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Abstract 
 
An archaeometallurgical residue assemblage weighing 60kg (from 84 
contexts) was recovered from excavations at Cleevelands, Bishop’s 
Cleeve, Gloucestershire. The residues are almost entirely from 
blacksmithing (the end use of iron for fashioning or repairing 
implements and other artefacts) employing coal as fuel. The residues 
were strongly associated with the deposits of Group 11459, a midden 
of Period 5, late Roman, which produced 86% of the assemblage by 
weight from 37 contexts. Sieved residues from Group 11459 were 
rich in coal residues and slag debris, but contained only lesser 
quantities of hammerscale, possibly suggesting that they were 
transported. Another importance source of macroresidues was a 
series of fills of palaeochannels, which yielded a further 6% from 5 
contexts. The remainder of the ironworking assemblage (7% by 
weight) was derived from sparse occurrences in a further 41 
contexts, mainly the fills of various ditches, postholes and pits. Three 
conjoining sherds of Roman crucible, probably for the melting of 
copper alloy, were derived from ditch [10755], which yielded no 
ironworking residues. 
 
80% of the assemblage by weight was identifiable as complete or 
partial smithing hearth cakes (SHCs) and other similar slag masses. 
Only 57 of the 176 smithing slag masses were the typically-shaped, 
concavo- or plano- convex, cakes known as ‘smithing hearth cakes’ 
(SHCs); the others included a wide range of often irregular 
morphologies. The weight-frequency statistics of the assemblage 
bear very close comparison with some other examples of rural 
Roman blacksmithing residue assemblages and the assemblage has 
a very low mean smithing slag cake weight of 125g. 
 
Detailed analysis of the residues showed that they were internally 
heterogenous, suggesting very poor mixing of individual batches of 
slag input (such as partially melted shale clasts, flows of melted lining 
and dissolving lumps of iron oxide from the workpiece). The slags 
were rather aluminous, reflecting the composition of the coal 
employed, which would have increased their relative viscosity – 
perhaps a factor in their poor mixing. There was compositional 
variation between slag cakes too, and this was complex, suggesting 
inputs of multiple components with differing elemental compositions, 
in turn suggesting variability in the apparently rather impure coal. 
 
The variation in slag cake morphology may have been related to the 
intermittent and small-scale use of the forge for relatively low 
temperature tasks. The low temperature and reduced slag fluidity 
inhibited the generation of more typical SHCs. 
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Methods 

Project rationale and history 

 
The material described here derives from excavations 
at Cleevelands, Bishop’s Cleeve, Gloucestershire, 
conducted by Cotswold Archaeology (Site Code 
CER14). This project was commissioned by Ed 
McSloy.  
 
The material was assessed and catalogued, following 
visual inspection. An assessment report was produced 
in July 2016 (and subsequently revised to take into 
account revised dating in March 2017; Young 2017).  
 
The assessment recommended that: 

“detailed analytical investigation of the assemblage 
would certainly be of benefit to improved 
archaeometallurgical understanding of coal-fuelled 
smithing in the Roman period. Such analysis 
should investigate any potential link between slag 
composition and the variety of smithing slag 
morphology recognised, to investigate whether 
there is any determinable association between 
slag morphology evidence for process (e.g. are 
particular morphologies more likely during high 
temperature welding?)”. 

 
The commissioned analytical programme was not of 
sufficient scope to address this question in its entirety, 
but it was approached firstly through elemental 
analysis of bulk samples from seven examples of slag 
masses (including four with the form, albeit variable, of 
a conventional smithing hearth cake and three with 
less regular form) and from an example of hearth 
lining. Secondly, microstructural/microanalytical 
studies were conducted by analytical scanning electron 
microscope (ASEM) on samples from the four slag 
masses of conventional form. 
 

Analytical methods 

The selected samples 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 ICP-OES 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. 
 
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). 
 
The results of the chemical analyses are presented in 
full in the archive appendix (Appendix B, Table A3 and 
A4), and also as Tables 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 in the School of Earth 
and Ocean Sciences, Cardiff University. Microanalysis 
was undertaken using the system’s energy-dispersive 
x-ray analysis system (EDS) controlled by Aztec 
software. The assistance of Dr Duncan Muir is 
gratefully acknowledged. Unfortunately, at the time of 
conducting the electron microscope investigations, the 
instrument had been damaged and one quadrant of 
the backscattered electron detector was not working. 
Thus, backscattered electron images darken towards 
the upper right, and stitched composites are of poor 
quality. 
 
The GeoArch site code used for the samples is CLE. 
Locations of EDS analyses are presented as sample-
electron image-spectrum (e.g. CLE1/EI2/#3). The 
microanalytical data are presented in Appendix C 
(Tables C1-C4). Images of all areas including analyses 
are included in Appendix D, including, where 
appropriate, details of the analysed points/areas. 
 
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, 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), 
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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. 
 
This project was commissioned by Ed McSloy and 
Andrew Mudd of Cotswold Archaeology. The analysis 
was undertaken in March/April 2018. 
 
 
 

The residues 

The assemblage 
Approximately 60kg of macroscopic materials in 157 
bags from 84 contexts were submitted for assessment, 
along with 112 bags (20.4kg) of residues from the wet-
sieving of 49 samples from 43 contexts. 17 of the 
sieved samples (42 bags) were not pertinent to the 
present investigation, being from cremation deposits; 
just 9 samples (23 bags) from 4 contexts yielded 
metallurgical microresidues. 
 
The macroscopic assemblage comprised 
approximately 53kg of slag, 5.0kg of hearth lining, 
2.1kg of corroded iron, with minor quantities of coal 
and fired clay. There was also one broken fragment of 
crucible. The residues are probably mainly of later 
Roman (C3-C4) age. 
 
 
 

Distribution of the residues 
The stratigraphic distribution of the materials is 
summarised in Table 2. 
 
The ironworking residues are strongly associated with 
the deposits of Group 11459, which produced 86% of 
the assemblage by weight from 37 contexts. Another 
importance source of residues was a series of fills of 
palaeochannels, which yielded a further 6% from 5 
contexts. The remainder of the ironworking 
assemblage (7% by weight) was derived from sparse 
occurrences in a further 41 contexts, mainly the fills of 
various ditches, postholes and pits. 
 
The three conjoining sherds of crucible were derived 
from ditch [10755], which yielded no ironworking 
residues. 
 
The rapid assessment of the sieved samples located 
metallurgical residues in samples from just four 
contexts (11459, 12027, 12029, 12040). Although 
these samples contained significant amounts of coal 
residue, coal and comminuted slag debris, true 
microresidue (flake hammerscale) was only observed 
in two contexts (11459, 12040). In neither case was 
the hammerscale abundant. 
 
 
 

Description of iron smithing residues 
 
General 
The residues were almost entirely indicative of 
ironworking (blacksmithing) employing coal as fuel. 
80% of the assemblage by weight was identifiable as 
complete or partial smithing hearth cakes (SHCs) and 
other similar slag masses. Indeed, the variety of slag 
masses challenges current criteria for the recognition 
of SHCs and it would appear that the smithing hearths 
at Cleevelands produced different morphologies of 
slag waste on different occasions. The large number of 
such slag cakes present makes this a very valuable 
assemblage in any such discussion.  
 
The macroscopic smithing residues were of three main 
kinds:  
 
Smithing slag cakes: there were 176 more-or-less 
complete examples of smithing slag cakes, but only 57 
of these were of the classic plano- or concavo- convex 
morphology of a typical smithing hearth cake (SHC). 
The entire group is categorised here as ‘smithing slag 
cakes’, with the SHCs as just one subgroup. 
 
Indeterminate iron slags: Other slags in the 
assemblage were probably also from smithing, but are 
materials not incorporated into the main slag mass – 
either because they were isolated prills, blebs or nubs 
of slag within the fuel bed, or because they were 
associated with the hearth wall, rather than the central 
hot-zone. Also included as indeterminate are 
fragments of slags that are too small to display 
diagnostic characteristics. 
 

Hearth lining: Some 2056g of hearth lining was 
present, mainly as oxidised fired pieces (so probably 
from close to the blowhole). Several pieces showed 
short sections of blowhole margins, but these were 
insufficient for any accurate determination of blowhole 
size. Pieces from close to the blowhole commonly 
showed a thick accumulation of shale-rich slag 
 
 
 

Smithing slag cakes  
Only 57 of the smithing slag cakes had the classic 
plano- or concavo- convex morphology of a typical 
smithing hearth cake (SHC).  
 
The weight-frequency statistics for each morphology 
are presented in Table 1. The other major cakes also 
appeared to have formed as the sole or major slag 
piece within a smithing hearth, but they occurred in a 
variety of shapes: 
- as isolated burrs 
- as conical or pyramidal sub-blowhole slag pieces 
- as crescentic and/or narrow transverse slag masses 
- as elongate, down-wall, masses 
- as irregular slag masses 
 
The typical SHCs were small and mostly planoconvex, 
with smooth tops and dimpled bases. In several cases 
their bases showed the development of irregular 
internal sheets or lobes, broadly concentric with the 
lower surface, but sometimes incorporating small 
extensions. Similar pieces commonly occurred as 
separate slag fragments. These are interpreted as 
having been formed as tool-marks, in which the smith 
has used a poker to agitate below the growing slag 
mass and the liquid slag has then infilled the void 
created by the passage of the poker through the fuel 
bed. More typical tool-marks show as ridges on the 
base of SHCs and may indicate the use of a poker to 
loosen or raise the slag from the hearth. The lateral 
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movements suggested here, may be more likely to be 
associated with the smith encouraging the slag to 
settle deeper into the hearth to prevent obstruction of 
the area in front of the blowhole.  
 
The 57 examples of SHCs ranged from 50g to 530g in 
weight, with an average weight of 176g. Some of the 
SHCs showed a dense upper ‘puddle’ of slag, in which 
case some maroon surficial colouring was also visible. 
A sandy component was visible on the glassy slag 
upper surface of some, but few were gravelly and no 
slag cakes showed the overall gravelly structure seen 
in those from sites such as Caerleon and Neath 
(Young 2013a, 2013b, 2014a, 2017d).  
 
The irregular masses and the down-wall masses may 
simply be less regular accumulations of slag otherwise 
equivalent to SHCs. They typically have dimpled slag 
surfaces (from contact with fuel particles). The irregular 
forms may have either grown in an irregular shape, or 
perhaps more likely they have been disturbed into an 
irregular, often spikey, shape through use of the poker. 
The isolated burrs, the crescentic masses and the 
pyramidal sub-blowhole masses may all have been 
generated close to (or in the case of the burrs within) 
the wall below the blowhole – with the crescentic 
masses forming away from the wall, the pyramidal 
masses forming touching the wall, and the burrs 
formed in an embayment within the wall. These reflect 
different degrees of wall-slag interaction and also 
possibly the effects of partial slag removal during work.  
 
The whole assemblage of smithing slag cakes ranged 
from 44g to 530g, with an average weight of 125g. The 
weight-frequency statistics of this overall assemblage 
bear very close comparison with some other examples 
of rural Roman blacksmithing residue assemblages. 
The smithing slags commonly showed inclusions of 
coal residue. There was no certain evidence for the 
use of charcoal as fuel. 
 
 

Mineralogy and Microstructure 
 
The microstructure and mineralogy of the smithing 
slags was investigated through examination of four 
samples from smithing hearth cakes. 
 
