3 2 7 

0.2 - 0.3% 3 3 2 2 1 0 

0.3 – 0.4% 1 1 0 1 1 0 

0.4 – 0.5% 1 0 1 1 0 1 

> 0.5% 2 0 4 0 0 0 

       

total 36 12 23 12 12 25 
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