The investigated slags CLE1 to CLE3 all bore 
evidence for the use of coal as fuel, and their chemical 
composition reflects this. In all the samples the slag 
composition was moderately aluminous, although 
slightly variable in detail. The aluminous nature of the 
slags was reflected in the importance of hercynite in 
their microstructure (Plate 1a-e). None of the samples 
mounted for the SEM showed shale inclusions on the 
cut face. All the samples bore blebs of iron sulphide 
and a mineral interpreted as gypsum was present as a 
secondary mineral in many vesicles. Where sufficiently 
iron-rich, the primary phase was wustite, although the 
bulk elemental analyses suggest that this may not 
have been in equilibrium (see below). In several 
examples the wustite was concentrated in small 
volumes, suggestive of the poor mixing of dissolved 
iron oxide particles lost from the workpiece (Plate 
1b,d,e). The wustite was commonly closely followed by 
hercynite (Plate 1d), or by hercynite forming a cotectic 
with fayalite (Plate 1a,c,f). No analysed examples of 
fayalite proved to be phosphoran (sensu Boesenberg 
& Hewins 2010). Materials interstitial to the hercynite 
plus fayalite included both a leucite-wustite cotectic 
(Plate 1a,f) and a glass bearing iron sulphide, 
kirschsteinite-rich olivine, sometime rhönite, iron 
oxides and spinels. The upper parts of the cakes 
locally contained areas rich in leucite (Plate 1c), 

indicating assimilation of ceramic material (either 
hearth lining or coal shale). 
 
SEM sample CLE1 was taken from the lower part of a 
large (530g) dense SHC. The SEM sample from CLE2 
was from the distal section of a medium-sized SHC 
(188g) including both upper and lower faces. The 
mounted sample from CLE3 encompassed the 
complete section of a very small SHC (55g). Sample 
CLE4 was taken from the lower bowl of a medium-
sized SHC (294g) with a dense bowl and a thick 
overlying layer of lining slag. 
 
Sample CLE1 showed a layered structure, with 
horizontal zones marked by the varying size and shape 
of the component minerals, the distribution of voids 
and wustite-rich lumps. Several of the zones contained 
rounded zones with abundant wustite suggestive of 
areas of slag into which iron (or oxidised iron debris) 
lost from the workpiece had dissolved, without a 
significant degree of subsequent mixing with the 
adjacent slag (Plate 1b). Typical slag (Plate 1a) 
comprised early wustite, followed by olivine bearing a 
cotectic hercynite. Areas interstitial to the olivine were 
mostly largely filled by leucite-wustite cotectic, but 
some areas with fine-grained calcium phosphate, 
olivine and glass also occurred. The uppermost layers 
contained abundant leucite (Plate 1c), locally as 
euhedral crystals, a texture usually associated with the 
assimilation of hearth ceramic.  
 
Sample CLE2 was also layered. The basal layer was 
variable, but typically with small wustite dendrites 
followed by hercynite and by olivine (Plate 1d), with 
interstitial regions dominated by leucite-wustite, but 
also locally bearing olivine with elevated calcium. 
Higher in the slag cake rounded blebs rich in wustite 
became more common (Plate 1e). These were set in 
slag with very little wustite, with what wustite did occur 
being commonly in a cotectic relationship with 
hercynite. The dominant olivine was commonly 
skeletal. Areas interstitial to the olivine contained 
leucite-wustite, hercynite and iron sulphides. The 
uppermost part of the slag cake was rich in magnetite. 
 
Sample CLE3, as samples CLE1 andCLE2, possessed 
a very variable development of wustite, but this was 
not resolvable into specific poorly-mixed particles, but 
a more gradual variation (Plate 1f). Hercynite occurred 
intercalated in the outer parts of the primary wustite, 
and developing before, or as a cotectic with, the main 
olivine. A small proportion of the late-stage olivine is 
relatively calcic. In the upper part of the cake, gaps in 
the early wustite framework were filled by fills of a 
siliceous slag of olivine followed by an interstitial 
leucite-wustite cotectic. 
 
Sample CLE4 was unusual in having a third significant 
input to the slag – probably sedimentary ironstone, 
now present as lumps of magnetite-rich material with 
dehydration/decarboxylation cracks (Plate 1g). This 
was probably accidental and represents the use of a 
particularly impure coal containing sideritic 
concretions. This altered ironstone fragment 
dominated the prepared sample. The clast largely now 
comprised an iron oxide (possibly magnetite) with a 
granular texture and minor intergranular, glassy, melt, 
cut by vesicular veins of new-formed magnetite in 
glass. Abutting the clast was a wide variety of different 
slag textures, including glassy lining slags, iron poor 
slags bearing a possibly pyroxene, and coarse slag 
with skeletal olivine (Plate 1h). Several of the slag 
textures bore magnetite. 
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Details of sampled materials 
 
Sample CLE1 (Plate 1a-c; Archive Plates A1 – A4) 
This sample is taken from a 530g, 85mm x 75mm x 
60mm deep, dense SHC from context (11455). The 
base of the main SHC bowl, with marked coarse 
tubular vesicles, overlies a series of curving lobes with 
dimpled surfaces, suggesting slag-filled grooves made 
by a poker. The base of each tool-mark lobe has fine 
vesicles but is otherwise dense. The upper surface 
shows some low raised lobes, between which is a 
sparse amount of coke (and one possible fragment of 
charcoal), together with a central area of smooth-blown 
slag with a glossy maroon surface. The coke clasts 
show a white coating. On the cut surface, the slag is 
grey in colour, with darker anastomosing zones 
associated with bands of vesicles. The oxidised fired 
ceramic attached to proximal side, suggests a contact 
with a hearth wall that was probably over-hanging. 
 
The sample for the SEM mount was taken from an 
area centred upon a point about 30mm below the top 
of the SHC and 20mm in front of the hearth wall, 
through which passed the apparent junction of the 
bowl and one of the tool-marks. 
 
Under the SEM the sample showed a stratification 
formed by succession of six zones, marked by varying 
size and shape of the minerals, the distribution of voids 
and wustite-rich lumps. The lowest of the zones, Zone 
6, was certainly within the fill of the tool-mark, but there 
was a marked change in the textures between zones 3 
and 2, and this may have been the actual junction of 
the components.  
 
Zone 6 was formed of a moderately coarse texture 
(Plate 1a), with primary wustite dendrites, mostly with 
sparse, but moderately stout elements, up to 1mm 
across. This is followed, without obvious 
crystallographic relationship by olivine with cotectic 
hercynite. The olivine was elongate in the plane of the 
section, and up to 2mm in length. The olivine was 
close to end-member fayalite (Fa96.3Fo3.7 to 
Fa98.7Fo2.3 with 0.8% up to 3.7% substitution of 
calcium). In the inner parts of the olivine the hercynite 
is thin, and its orientation crystallographically-
controlled by the olivine, but occurs in locations which 
may suggest that the hercynite nucleated on the 
primary wustite. In the outer parts of the olivine the 
hercynite is, instead, subhedral, and protrudes into the 
interstitial areas. The hercynite ranged from 83% to 
87% hercynite, 17% to 13% magnetite, with low 
degrees of substitution by magnesium, titanium, 
vanadium and chromium. The areas interstitial to the 
olivine are dominantly filled by a leucite-wustite 
cotectic, the spatial relationship of which suggests a 
relationship with the underlying primary wustite. Two 
microanalyses of leucite showed substitution of 5.4% 
and 5.9% sodium for potassium. Lesser areas were 
filled with a mixture of wustite, a calcium phosphate, 
probably fayalite and glass. 
 
The overlying Zone 5 was formed by slag of a broadly 
similar microstructure but comprised either a finer-
grained olivine or the olivine had a preferred 
orientation perpendicular to the section. The boundary 
between the two Zones was marked by small vesicles 
and also by remnant leucite-rich vesicle rims. Zone 5 
shows a much lower proportion of primary wustite than 
Zone 6. 
 
Both zones 6 and 5 contained small patches of more 
dense, wustite dendrites forming domains within 
rounded enclaves several millimetres across. These 

are suggestive of iron-rich zones within the slag, 
probably due to partially dissolved iron oxide clots.  
 
Zone 4 was a level within Zone 5 rich in similar wustite-
rich rounded clots, the largest of which was 
approximately 8mm across (Plate 1b).  
 
Zone 3 was broadly similar in mineralogy and 
microstructure to Zone 5 (but it had a very low 
proportion of wustite) and was divided from Zone 2 by 
a marked change in grainsize, with Zone 2 
characterised by olivine with a maximum dimension of 
0.5mm. Zone 3 showed wustite largely reduced to 
isolated blebs. The olivine which followed the primary 
wustite produced microanalyses with compositions 
ranging from Fa95.6Fo4.4 in the core to Fa100 on the 
margin with 0.7% calcium substitution in the core and 
up to possibly as much as 6% on the margins. A later 
stage fine-grained interstitial olivine was difficult to 
analyse but was probably 15% to 20% and possibly up 
to as much as 30% kirschsteinite. A very fine-grained 
spinel with 25-29% hercynite, 33-34% ulvöspinel and 
37-41% magnetite occurs in the interstitial areas, 
where it may be overgrown by rhönite.  
 
Zone 2 showed an almost complete absence of 
wustite, the presence of leucite crystals rather than a 
leucite-wustite cotectic and a low degree of 
vesicularity. The wustite shows as small dendritic 
developments distributed sparsely across the zone. 
The subsequent olivine shows a cotectic relationship 
with both hercynite and (to a lesser extent) leucite.  
 
The analysed olivine was very close to end member 
fayalite (Fa95.8Fo4.2 with 0.8% calcium substitution to 
Fa99Fo1 with 1.7% calcium substitution in the body of 
the crystals, but Fa100 with 4.0-5.3% calcium 
substitution recorded on the margins). Microanalysis of 
the leucite suggested 5.4 sodium substitution, 
comparable to other examples in the study, but 
another crystal provided an analysis of 9.0% sodium 
substitution – an unusually high figure. The hercynite 
ranged from 73% hercynite – 27% magnetite to 82% 
hercynite – 18% magnetite. The interstitial areas were 
poorly preserved, with most glass having decomposed, 
but rhönite was present as a fine-grained phase in 
many areas. 
 
Zone 1 possessed a less homogeneous 
microstructure, voids with leucite-rich rims, inclusions 
of secondary iron oxides in place of fuel clasts, and a 
generally very high proportion of leucite. The olivine is 
subhedral, with a variation in grainsize from zones of 
dominantly 20µm and others of approximately 100µm. 
The relationship with the leucite grains, of similar 
grainsize, is uncertain, but at least in some areas the 
subhedral olivine abuts euhedral leucite (Plate 1c).  
 
A single microanalysis of leucite showed 53% 
substitution of sodium for potassium. The olivine is 
close to end-member fayalite, ranging from 
Fa96.2Fo3.8 with 0.7% calcium substitution to 
Fa99.3Fo0.7 with 1.3% calcium substitution. The 
olivine carries coarse cotectic hercynite (approximately 
85% hercynite – 15% magnetite). The outer margins of 
the olivine carry small (5µm-10µm) angular grains of 
spinel with a composition equivalent to 16-20% 
hercynite, 15% magnetite and 69-65% ulvöspinel. 
 
Bulk area analyses by EDS (Table 3) showed that the 
dominant slag type of Zones 1 and 2 showed a 
markedly lower iron content (36-49% FeO) than for 
Zones 3, 5 and 6 (56-58% FeO), with the iron rich clots 
in Zone 4 being significantly higher (77% FeO).  
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Re-calculation of the data on an iron-free basis, shows 
that the iron is associated with a silicate-rich 
component of relatively stable composition through the 
section. The SiO2:Al2O3 ratio (by weight) varies from 
2.8 to 3.4, with Zones 4 and 5 having the lowest ratio 
and Zone 3 the highest.  
 
 
Sample CLE2 (Plate 1d,e; Archive Plates A5 – A7) 
This sample is taken from a 188g, 60mm x 75mm x 
40mm (deepest close to the presumed proximal side), 
dense neat SHC from context (11455). The top is 
smooth-blown and black, the base is dimpled, and the 
margins are somewhat lobate with the smooth upper 
material showing slight evidence for viscous flow over 
the edges of the upper surface. 
 
The cut section shows a variable internal structure, 
with the lowest, apical, part of the bowl apparently 
formed by a separate lobe, perhaps a tool-cast. There 
is some evidence for parts of the main body of the 
SHC also having a possible lobate internal structure. 
Vesicles are concentrated in the material between the 
internal lobes in the lower part of the SHC, but larger 
rounded irregular vesicles (up to 10mm) occur in the 
upper part closely below the smooth surface.  
 
There are some clasts of coke in the dimples of the 
base of the slag. Several of the larger vesicles show 
fills of an elongate, fibrous, translucent white crystalline 
material, that was not analysed, but is identified as 
gypsum (hydrate calcium sulphate). 
 
The lower part of the investigated mount shows a 
markedly heterogeneous texture (Plate 1d), with 
variable amounts of primary wustite in small stubby 
dendritic growths. The wustite is overgrown by 
subhedral hercynite, which showed a small range of 
composition from 85% to 89% hercynite (15% to 11% 
magnetite). There was some intergrowth of hercynite 
and olivine in local areas, but no large-scale 
crystallographically constrained cotectic growth. The 
olivine was close to end-member fayalite (ranging from 
Fa96.3Fo3.7, with 0.3% calcium substitution to 
Fa99,4Fo0.6 with 1.3% calcium substitution). 
 
Material interstitial to the olivine was mainly a leucite-
wustite cotectic (leucite analysed as having 3.9% 
sodium substitution), with a particular association with 
both surviving and former leucite-dominated vesicle 
rims. Vesicles typically showed a partial fill of 
secondary iron oxides. In some areas there was an 
apparent cotectic intergrowth of olivine and the leucite-
wustite cotectic. Some interstices contained small 
amounts of a late olivine with a measured composition 
of Fa100 and 5.5% calcium substitution (equivalent to 
89% fayalite and 11% kirschsteinite). The interstices 
also bore small blebs of iron sulphide. 
 
A small proportion of interstitial areas showed a 
different, more finely-crystalline microstructure, with a 
prominent elongate or finely tabular phase, the 
identification of which is uncertain, but possibly rhönite. 
 
Above the basal section of the SHC, the primary 
wustite becomes more prominent, and in the middle to 
upper part of the section there are wustite rich rounded 
clots (Plate 1e). 
 
Within these clots the dominant primary wustite shows 
some intergrowth in its outer parts with the subsequent 
hercynite. Microanalysis of this hercynite shows 
compositions of between approximately even 
proportions of hercynite and magnetite end-members 
and a composition of 81% hercynite and 19% 

magnetite. The hercynite was followed by elongate, 
finely skeletal olivine, with abundant fine cotectic 
hercynite. The olivine showed variation in composition 
from Fa99.5Fo0.5 with 0.2% calcium substitution near 
the contact with the hercynite, through to more usual 
compositions of around Fa98Fo2 with similar levels of 
calcium. The interstitial areas were mainly of glass with 
fine silicate minerals and sulphide blebs. There was 
very little, if any, leucite present. 
 
Outside the clots, the slag shows very limited primary 
wustite, mainly in isolated blebs or vestigial dendrites. 
The wustite may be associated with the cores of 
euhedral hercynite or may even form a wustite-
hercynite cotectic intergrowth in rare instances. The 
hercynite shows a narrow range of composition from 
83% hercynite 17% magnetite to 87% hercynite 13% 
magnetite. In one small area a late, more iron-rich 
spinel (79% hercynite 21% magnetite) was observed 
as a slightly dendritic crystal growing into an interstice 
from the angular tip of an olivine grain. 
 
The olivine was skeletal but coarser-grained than that 
within the wustite-rich clots. A narrow range of 
compositions was observed, ranging from Fa97Fo3 
with 0.4% calcium substitution to Fa98.8Fo1.2 with 
0.6% calcium substitution. 
 
In some interstices, coarse wustite was overlain by iron 
sulphides. Most interstices were filled with a leucite-
wustite cotectic, but simple leucite also occurs. The 
leucite showed 3.9% sodium substitution. In some 
areas hercynite appears to overlie the leucite-wustite 
and more widely overgrows the skeletal fayalite. 
Locally the hercynite and possibly fayalite may be 
intergrown with the leucite. 
 
At the top of the slag cake there was a thin skin of fine-
grained oxides, but it is unclear how much of this layer 
is formed by secondary minerals. Inside this layer is a 
downward-coarsening layer of magnetite ranging up to 
5µm in size, which further pass into fine dendrites. In 
the body of the slag there are euhedral phenocrysts of 
hercynite (which are of approximately 87% hercynite 
13% magnetite to 90% hercynite 10% magnetite), with 
fine iron-rich rims (10% hercynite 90% magnetite) that 
become coarser towards the top of the cake, merging 
with the magnetite of the upper layer.  
 
Feathery dendritic olivine follows the spinels and 
produced microanalyses from the more solid cores 
ranging from Fa96.4Fo3.6 with 0.3% calcium 
substitution to Fa97.8Fo2.2 with 0.7% calcium 
substitution. 
 
The bulk EDS analyses show higher SiO2:Al2O3 ratios 
for the lower part than the upper. The lower part shows 
a higher iron content. Potassium is elevated in the 
central part of the section but lower both above and 
below. 
 
 
Sample CLE3 (Plate 1f; Archive Plates A8 – A10) 
This sample was taken from a small puck-like SHC, 
45mm x 55mm x 19mm (13mm bowl), formed of 
wustite-rich, highly vesicular slag, with a finely dimpled 
base, and rough fuel-dimpled top. The SHC weighed 
58g and derived from context (11508). The edges of 
the upper surface show a smooth, dark, surface, 
suggesting slight flow over the lip. The surface does 
not continue across the top of the puck – possibly 
suggesting it spalled-off, unroofing the rough internal 
texture, or alternatively the blown material may have 
only been developed on one side of the puck. 
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The section shows a somewhat denser lower section, 
a core of vesicular slag and the upper, irregular 
surface overlies a highly heterogeneous slag. 
 
The microstructure of the uppermost preserved layers 
of the cake is rich in wustite (typically 50% - 60% of the 
slag). Bulk EDS analyses shows this area contains 
more than 70% of FeO, with sulphur, calcium and 
magnesium also elevated compared with the majority 
of the slag. 
 
The wustite shows intercalated hercynite within its 
outer parts, some of which is subhedral, indicating 
crystallisation before the enclosing olivine, whereas 
other grains are suggestive of cotectic growth together 
with the olivine. The hercynite has a composition of 
approximately 89% hercynite 11% magnetite. 
 
The olivine encloses most of the large hercynite grains 
and has a composition more calcic than typical for the 
site, ranging from Fa95Fo5 with 1% calcium 
substitution to Fa99Fo1 with 4.9% calcium substitution 
on the margins. The main olivine is overlain by 
overgrowths, partially dendritic, of fayalite with up to 
11.8% kirschsteinite (i.e. 5.8% calcium substitution) 
and magnetite (hercynite 4%-6%, magnetite 96%-
94%). The remainder of the interstices is occupied by 
glass bearing tiny iron sulphide blebs, other with small 
areas of a very fine intergrowth of wustite and a 
material of composition close to that of the glass. 
 
This part of the SHC also contain extant and former 
leucite vesicle rims, but these were not investigated in 
detail. 
 
Slightly lower in the SHC, within the main vesicular 
texture, the microstructure was broadly similar, albeit 
with a lower proportion of wustite. The large subhedral 
hercynites here showed a range from 87% hercynite 
13% magnetite to 89% hercynite 11% magnetite. The 
olivine passed outwards from Fa97Fo3 with 0.8% 
calcium substitution, to Fa100 with 5.4% calcium 
substitution (equivalent to Fa89K11). The interstitial 
areas were mainly filled with a leucite-wustite cotectic 
(Plate 1f, upper part). 
 
An investigated area close to the lower margin of the 
vesicular slag showed a high proportion of wustite 
(estimated at 40%). The microstructure was very 
similar to the preceding description, with large 
subhedral hercynites here showed a range from 86% 
hercynite 14% magnetite to 89% hercynite 11% 
magnetite. The olivine passed outwards from Fa96Fo4 
with 0.6% calcium substitution, to Fa99 with 3.5% 
calcium substitution (equivalent to Fa92K7) where the 
olivine extended as small dendrites into the leucite 
dominated regions. The interstitial areas were again 
mainly filled with a leucite-wustite cotectic. The 
interstitial areas commonly included euhedral 
hercynite. 
 
The upper part of the denser slag forming the lower 
part of the cake shows a rather varied microstructure, 
from wustite-dominated clots, through more 
homogeneous slags with only a moderate amount of 
wustite, to probable vesicle infills, from primary wustite. 
 
The areas with a moderately high primary wustite 
content show microstructures very similar to those 
described from higher in the cake, but the bulk 
composition is rather aluminous (SiO2:Al2O3 = 1.9) 
reflected by the widespread development of euhedral 
and subhedral hercynite with compositions within the 
usual very narrow range from 86% hercynite 14% 
magnetite to 88% hercynite 12% magnetite. The 

olivine was relatively calcic and ranged from Fa96 with 
0.6% calcium, to Fa99 with 3.7% calcium substitution.  
 
The gaps in the early wustite framework were filled by 
a much more siliceous slag (SiO2:Al2O3 = 3.3), in which 
the sparse wustite was followed by olivine with a high 
proportion of cotectic hercynite. The hercynite showed 
a range from 83% hercynite 17% magnetite to 88% 
hercynite 12% magnetite. These infills were also 
unusual in containing olivine in which manganese was 
above detection (if only a 0.2% substitution) for 5 out of 
9 microanalyses. The olivine had a range of 
composition between Fa96 with 0.6% calcium and 
0.2% manganese substitution and Fa99 with 3.5% 
calcium substitution. The interstitial areas (which 
formed a high proportion of the microstructure – 
perhaps 15%), were filled with leucite-wustite cotectic. 
The leucite showed between 4.4% and 5.3% sodium 
substitution. 
 
The basal layer of the SHC, about 400µm in thickness, 
comprised a dominant olivine, with little interstitial 
material, following a small volume of primary wustite 
and with some cotectic hercynite. Theo live ranged 
from Fa94Fo6 with 0.6% of calcium substitution to 
Fa100 with 5.9% calcium substitution (equivalent to 
Fa88K12). The hercynite was approximately 88% 
hercynite 12% magnetite. There were tiny leucite 
inclusions within the fayalite which showed 4.8% to 
5.5% sodium substitution.  
 
The bulk EDS areal microanalyses showed relatively 
constant iron content through the cake (at 62-66% 
FeO), apart from the holes in the wustite framework 
(with lower iron) and the very top of the cake (with 
elevated iron). On an iron-free basis, potassium is 
elevated in the centre of the cake, whereas calcium, 
phosphorus and sulphur appear concentrate at the top. 
titanium and potassium are at particularly low levels in 
the base of the cake. 
 
 
Sample CLE4 (Plate 1g,h; Archive Plates A11 – A16) 
This sample was taken from a prilly slag mass of 294g, 
from context (11438), comprising a section of dense 
slag, 30mm thick (from which the SEM mount was 
taken), in front of/above which is lining-influenced slag 
in rounded lobes. Overall the piece was 80mm x 70mm 
x 65mm. The proximal top has lobes and large 
dimples. Distally, the dense slag is covered/replaced 
by lining slag containing coke and coal shale 
fragments. The dense burr end shows a strong metal 
detector response suggesting it contains iron metal. 
The lower surface has a proximal, raised section 
corresponding to a high degree of wall interaction, but 
raises off this surface distally, with n only partially 
reserved sheet of dense, basally-dimpled slag, above 
which the lining slag component lies at a higher level 
distally. The SHC this comprises a proximal dense 
section, largely a burr, overlain by a lining slag mass 
 
The cut surface of the sample was taken 
approximately transversely. The steep contact 
between the two textural components passes through 
the extracted slab, so that the face of the archived 
proximal part is entirely within the dense slag, whereas 
the distal part preserves only the lower dense sheet 
(approximately 8mm thick), overlain by thick lining slag 
(approximately 25mm). The mounted sample was 
observed to contain rounded clasts with shrinkage 
cracks (Plate 1g). It was expected to be an oxidised 
remnant after iron, but the detailed investigation (see 
below) suggested instead that it was a partially-
reduced iron ore. The most likely interpretation is that it 
represented a small fragment of coal measures 
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ironstone accidentally added to the hearth with its host 
coal. 
 
The base of the dense slag shows fine vesicles; higher 
parts of the dense slags show larger rounded vesicles 
(to 5mm), which increase in size still more (to 15mm) 
within the lining-influenced section. The vesicles in the 
dense slag commonly contain crystals of gypsum. The 
lining slag section also includes multiple fragments of 
coal shale, together with some organic materials that 
are less certainly coal (as opposed to charcoal). 
 
The most likely interpretation of the morphology and 
microstructure is that the sample is a more 
conventional small SHC than initially interpreted, albeit 
with an unusual component in the ironstone pieces. 
 
The investigation of the mount showed that a very 
small area included lining-influenced slags. These 
showed abundant partially-melted quartz grains, set in 
a glassy matrix (Plate 1h, right). The glass shows a 
variable composition, with restricted mixing between 
the iron-poor zones around the partially melted clots, 
and iron-rich zones passing laterally into crystalline 
slag. 
 
Close to the coarse-grained slag, the matrix is 
microcrystalline, with an iron content (expressed as 
FeO) of less than 8%. The primary crystalline phase is 
a coarse-grained skeletal olivine (Plate 1h, left), with 
compositions ranging from Fa97Fo3 with 0.7% calcium 
substitution in the core to Fa99.4Fo0.6 with 1.2% 
calcium and 0.2% manganese substitution. 
 
Included within the olivine are subhedral to anhedral 
cotectic hercynite, with euhedral hercynite within the 
microcrystalline groundmass. The composition of the 
hercynite ranges from cores of 77% hercynite 23% 
magnetite to outer parts of 86% hercynite 14% 
magnetite. 
 
The groundmass appears to be an intimate intergrowth 
of two phases, an elongate phase of low electron 
backscatter coefficient with a composition suggestive 
of an iron-poor augite and a fine-grained phase of high 
backscatter coefficient, probably an iron oxide. Where 
a finely crystalline intermediate texture is developed, 
the margins of the glassy material show a fine scale 
devitrification structure around less than 10µm silica-
rich cores. The crystalline phases include both 
dendrites of spinels (extending from tiny euhedral 
grains) and skeletal crystals of, probably, an iron-rich 
pyroxene. 
 
Away from the contact with the glass, the crystalline 
slag shows a primary skeletal euhedral spinel, with 
typical compositions ranging from 70% hercynite 30% 
magnetite to 88% hercynite 12% magnetite on the 
margins. In rare instances, there are zones of 
magnetite-rich spinel (42% hercynite 58% magnetite) 
overlying rounded cores of olivine. 
 
The main skeletal olivine shows a range of 
composition from core to margin of Fa96.4Fo3.6 with 
0.9% calcium and 0.2% manganese substitution. 
Interstitial phases include sparse dendritic olivine 
(Fa99.4Fo0.6 with 4% calcium and 0.2% manganese 
substitution) and a fine phase with a composition close 
to augite. 
 
A variant of this texture was observed in other areas 
close to the upper surface, with glass bearing primary 
magnetite (20µm; core of 30% hercynite 70% 
magnetite and outer rims of 26% hercynite and 74% 
magnetite) and fine skeletal olivine (inner parts of 

Fa94.8Fo5.2 with 0.9% calcium and 0.2% manganese, 
outer parts of Fa95.4Fo4.6 with 3.2% calcium and 
0.3% manganese substitution). 
 
The particle with the dehydration cracks comprises 
relict material of the composition of end-member 
magnetite (with just a low degree of substitution by 
magnesium) with 10µm grain size and small rounded 
pores. There is a thin film of intergranular material, 
formed of iron oxide with approximately 10% silica and 
up to 0.65% sulphur. 
 
The fine-grained areas are divided by veins of coarse-
grained magnetite, also close to end member, but 
containing about 1% of the hercynite end member. The 
interstitial material in the veins is a glass with an iron-
poor composition broadly similar to the glass 
surrounding the partially melted lining clots. These 
veins were typically highly vesicular and merged into 
vesicular zones surrounding the fine-grained relicts. 
 
 

Chemical composition of residues 
 
The elemental composition of the residues (Table 2) 
was investigated through analysis of bulk samples of 
eight residue specimens (including the four also 
investigated under the SEM). Further detail was 
provided by the EDS areal analysis of zones with the 
SEM mounts (Table 3). 
 
The major element composition of the residues may 
conveniently be considered within the system FeO-
SiO2-Al2O3 (Figure 2; after Schairer and Yagi 1952, fig 
6) because these three oxides comprise a very high 
proportion of the total slag composition and the 
contents of calcium and magnesium were very low. 
The slag analyses plot very close to the hercynite-
olivine eutectic, which is reflected by dominance of the 
olivine-hercynite cotectic in the samples examined in 
detail. 
 
 
The microanalytical data 
The microanalyses of samples CLE1, CLE2 and CLE3 
all plot on Figure 2 close to a linear trend from the iron 
oxide pole towards a mixture of 76% SiO2 and 24% 
Al2O3. Many analyses from CLE4 also plot on the same 
trend, but there is a wider variety of analyses of more 
siliceous materials. 
 
The most iron-rich areas are those of the ‘ore’ particle 
(spectrum #432) and a cross-cutting vein (spectrum 
#445) within sample CLE4. 
 
A cluster of analyses (spectra #40, #154 and #457) lie 
close to the junction of the divides between the fields 
of wustite, fayalite and hercynite. Spectra #40 and 
#154 are wustite rich blebs within samples CLE1 and 
CLE2 respectively, while spectrum #457 is the 
wustite(?)-rich zone of slag around the ore particle in 
sample CLE4. All three lie close to (or just below) the 
1200C isotherm on the liquidus, so they approximate 
to the composition of a melt generated by the reaction 
of a silicic material with iron/iron oxide at this 
temperature. 
 
More conventionally-textured slags lie close to the 
fayalite-hercynite join, with between 50% and 75% 
FeO (within the FeO-SiO2-Al2O3 system). Three of the 
slag samples are slightly more aluminous and plot well 
within the hercynite field (spectra #153, #256, #407), 
each, as predicted, with a significant proportion of early 
hercynite, but otherwise with quite distinct 
characteristics. These slightly unusual compositions 
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may have been generated through a fractionation 
process involving hercynite phenocrysts, but are 
perhaps more likely to reflect the variable influence of 
a partial melt from coal-shale in a poorly homogenised 
slag. 
 
Samples CLE2 and CLE3 have no bulk areal 
microanalyses with less than 58% FeO in the ternary 
system. They thus show similar very restricted ranges 
of microanalyses. 
 
Sample CLE1 shows two microanalyses that are 
slightly more siliceous than the most siliceous 
materials in CLE2 and CLE3. These two 
microanalyses (spectra #88 and #116) are the upper 
two analyses from the section. 
 
Sample CLE4 shows a range of more siliceous 
materials. Spectrum #389 plots near the silica pole and 
is probably a residuum from partial melting containing 
much relict quartz. Spectrum #388 is an associated 
iron poor glass. Although the ternary diagram in Figure 
2 suggests a liquidus for this very far in excess of 
1500C, the very high potassium content (7.6% K2O) 
would give a much lower liquidus temperature in 
practice. Similarly, spectra #386, #387 and the glass 
component of spectrum #356, plotting close to the 
main trend of Figure 2, all show elevated potassium 
and calcium, so their indicated liquidus temperatures of 
just over 1500C would also be much lower in reality. 
 
 
Bulk elemental analyses 
 
The elemental composition of a smithing slag may be 
the result of inputs from several distinct sources: 

- that from iron being worked in the hearth mainly 
results in a dilution of the other inputs by iron 
oxides, but may bring contributions from slag 
inclusions and from elements combined in the 
metallic iron; 

- the silicate input is largely from hearth lining, 
but in the case of coal fuelled smithing there 
may be a big influence from shale (‘dirt’) 
incorporated within the coal; 

- a lesser input may be provided by the inorganic 
(‘ash’) component of ‘clean’ coal;  

- there may be a small input from any smithing 
flux employed (if any). 

The documentation of the elemental composition may 
be employed to attempt to understand the relative role 
of these different inputs. 
 
The bulk major elemental analyses show that the slags 
are formed by >92% of the oxides of silicon, aluminium 
and iron. The major element composition of the 
residues may thus conveniently be considered within 
the system FeO-SiO2-Al2O3 (Figure 2; after Schairer 
and Yagi 1952, fig 6). The analyses of the slags plot 
close to a single trendline, which has a lower 
SiO2:Al2O3 ratio (range 1.89 – 3.02 by weight, average 
2.49) than that of the sample of hearth lining (4.38 by 
weight).  
 
The analyses of samples CLE1, CLE2, CLE3, CLE5 
and CLE7 all plot close to the boundary of the wustite 
field on the FeO-SiO2-Al2O3 ternary diagram, with the 
analyses of samples CLE4 and CLE6 plotting slightly 
further from the FeO pole. When the analyses are 
plotted instead on the FeO-SiO2-anorthite 
pseudoternary, samples CLE1, CLE4 and CLE6 plot 
away from the other analyses, slightly further from the 
FeO pole. 
 

These data broadly parallel the observations of the 
microanalytical data in the previous sections. The 
potential indicators of the degree of coal influence on 
the slag composition (a lowered SiO2:Al2O3 ratio, an 
elevated sulphur composition, an elevated calculated 
theoretical anorthite component and an elevated 
Na2O:K2O ratio) do not precisely correspond with one 
another, suggesting that different components with the 
fuel contribute separately to the residues. All the 
samples show some evidence for coal use. The 
highest iron content was exhibited by samples CLE3, 
CLE5 and CLE7. As a group, the analyses of the slags 
from Cleevelands plot very close on the FeO-SiO2-
Al2O3 ternary diagram to analyses of similar Roman 
slags from Kingswood (Young 2017c), Frocester Court 
(Thomas 2000) and Trowbridge (Young 2009a, 
2009d). 
 
The FeO-SiO2-anorthite pseudo-ternary system 
(Morton & Wingrove 1969, 1972) provides an 
alternative view of the residue relationships. This plot 
is less robust than the FeO-SiO2-Al2O3 ternary plot. In 
this plot the cluster of analyses of samples CLE2, 
CLE3, CLE5 and CLE7 all plot close to the wustite-
fayalite divide, but just within the wustite field. The 
analyses of samples CLE1, CLE4 and CLE6 plot within 
the fayalite field. 
 
Interpretative use of the bulk compositions must 
however be tempered with the understanding that they 
do not necessarily represent melt compositions; if the 
bulk sample contained unmelted (or partially-melted) 
fragments of fuel (or shale inclusions from the fuel), 
then the bulk melt composition will be closer to the 
FeO pole than the observed bulk. 
 
The upper crust-normalised rare-earth element (REE) 
profiles (after Taylor & McLennan 1981) for the seven 
slag samples (Figure 5), show rather variable shapes, 
although all showed some relative depletion of the light 
REE.  
 
The REE profile of the hearth clay (CLE8) shows a 
relatively flat profile, slightly elevated above unity. A 
flat upper-crust normalised profile will be typical of 
ceramics derived, directly or indirectly, from marine 
clays and other clays derived from large areas of crust. 
Such profiles are widely recorded amongst 
hearth/furnace ceramics.  
 
Some of the profiles for samples of slag show an 
inclined profile, with relative depletion of the light REE, 
(but without the central ‘hump’ of the profiles described 
below). Profiles of this general form have been noted 
for hearth lining at Eckington, Derbyshire (Young 
2017e), Neath (Young 2014a) and sites in Shropshire 
(Young & Poyner 2014), all of which were in areas of 
Carboniferous coal measures. Other sites on coal 
measures bedrock have produced profiles for hearth 
lining that are flat (e.g. Cutacre, Young 2015a). It is not 
known, therefore, whether a slight light REE depletion 
might be a general characteristic of UK coal measures 
shales; this requires further investigation. 
 
Analyses of others residues show a marked ‘hump’ in 
the middle REE (Figure 4, upper). Such profiles have 
been noted previously for coals from SW Britain (Rose 
2001) and have also been noted for coal-fuelled slags 
(e.g. the smithing slags from Kingswood, Young 
2017c; clinkers from Bristol, Young 2009b, and from 
Merthyr Tydfil, Young 2014c).  
 
 
To enable comparison of the silicate component of the 
slag, rather than the influence of the amount of iron 
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oxide that the slag has incorporated from the work-
piece, the REE profiles are also shown recalculated for 
the compositions recalculated on an iron-free basis 
(Figure 6). In this alternative view of the REE content, 
the slags tend to show better clustering, but the 
profiles are still widely separated. This shows that the 
overall REE content is not controlled solely by a simple 
mixture of hearth lining and coal shale of a 
homogeneous composition. 
 
The variation between the REE profiles of the slags is 
paralleled by the variability of the analyses in their 
content of other trace elements. Molybdenum is 
commonly associated with organic matter and its 
concentration in the residues is typical of coal-fuelled 
materials. The ratio of uranium to thorium is highest 
(0.35 to 0.55) for samples which also show a humped 
REE profile. In detail, however, patterns within the 
distribution of the trace elements appear complex. 
There is, for instance, no simple correlation between 
the concentration of molybdenum in the slag to the 
proportion of coal suggested by the SiO2:Al2O3 ratio. 
 
 
 

Interpretation of the smithing residues 
 
The weight-frequency characteristics of assemblages 
have been employed not only to provide evidence for 
the nature of the forge work being undertaken, but also 
for the continuity of the work. The weight of an SHC 
will be determined both by the rate of iron lost to the 
hearth (high temperature and other ‘lossy’ processes 
producing a greater rate of iron loss) and by the length 
of the work period in which the slag accumulated. 
There is a significant difference between the weight-
frequency statistics for assemblages of blacksmithing 
slag cakes recovered from urban sites and from rural 
sites (Young 2016, 4). On average, a smithing slag 
cake from an urban Roman site contains 
approximately twice as much iron as one from a rural 
smithy. Although it is likely that complex projects 
involving much welding would have been more likely 
on the urban sites, much of the observed difference 
may be because rural (estate) smithies did not have a 
continuous supply of work, leading to shorter, ad hoc 
work periods. 
 
There are only a few assemblages of Roman smithing 
residues that have received detailed analysis. Coal-
fuelled examples include a few specimens from 
Frocester Court (Thomas 2000), a single SHC and 
some microresidues from Trowbridge, Cardiff (Young 
2009a, 2009c), some examples from Caerwent (Young 
2006), and an assemblage from Kingswood (Young 
2017c). Small SHCs from charcoal-fuelled Roman 
blacksmithing have been analysed from Caerleon 
(Young 2017d) and Neath (Young 2014a). 
 
Analyses of smithing slags from coal-fuelled hearths of 
other periods include post-medieval material from 
Carrickmines Castle (Young 2011c), some nineteenth 
century slags from the boiler shop at Govan Ironworks 
Foundry (Young 2011b). Further evidence for the 
nature of coal-fuelled residues may also be drawn from 
the analysis of clinker from Ynysfach (nineteenth 
century; Young 2014c), the Scotland Street Works, 
Glasgow (nineteenth century; Young 2011b) and 
earlier post-medieval materials from Bristol (Young 
2009b). 
 
Coal-fuelled smithing slags will have a composition 
resulting from a mixture of three components: iron 
oxide, melted hearth lining and coal ash (including any 
admixed ‘dirt’, such as shale and ironstone).  

 
The display of data from analyses of SHCs and related 
materials from these sites on the FeO-SiO2-Al2O3 
ternary plot (Figure 6) shows that Roman coal-fuelled 
SHCs are more aluminous (average SiO2:Al2O3 ratio = 
2.2 Kingswood, 2.6 Trowbridge, 2.8 Cleevelands; 
general trend indicated by red dashed arrow) than 
charcoal-fuelled examples (average SiO2:Al2O3 ratio = 
7.6 for charcoal-fuelled samples from Neath and 
Caerleon; general trend illustrated by black dashed 
arrow), but only in the more iron-rich examples do they 
approach the SiO2:Al2O3 ratio of examples of post-
medieval SHCs and clinkers (average SiO2:Al2O3 ratio 
= 1.6; trend illustrated by green dashed arrow). The 
post-medieval examples show a close match to the 
ash composition of some local coals (average ratio of 
1.6; Fowler and Gayer 1999). This may be explained 
by the high hearth ceramic contribution to most Roman 
SHCs produced during blacksmithing, which means 
that the bulk SiO2:Al2O3 ratio lies closer to that of the 
hearth ceramic than of the fuel. Only in the post-
medieval smithing slags, formed in hearths in which 
the use of iron tuyères reduced, or even eliminated, 
the contribution of the hearth ceramic to the slag, does 
the SiO2:Al2O3 ratio approach that of the coal fuel.  
 
The dominant slag type in the Cleevelands specimens 
has a SiO2:Al2O3 ratio of 3.1, but with individual slag 
areas showing a ratio as low as 1.8, giving an overall 
mean of 2.8. This means that the overall distribution of 
the Cleevelands data within the SiO2-Al2O3-FeO 
ternary diagram is very similar to that of the data from 
Kingswood and Trowbridge. These data show a mass 
balance in which the hearth ceramic is only a very 
slightly greater influence on the slag composition than 
the coal ash (approximately 51% hearth lining, 49% 
coal ash) on average. 
 
If a composition is found for each bulk analysis within a 
system with end members FeO, a lining the 
composition of CLE8 and a theoretical coal residue 
composition with SiO2:Al2O3 of 1.5, then the FeO 
contribution shows a limited range (five samples lie in 
61.7% – 65.2%, with two between 54.0% and 54.6%). 
This demonstrates that there is no determinable 
relationship between the amount of iron lost to the 
hearth and the make-up of the silicate component. It is 
worth remembering, however, that the XRF 
determinations are on bulk samples, which may 
include unreacted coal-shale remnants as well as slag. 
 
The lack of correlation of the shape of the normalised 
REE profiles, the molybdenum content, the 
uranium:thorium ratio and indeed any other aspects of 
the elemental composition of the slags with their 
apparent coal – lining mixture using the approach just 
described, demonstrates that other factors are at play 
beyond a simple ‘coal influence’  
 
One likely aspect of this would be that the coal really 
comprises several components – good organic coal 
(but with a varying ash content), discrete shale 
intercalations and adjacent horizons, and inclusions of 
other concretionary materials (ironstone, pyrite etc.). 
These various components would have differing 
elemental compositions. It is likely that the high 
molybdenum input would be the coal itself, the REE 
profile of shale fragments is likely to be relatively flat 
(possible with some depletion of the light REE) and the 
REE profile of the coals is likely to be ‘humped’ (middle 
REE-enriched), amongst others. On this basis samples 
CLE2 and CLE3 might show the greatest input from 
the coal, CLE1 also shows a high input from the coal, 
but also a high input from the lining relative to the coal 
shale, sample CLE4 also shows a high lining input, but 
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less from the coal, whereas CLE5 and CLE6 may 
show rather more input from the coal shale. The inputs 
are not, however, sufficiently rigorously-defined to 
enable a meaningful mass-balance to be created.  
 
The mass-balance of individual slag microanalyses 
from different parts of the investigated cakes may also 
be considered. This may provide some clue as to the 
pathway(s) of slag generation, although the analyses 
are not unambiguous in this respect, and multiple 
potential processes might be involved (mixing, 
fractionation, spatial effects of particulate additions and 
so on). 
 
Sample CLE1, drawn from the lower part of a 530g 
SHC, showed a relatively homogeneous composition 
(approximately 56% FeO, 29% SiO2, 9% Al2O3, 1.5% 
K2O, 1.2% CaO). The upper part of the SEM mount 
(near the centre of the SHC) showed compositions 
with the same SiO2:Al2O3 ratio (3.1), but with lower iron 
contents. In the centre of the mount, iron-rich patches, 
ranged up to 77% FeO (again with the same 
SiO2:Al2O3 ratio of 3.1). 
 
Sample CLE2 included the whole thickness of the 
distal part of a 188g SHC, with a smooth-blown very 
dark top. The chilled upper part of the cake showed an 
SiO2:Al2O3 ratio of 2.3, slightly closer to the ratio of 1.6 
observed for examples of coal and clinker, but with an 
overall bulk composition close to the dominant slag in 
CLE1. The central part of the cake contained a slag 
with an even lower SiO2:Al2O3 ratio of 1.8 (but broadly 
similar iron content as the upper part) bearing iron-rich 
clots of almost identical composition to those in the 
centre of sample CLE1. The lower part of the SHC 
showed a slag composition between those of the iron-
rich clots and the main slag. 
 
Sample CLE3 was taken from a tiny 58g SHC, possibly 
missing its upper surface. Much of the slag showed a 
very limited range of composition (with an average of 
approximately 64% FeO, 23% SiO2, 9% Al2O3, 0.9% 
K2O, 0.6% CaO), that was rather more iron-rich than 
the bulk slag of samples CLE1 and CLE2. Unlike 
sample CLE1, the dominant slag varied widely in its 
SiO2:Al2O3 ratio between 1.9 and 3.0.  
 
It is noteworthy that the EDS analyses from samples 
CLE1-3 all lie within a region of the FeO-SiO2-Al2O3 

ternary diagram bounded by the 1300C isotherm. Such 
compositions are thus compatible with a slag that 
would be fully liquid at around the welding temperature 
of iron.  
 
Although the quality of the mathematical modelling of 
viscosity in slags with a very high iron content is 
uncertain (the modelling tools were designed with quite 
different compositions as a priority), the Algoness slag 
viscosity tool (www.algoness.co.za) suggests that slag 
viscosity at 1300C increases greatly away from the 
iron FeO pole across this region of the FeO-SiO2-Al2O3 

ternary. At lower temperature, below the liquidus, 
these aluminous slags would have had developing 
hercynite grains, which the SEM investigations 
indicated grew upon the early wustite. The presence of 
this early wustite is not predicted for most of the 
samples by the FeO-SiO2-Al2O3 ternary. This suggests 
that the wustite was not in equilibrium with the bulk 
slag composition, but formed in iron rich zones that 
developed around the dissolving iron oxides lost from 
the workpiece, with broader equilibrium being 
prevented by a lack of mixing. 
 
For samples CLE1, CLE2 and CLE3 the microanalyses 
are mostly spread along the wustite-hercynite and -

fayalite-hercynite divides, but with some analyses 
plotting within the hercynite field. For CLE1 this range 
extends from the wustite-hercynite divide 
approximately on the 1200C isotherm right across into 
the tridymite field, close to the 1300C isotherm. CLE1 
thus embraces a particularly wide range of 
composition. The more siliceous compositions 
probably reflect higher levels of input of hearth lining 
and coal shale, that were similarly inhibited from 
complete mixing with the bulk slag. 
 
In contrast to samples CLE1, 2 and 3, the investigation 
of SEM sample CLE4 showed that its evolution was 
controlled by a large iron-rich clast. The clast textures 
resemble those of part-reacted iron ore pieces from 
smelting furnaces, however the morphology of the slag 
mass (and the complete lack of any other evidence for 
smelting) means an alternative interpretation is 
required. The most likely interpretation is that the iron-
rich article is a fragment of an ironstone that had been 
intercalated within the coal seam that was the source 
of the coal fuel. The ironstone would be an 
unintentional inclusion in the fuel fed to the hearth. 
Although the materials observed in the SEM sample 
CLE4 are therefore probably unrepresentative of the 
typical generation of slag in the blacksmiths’ hearths at 
Cleevelands, it is a reminder of how local control of 
slag formation may be related to quite unintentional 
variations. 
 
The broader evolution of the SHC from which CLE4 
was taken has produced two distinct components- a 
lower bowl (including the location of the SEM sample, 
and an upper layer of lining-dominated slag. The slag 
in contact with the ironstone clast within the SEM 
mount is rather variable. One coarse-grained region 
showed an aluminous composition broadly similar to 
that of the upper parts of CLE2 (SiO2:Al2O3 ratio = 1.9), 
but others show a gradation from crystalline to glassy 
nature, with a more siliceous composition (SiO2:Al2O3 
ratio of 2.9 to 4.1). These are in contact with partially-
melted wall material with glass of SiO2:Al2O3 ratio 2.4 
to 3.1, ranging as high as 6.3 close to relict quartz 
grains. 
 
This range in composition of the iron-poor material 
from CLE4 provides some information on the process 
of assimilation of the hearth lining. The partially melted 
lining (#389) is surrounded by a siliceous glass 
(SiO2:Al2O3 ratio = 6) containing relicts of quartz grains. 
Away from the quartz grains, the glass is less silicic 
and less potassic. The most aluminous areas are also 
most calcic. The linear correlations of potassium with 
silicon and of calcium with aluminium are marked.  
 
The comparison between the assemblage of smithing 
residues from Cleevelands and those from other sites 
with assemblages of small SHCs is important. There 
are several recently-described assemblages from coal-
fuelled smithing on Roman rural sites with which such 
direct comparison may be made, including those from 
Kingswood (Young 2017c) and Trowbridge (Young 
2009a, 2009c). In addition, there are analyses of coal-
fuelled smithing slags from Frocester (Thomas 2000). 
Other similar assemblages, but for which no analysis 
has been undertaken include that from Uffington 
(Young 2015b).  
 
There are also several recently-described 
assemblages of the same period which had employed 
charcoal as fuel (e.g. Ebrington, Young 2016; 
Exminster, Young 2014b; Caerleon, Young 2013a, 
2017d; Mickleton, Young 2017b; Neath, Young 2013b, 
2014a; Thornbury, Young 2017f), of which only those 
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from Neath and Caerleon have been the subject of 
detailed analysis. 
 
At Uffington it was noted (Young 2015b, 2) that 81% of 
the assemblage by weight was in the form of complete 
examples or identifiable fragments of SHCs. These 
included pale, low density, varieties, presumably of 
relatively low iron content, which commonly had a 
‘tongue’-like form (sensu Young 2012), but the denser 
examples were dominated by well-formed SHCs with 
neat convex bases. The Trowbridge assemblage 
(Young 2009a, 2009c) may have been more similar to 
that from Cleevelands, in that some amorphous 
smithing slag lumps were recorded, but the 
assemblage was small and most pieces obscured by 
adhering ferricrete, precluding detailed observation of 
morphology. 
 
Amongst the described assemblages showing 
evidence for charcoal fuel, that from Exminster (Young 
2014b) may show some similarities with that from 
Cleevelands, in showing a moderately high proportion 
if slag cakes with the characteristic SHC form. Far 
more commonly in charcoal fuelled assemblages the 
non-classic SHCs are tongue-like, and comprises 
lumps of gravel or hearth lining, bound together by a 
lining- and fuel-ash- influenced slag (commonly a 
partial-melt). These morphologies have been attributed 
to the effect of relatively low iron-loss smithing in a 
hearth cut into an unconsolidated substrate, or in a 
hearth with a ceramic wall that was particularly 
susceptible to reaction with the wood-ash. 
 
In coal-fuelled smithing, slags with a coarsely-granular 
input from the hearth lining are less commonly 
observed and most, if not all partially-melted resistate 
clasts are fragments of coal shale. It is significant, 
however, that the unusually-shaped slag masses from 
Cleevelands are not unusually rich in shale clasts, so 
are similar process is not behind the variation in 
morphology. 
 
Within the Cleevelands assemblage there is little 
evidence from the analyses presented here that the 
form of a slag mass was controlled by its elemental 
composition. Both well-formed SHCs and irregular 
masses are both distributed across the compositional 
range. There is no determinable correlation between 
the amount of iron contained in a mass and any of the 
fuel-related parameters. There is little indication of a 
correlation between the form of the REE profile and 
other measures of compositional inputs.  
 
In summary therefore, the analysis suggests that there 
must be other, cryptic, factors that controlled slag cake 
morphology. The variability observed in the chemical 
composition of the cakes suggests that there was 
significant variability in the composition of the fuel and 
its purity. The very small size of the slag masses 
without regular SHC shape (not withstanding the 
issues of identification and classification in the smaller 
size ranges) suggests there is a relationship between 
the variable form and low or intermittent workloads. 
 
Precisely why this might be, is not clear. Possible 
reasons include simple physical factors involved in a 
smithy in only discontinuous use – such as incomplete 
cleaning, inconsistent ventilation and perhaps even a 
less competent smith. Other potential reasons certainly 
include the variability of the fuel, but this seems 
unlikely to be the complete explanation. 
 
 
 
 

Summary 
 
The assemblage of smithing slags from Cleevelands is 
broadly similar to that from other rural sites of the 
period in terms of the weight of slag present in the 
cakes. Unlike most other described assemblages, 
however, the majority of the smaller slag cakes from 
Cleevelands do not have the classic plano-convex or 
concavo-convex morphology of a smithing hearth cake 
(SHC), instead they occur in somewhat amorphous 
lumps, irregular crescentic forms attached to the wall 
below the blowhole and small equant prilly masses just 
below the blowhole. This investigation addressed the 
question whether this variety was driven by any 
significant factor in terms of technological variation. 
 
The elemental compositions determined during this 
project have demonstrated a heterogeneity between 
cakes. It has not been possible to tease out the various 
inputs involved, given the relatively small number of 
analyses undertaken. It seems likely, however, that the 
fuel employed was itself variable, with the abundance 
of shale clasts in some examples suggesting a rather 
poor quality of coal. The small size of the analysed 
group also prevented rigorous determination of 
whether there was a systematic variation in elemental 
composition between the different slag cake 
morphologies, but it appears likely that this is not the 
case.   
 
As well as a heterogeneity between the cakes, the 
investigation has demonstrated that the slag cakes are 
internally inhomogeneous. The wide range of 
composition within individual cakes revealed both by 
their microstructure and microanalysis, has been 
related to a low degree of mixing of the individual slag 
‘batches’ merging to form the cake. The bulk elemental 
analyses of these slags do not represent melts at 
equilibrium, but simply the overall composition of the 
sum of multiple small volumes of slag each with a 
composition that varies across a wide range. The 
potential for such an inhomogeneous slag cake would 
be enhanced by its generation over relatively short 
time periods and/or generation at a relatively low 
temperature. 
 
It has been argued previously, that the small size of 
the smithing slag cakes usually present on rural 
Roman sites is indicative of intermittent smithing, as 
tasks required doing, in contrasts to the larger slag 
cakes found in urban settings, where a flow of 
customers ensured a more continuous operation of the 
smithies. Rural smithies might also have tended to 
have a higher proportion of simpler fabrication and 
repair tasks (e.g. straightening and sharpening tools), 
involving a lower proportion of high temperature 
welding processes than those (e.g. the production of 
tools by welding together multiple components of 
different ferrous alloys) perhaps more usually 
undertaken by specialist operations in the urban 
environment.  
 
Such low temperature and/or small-scale tasks might 
have been able to be undertaken with less of the 
hearth up to temperature, giving rise to slag masses 
that formed close to, rather than well-forward of, the 
blowhole. Coupled with a low slag temperature and 
compositions that produced more viscous slags this 
would tend to give rise to the irregular slags seen at 
Cleevelands. 
 
Thus the abundance of morphologically-usual smithing 
slags cakes at Cleevelands appears likely to indicate a 
low-intensity of something, dominated by low-
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temperature tasks and employing a rather variable, 
and impure, fuel. 
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Figure Captions 
 
Plate 1. Backscattered electron photomicrographs of 
selected polished samples. 
 
a. Sample CLE1, Site EI658. Scalebar 100µm. Typical 
microstructure with early wustite dendrites (white), 
followed by fayalite olivine (pale grey) with cotectic 
hercynite (mid grey). The hercynite locally shows 
euhedral form. A leucite (dark) – wustite (white) fine 
cotectic fill most of the interstices to the fayalite-
hercynite cotectic. 
 
b. Sample CLE1, Site EI660. Scalebar 1mm. 
slag with typical microstructure as in (a) (left) abutting 
a zone in which the early wustite (white) is the 
dominant phase, demonstrating poor mixing of the 
slag. 
 
c. Sample CLE1, Site EI664. Scalebar 100µm. 
Microstructure of the upper part of the cake, showing 
extremely sparse primary wustite (white), followed by a 
mixture of hercynite (mid-grey) and fayalite (pale grey), 
both with euhedral or subhedral morphologies. The 
interstitial areas are filled largely by leucite (dark), 
locally cotectic with both wustite (white) and fayalite 
(pale grey), or by a badly weathered mixture of more 
calcic olivine and phosphate minerals (both pale grey) 
in glass (dark). 
 
d. Sample CLE2, Site EI668. Scalebar 100µm. Base of 
the slag cake, showing thin rim of iron oxides with fine-
grained magnetite-rich spinels (pale) growing inwards. 
The main slag shows primary euhedral hercynite (mid 
grey), commonly with magnetite-rich rims (paler). The 
volumetrically-dominant phase is a quench-textured 
fayalite olivine in the form of skeletal and feathery 
dendrites (pale grey). 
 
e. Sample CLE2, Site EI669. Scalebar 500µm. zone of 
wustite-rich slag (pale dendrites), set in a fine-grained 
slag with sparse primary wustite, well-developed 
euhedral hercynite (mid-grey; commonly skeletal), 
followed by elongate fayalite olivine (pale grey), with 
interstitial leucite-wustite cotectic (speckled), locally 
nucleated on leucite grains (dark). 
 
f. Sample CLE3, Site EI674. Scalebar 500µm. Margin 
of a wustite-rich zone (lower). The background slag 
has sparse primary wustite (white), some euhedral 
hercynite (mid-grey), followed by hercynite in a cotectic 
with fayalite (pale grey). The areas interstitial to the 
hercynite-fayalite are dominantly filled by a leucite 
(dark) – wustite cotectic, locally with a euhedral/ 
subhedral morphology indicating it predates adjacent 
fayalite. Other interstitial areas carry very fine-grained 
olivine, phosphates, iron sulphides and glass. 
 
g. Sample CLE4, Site EI694. Scalebar 1mm. 
Microstructure within the partly-reacted ironstone 
fragment. Rounded zones of fine grained iron oxides 
with radial structure with decarboxylation/dehydration 
cracking have vesicular interstitial zones and veins of 
equant new-formed ion oxides, probably magnetite. 
 
h. Sample CLE4, Site EI681. Scalebar 1mm. Contact 
between a slag with moderate iron content (left) and 
partially-melted hearth cermaic (right). The partial melt 
includes relict quartz grains (dark grey) immediately 
set in a siliceous glass (mid grey) and zones of a 
microcrystalline material (paler) of slightly elevated iron 
content. The iron slag to left comprises skeletal olivine 
in a finely crystalline and glassy matrix. 

Figure 1: weight-frequency distribution of hearth slags. 
Conventionally-shaped SHCs shown in blue, other 
morphologies in yellow. 
 
 
 
Figure 2: elemental analyses of the smithing residues, 
illustrated within the ternary system SiO2-Al2O3-FeO 
(fields after Schairer and Yagi 1952, fig 6). 
Upper: bulk analyses by XRF 
Lower: bulk analyses by XRF (diamonds) and area 
microanalyses by EDS (crosses). 
 
 
 
Figure 2: elemental analyses of the smithing residues, 
illustrated within the ternary system SiO2-Al2O3-FeO 
(fields after Schairer and Yagi 1952, fig 6). 
Upper: bulk analyses by XRF 
Lower: bulk analyses by XRF (diamonds) and area 
microanalyses by EDS (crosses). 
 
 
 
Figure 3: elemental analyses of the smithing residues, 
illustrated within the FeO-SiO2-anorthite pseudo-
ternary system (Morton & Wingrove 1969, 1972) 
Upper: bulk analyses by XRF 
Lower: bulk analyses by XRF (diamonds) and area 
microanalyses by EDS (crosses). 
 
 
 
Figure 4: upper crust-normalised rare earth element 
(REE) profiles (normalisation after Taylor & McLennan 
1981.) for ICP-MS analyses of residue samples. 
Upper: analyses showing a middle REE ‘hump’ 
Lower: analyses with a relatively flat profile (CLE8) or 
one declining towards the light REE (CLE5, CLE7) 
 
 
 
Figure 5: upper crust-normalised rare earth element 
(REE) profiles (normalisation after Taylor & McLennan 
1981.) for ICP-MS analyses of residue samples, as 
Figure v4, but with analyses recalculated on a iron-free 
basis. 
 
 
 
Figure 6: elemental analyses of the smithing residues, 
illustrated within the ternary system SiO2-Al2O3-FeO 
(fields after Schairer and Yagi 1952, fig 6). 
Comparative data from other sites are also illustrated. 
For detailed explanation see text. 
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Table 1: Comparison of the weight-frequency distribution of the various morphologies of smithing slags. Weights in gram. For detailed descriptions of forms see text. 
  

Sub-oval 
concavo-

convex 
and plano-

convex 
SHCs 

 Irregular 
dimpled 
masses 

Transverse 
and 

crescentic 
forms 

Sub-
blowhole 
‘conical’ 

and 
‘pyramidal’ 

forms 

Sub-
circular 
tabular 

puck-like 
forms 

Burrs with 
no clear 

frontal 
detachment 

Elongate 
irregular 

down-wall 
cakes 

Total non-
SHC 

cakes 

 
total 

            

Count 57  67 13 26 9 2 2 119 
 

176 

Minimum 50  44 50 56 44 120 96 44 
 

44 

Maximum 530  184 350 278 100 282 294 350 
 

530 

Mean 176  92 106 115 69 201 195 101 
 

125 

<100 11  41 10 14 8 0 1 74 
 

85 

<150 25  61 11 21 9 1 1 104 
 

129 

<250 56  67 13 26 9 2 2 119 
 

175 

<500 56  67 13 26 9 2 2 119 
 

175 

%<100 19%  61% 77% 54% 89% 0% 50% 62% 
 

48% 

%<150 44%  91% 85% 81% 100% 50% 50% 87% 
 

73% 

%<250 98%  100% 100% 100% 100% 100% 100% 100% 
 

99% 

%<500 98%  100% 100% 100% 100% 100% 100% 100% 
 

99% 
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Table 2: Major elements by XRF. < = below detection. All elements presented as wt% oxide. LOI = loss on ignition. 
The columns in grey tone (headings with asterisk) are presented as alternative models of the data with iron adjusted to Fe2+ and sulphate to sulphide, with the change in oxygen added to the 
observed LOI, give a model LOI * that provides an estimate of volatile content for a model material with those alternative species. 
 

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

                 

Smithing residues               

CLE1 21.05 6.97 75.00 67.48 0.03 0.70 1.45 0.14 0.93 0.28 0.32 0.89 0.36    

CLE2 18.54 8.49 76.18 68.55 0.02 0.51 0.16 0.05 1.03 0.28 0.26 0.72 0.29    

CLE3 15.63 6.49 78.10 70.28 0.04 0.57 0.39 0.03 0.29 0.23 0.28 0.52 0.21    

CLE4 27.17 8.70 66.43 59.77 0.04 0.58 2.38 0.11 0.62 0.28 0.30 0.38 0.15    

CLE5 16.45 8.71 77.88 70.08 0.18 0.89 0.35 0.07 0.28 0.28 0.28 0.45 0.18    

CLE6 23.10 10.37 67.10 60.38 0.02 0.68 0.95 0.15 0.99 0.31 0.20 1.09 0.43    

CLE7 17.80 6.93 78.84 70.94 0.01 0.39 0.26 0.06 0.59 0.31 0.18 0.94 0.37    

Hearth lining               

CLE8 65.44 14.95 6.40 5.76 0.04 0.99 0.46 0.97 2.40 0.97 0.33 0.05 0.02    
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Table 3: Major elements by EDS (normalised). < = below detection. All elements presented as wt% oxide. LOI = loss on ignition. For samples CLE1-3 the data are presented in order from top to 
bottom of the sample. 
 

Spectrum Label Analysis        Notes 

 SiO2 Al2O3 FeO MgO CaO Na2O K2O TiO2 P2O5 SO3 CoO CuO  

              
CLE1              
CLE1/Site 12/#116 43.30 13.54 36.43 0.34 1.71 0.66 2.53 0.58 0.48 0.44 < < zone 1, upper 

CLE1/Site 10/#88 34.17 10.77 49.08 0.51 1.18 0.48 2.27 0.37 0.41 0.26 0.26 0.23 zone 2 

CLE1/Site 8/#57 28.79 8.58 56.69 0.64 1.46 0.77 0.92 0.33 0.60 0.90 0.31 < zone 2 

CLE1/Site 7/#42 28.89 9.37 55.95 0.68 1.19 0.61 1.55 0.29 0.50 0.70 0.25 < zone 3 

CLE1/Site 7/#40 14.61 5.21 77.46 0.32 0.34 0.30 0.78 0.18 0.20 0.25 0.34 < zone 4 

CLE1/Site 7/#41 27.23 9.66 58.38 0.45 0.91 0.58 1.47 0.30 0.44 0.25 0.34 < zone 5 

CLE1/Site 4/#11 28.72 9.07 57.69 0.61 0.97 0.24 1.38 0.32 0.47 0.19 0.33 < zone 6, tool cast 

              
CLE2              
CLE2/Site 2/#126 27.44 11.83 57.84 0.57 0.42 < 0.40 0.42 0.16 0.74 < 0.19 zone 1, upper chilled contact 

CLE2/Site 4/#153 23.48 13.00 59.04 0.46 0.36 0.21 1.59 0.36 0.28 1.00 0.23 < zone 2 

CLE2/Site 4/#154 15.05 5.35 76.99 0.35 0.33 < 0.70 0.19 < 0.67 0.36 < zone 2 

CLE2/Site 7/#206 21.28 5.83 70.61 0.65 0.35 < 0.10 0.29 0.21 0.24 0.24 0.21 zone 3 

              
CLE3              
CLE3/Site 8/#330 17.38 6.73 71.16 0.58 1.12 0.25 0.60 0.20 0.35 1.32 0.30 <  
CLE3/Site 6/#315 24.06 8.55 64.16 0.47 0.39 < 1.20 0.21 0.35 0.22 0.38 <  
CLE3/Site 4/#294 23.83 9.64 63.29 0.43 0.42 < 1.44 0.30 0.19 0.17 0.30 <  
CLE3/Site 3/#257 30.56 9.35 55.15 0.50 0.62 0.27 2.65 0.25 0.21 0.17 0.28 <  
CLE3/Site 3/#256 20.91 11.01 65.21 0.59 0.52 < 0.83 0.31 0.19 < 0.43 <  
CLE3/Site 2/#240 25.68 8.49 62.16 0.39 0.88 0.25 0.87 0.28 0.33 0.40 0.27 <  
CLE3/Site 2/#239 22.48 7.68 66.50 0.92 0.76 < 0.14 0.12 0.18 0.86 0.37 <  

              
CLE4: ceramic partial melt             
CLE4/Site 4/#386 51.00 21.22 11.93 1.52 6.00 0.70 3.91 1.82 1.89 < < < partial melt 

CLE4/Site 4/#387 57.12 18.46 11.19 0.97 4.49 0.69 5.22 1.13 0.73 < < < partial melt 

CLE4/Site 4/#388 71.32 12.54 4.18 0.38 1.39 0.72 7.56 1.41 0.47 < < < partial melt 

CLE4/Site 2/#356 69.67 11.04 11.98 0.69 3.03 0.67 1.90 0.59 0.43 < < < partial melt 

CLE4/Site 4/#389 94.56 1.63 0.90 < 0.60 0.22 0.73 0.70 0.66 < < < relict 

CLE4: iron slag              
CLE4/Site 12/#459 46.72 11.36 33.17 0.64 5.05 0.48 1.31 < 0.58 0.32 0.20 0.14  
CLE4/Site 2/#355 34.98 12.18 46.15 0.46 3.50 0.41 1.13 0.34 0.36 0.45 < <  
CLE4/Site 6/#407 25.92 13.67 53.68 0.39 3.68 0.21 0.78 0.43 0.57 0.42 0.23 <  
CLE4: margin to ore grain             
CLE4/Site 12/#458 36.66 10.29 46.53 0.50 3.36 0.32 0.94 0.19 0.38 0.40 0.25 0.17  
CLE4/Site 12/#457 15.92 4.91 76.51 0.42 1.20 < 0.33 0.14 < 0.19 0.37 <  
CLE4: ore grain              
CLE4/Site 8/#432 4.45 0.45 94.10 0.62 < < < < < < 0.38 < grain 

CLE4/Site 10/#445 3.19 1.32 94.60 0.20 0.11 < 0.11 < < < 0.49 < coarse vein 
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Table 4: Comparison of the SHC weight-frequency distribution with that of other comparable Roman assemblages. Weights in gram. 
 
a. Roman sites in Britain 
 

Site: Exminster Cleevelands Uffington Neath Carmarthen Bulmore Caerleon  
Priory Field 

Marsh Leys 
Farm 

Cowbridge 

  SHC all        

Reference: Young 
2014b 

This study Young 
2015b 

Young  
2013b, 
2014a 

Crew  
2003 

Young  
1999 

Young 
2017d 

Young  
2005 & 
2011a 

Barford  
1996 

 charcoal coal coal charcoal  mixed charcoal charcoal coal? 

SHC count 107 57 176 57 47 136 ? 18 30 ? 

SHC min. wt 32 50 44 36 74 100 127 146 60 175 

SHC max. wt 482 530 530 614 630 820 770 600 824 700 

SHC mean wt 127 176 125 137 244 227 270 294 333 403 

% <150g 77% 44% 73% 72% 32% ? ? 11% 23% ? 

% <500g 100% 98% 99% 98% 89% 94% ? 83% 77% ? 
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hearth/furnace ceramic from SW Britain
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Appendix A: 
 
Catalogues 
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Table A1: summary catalogue of macroscopic materials. All weights in g. 
 

C S Sample 
wt 

item wt no notes 

      

10757 
 

14 14 1 sherd of grey-ware crucible broken in three. Has external clay coat, now highly bloated, internally over-cleaned 
but shows thin pale skim on interior surface which has locally turned pink. This is an unusual colour, but may 
possibly indicate the extent of zinc diffusion into the ceramic after the melting of a zinc-bearing alloy (brass, 
gunmetal...) 

      

11276 
 

10 10 3 vitrified oxidised lining       

11429 
 

300 160 1 neat dense almost semi-circular SHC, 50x75x35mm, flat black top with slightly raised lip, base neatly inclined 
and dimpled, anteriorly slightly lobate and free 

   
72 1 fragment of dense SHC probably similar to above    
34 3 small prilly slag blebs    
32 2 slagged and vitrified lining       

11430 
 

8 8 1 vitrified oxidised lining       

11431 
 

886 248 1 large slag mass attached to sub-blowhole wall, 60x85x55mm    
278 1 55x90x55mm, slag mass attached to planar, probably overhanging wall    
132 1 slag mass, dimpled base, raised lobes on op    
72 1 irregular dimpled mass    
60 3 2 dimpled slag masses, 1 with ceramic contact and coal shale clast       

11432 
 

770 36 3 oxidised vitrified lining    
370 1 SHC, 95x100x45mm, plano-convex SHC with a couple of iron rich rusty blebs on upper surface, base irregular 

and finely dimpled, top planar but very slightly wispy 
   

116 1 rounded nub-like SHC, 45x55x35mm, base irregular prilly, top roughly planar but rusty    
22 3 shaley clinker    
20 1 irregular concretion on iron    

164 3 irregular fragments of dense slags with dimpled original faces    
38 1 fragment of dense slag attached onto oxidised wall       

11433 
 

418 104 1 irregular dimpled mass 

C S Sample 
wt 

item wt no notes 
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282 1 small amount of dimpled slag attached to much wider burr and wall, attachment 95mm wide and embayed 
30mm, c.45 deep, 75x95x50mm 

   
24 2 slag fragments       

11434 
 

540 294 1 prilly slag mass with dense curving sheet down inclined wall, slag in rounded lobes with white surfaces, shale 
clast on top, 80x70x65mm (sample CLE4) 

   
40 5 slagged oxidised lining    
28 3 scraps of lining/iron slag    
42 1 dimpled slag lump    
42 1 dimpled slag lump    
94 1 corroded iron mass, very irregular shape       

11435 
 

290 202 7 dense dimpled slag fragments    
16 1 low density bleb    
68 4 vitrified oxidised lining with deep build-up of clinkery shale-rich material       

11436 
 

1000 164 1 irregular dimpled mass,     
122 1 rounded dimpled mass, 65x45x50mm    
114 1 dimpled mass, ceramic attachment one end, smooth, slightly flowed and slightly maroon top    
112 1 irregular dimpled mass, almost sheet like, very pale, small shale clast on base, several small coke particles, 

85x35x55mm, slag on top black glassy with large grains 
   

100 1 dense puck like plano-convex cake, shows iron corrosion on top, 50x50x30(20) mm    
68 9 gravelly lining slag, some with ceramic content    
14 4 oxidised fired lining    
28 2 slagged oxidised lining    

150 3 lobate/dimpled dense slag with reduced fired contact - none is whole cake    
108 6 dense dimpled slag fragments    
12 2 rusty fragments, possible iron fragments, one a small folded piece of iron strip       

11438 
 

438 38 13 organic tempered fired clay in buff colours    
48 7 slagged oxidised fired furnace lining, in orange fabric    
2 1 nail head    
2 5 coal fragments 

C S Sample 
wt 

item wt no notes 

      



GeoArch Report 2018/12: ironworking residues from Cleevelands 
 

32 

   
138 18 dense dimpled slag fragments    
30 5 lining slag fragments    
2 2 pottery (BB?)    
8 2 rusty lumps - corroded iron    

150 1 crude SHC in curved sheet. Dimpled surfaces, rounded vesicles, glassy slag, slightly incomplete       

11438 
 

700 144 6 slagged oxidised hearth lining, one piece with convex form cf tuyère, but also with shale clast    
20 1 pottery with handle    

128 9 low density blebby lags, dark glass, pale surface, some with coal and shale inclusions    
144 1 angular fragment of dense slag with high iron content    
252 9 fragments of dimpled dense slag    

4 1 fired clay       

11438 
 

318 260 1 dense irregular sub-blowhole mass aligned at 60 degrees to downwards wall, slightly black glassy top, base 
dimpled and slightly prilly 80x70x60mm 

   
32 3 slag scrap    
20 1 iron, bent bar?       

11438 
 

456 200 3 dense slag masses, unclear if\ any is complete    
20 1 slag fragment    
6 2 clinkery slag    

70 1 55x55x30mm porous cake formed of dense slag, base neat but top irregular    
154 1 dense slag mass, possibly missing some edges, 45x60x45mm, top obscured, base with dimples on lobes       

11438 
 

26 16 1 vitrified and heavily slagged oxidised lining 
   

10 1 lining slag       

11439 
 

48 46 3 vitrified oxidised lining    
1 1 slag prill       

11439 
 

1380 64 7 low density lining and shale-rich slags    
1 1 orange pottery    

68 6 oxidised fired lining 

C S Sample 
wt 

item wt no notes 
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76 6 iron objects (1 sheet, 1 nail shank? 1 double turn forging, 1 curved object, 1 domed object, 1 small sheet)    

232 1 SHC, 75x85x70(35) mm plano-convex SHC with 'blob' on otherwise smooth upper face, lower face slightly prilly, 
dense 

   
166 1 irregular, probably strongly transverse SHC, rather lobate    
100 1 dense prilly mass with wall attachment    
40 1 dense SHC fragment    
78 1 prilly mass with wall attachment    
94 1 prilly mass with wall attachment    
50 1 prilly mass with wall attachment    
44 1 prilly mass with wall attachment    

362 20 dense slag fragments, mostly dimpled       

11440 
 

324 20 2 corroded iron sheet fragments    
46 5 slagged oxidised lining    
2 1 iron scrap - horseshoe nail?    

120 1 dense slab like dimpled SHC, dense, 65x45x25mm    
38 1 lining slag    
90 5 dense slag fragments and blebs    
2 1 reduced fired pottery       

11440 
 

908 184 1 65x65x45mm, sub-blowhole mass with wide shallow burr, apparently formed on overhanging wall    
176 1 moderately well formed, medium irregular SHC, dimpled base formed against inclined side, lobate free edge, 

top smooth with attached corroded iron, 65x70x40mm 
   

70 1 35x45x35mm small sub-blowhole mass with burr attachment    
84 1 irregular transverse slag attached to wall, dimpled and lobate below, top smoothish with broad hollows    
48 1 40x40x35(25) mm small plano-convex puck, probably a sub-conical sub-blowhole mass    
36 1 burnt daub    
60 5 slagged and vitrified oxidised lining    

208 11 dense slag fragments    
26 1 concretion on sheet iron    
4 1 clinkery bleb       

11440 
 

242 30 11 vitrified oxidised lining 

C S Sample 
wt 

item wt no notes 

      
   

2 3 reduced fired oxidised clay with abundant organic temper 
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1 1 coal    
6 3 pottery    

54 12 low density clinkery shale-rich slag    
62 14 dense slag scraps    
70 14 iron - one a hobnail    
1 1 bone       

11440 
 

872 90 5 iron – one piece is a socket, others more channel like - possibly a single fragmented item    
8 1 coal    
4 1 slagged stone    

146 8 slagged and vitrified oxidised lining    
296 15 dense slag fragments - mainly dimpled blebs    
82 1 55x50x25mm discoidal small dimpled dense SHC    
82 1 very irregular dimpled nub - probably a sub blowhole mass    

148 1 slightly incomplete slab-like SHC, top smooth with some broad shallow dimples, base irregular dimpled, 
70x50x35mm 

      

11440 
 

8 8 1 slag lobe       

11441 
 

134 104 17 slagged and vitrified oxidised lining    
20 1 bloated stone    
6 1 trough shaped narrow iron fragment       

11441 
 

1450 380 12 fragments of dense dimpled slag    
184 1 very irregular dimpled mass - crudely SHC-like, 90x90x35mm    
98 1 dimpled slag mass, sheet-like    

182 1 60x75x50mm, dimpled slag mass with trough-like top attached to planar wall    
150 1 75x60x25mm, near oval concavo-convex SHC, one side deformed and folded over the top    
112 1 dense burr/mass on oxidised wall    
66 1 SHC fragment    
68 1 dense equant dimpled and lobed nub    
28 2 low density slag nubs 

C S Sample 
wt 

item wt no notes 

      
   

66 1 iron    
58 1 flow lobe of dense slag into oxidised ceramic 
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32 1 planar unfired reduced ceramic with adhering clinker       

11441 
 

1030 554 37 dimpled and blebby slags - no piece here appears to be a complete item    
134 8 iron objects - only 1 nail recognisable    
94 10 shaley lining slags    
52 1 lobate flow from hearth floor    
72 1 arcuate dense beard, 120-140mm diameter attachment if not deformed, very dense, prilly below/in front, 

dimpled below/behind (sample CLE6) 
   

116 10 oxidised fired vitrified lining    
1 1 coal       

11442 
 

846 228 1 75x75x40mm, SHC, parallel top and base, base dimpled, top smooth with shale clasts    
90 7 slagged oxidised lining    

352 11 dimpled slag fragments    
80 2 very dense worn slag fragments from SHC crust    
28 1 pentagonal iron fragment 37mm across     
2 1 rusty concretion    

14 1 pale lining slag bleb    
44 1 dimpled/prilly slag attached to oxidised lining       

11442 
 

2 2 1 bloated rock fragment       

11442 
 

700 64 12 slagged and vitrified lining 
   

2 1 reduced fired clay 
   

124 16 rounded nubs and blebs of low density lining slag 
   

6 3 bloated coal shale 
   

1 1 pottery    
260 15 dense slag fragments, blebby or dimpled    
50 1 porous tiny SHC-like mass, finely dimpled base, deeply fuel-dimpled top    
44 1 equant mass, domed base, shale-rich top    
50 1 small SHC, 45x40x25mm, microprilly base, smoothish top 

C S Sample 
wt 

item wt no notes 

      
   

84 1 small dense mass attached to wall, prilly below, shiny surfaced lobes in upper part       
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11442 
 

362 98 6 iron and concretion- largest piece 50 g - probably end of bar with drifted hole    
4 3 pottery (1 Samian)    

46 9 vitrified lining    
2 1 fired clay    

100 13 pale blebby low density slags    
76 4 dense dimpled slag fragments    
4 1 coal    

22 7 slag scraps       

11443 
 

886 148 1 dimpled slag mass    
140 1 dimpled slag mass    
86 1 slightly lobate slag mass    
82 1 dimpled slag mass    

470 6 fragments of dimpled slags, incomplete masses    
8 1 vitrified oxidised lining       

11443 
 

94 94 9 iron objects       

11443 
 

936 148 1 probably most of rather dense prilly SHC    
132 1 small irregular mass, probably a deformed SHC, a dimpled base, a rusty top with prilly material folded back on 

top of this 
   

84 1 small concavo-convex mass, probably SHC, 50x70x20mm    
64 1 small pointed mass -SHC tip, two parallel tool-marks forming dimpled base, top smooth haematised centre with 

raised edges 
   

44 4 blebby lumps of low density slag    
40 4 fragments of lining slag    
32 3 vitrified and slagged oxidised fired lining    
18 1 twisted slagged lining on reduced grey backing    
48 1 very irregular spiky lump - probably coalesced dimpled tool casts    

320 10 dimpled dense slag fragments 

C S Sample 
wt 

item wt no notes 

      

11443 
 

1005 32 3 iron - 1 piece a large square-headed nail    
2 1 prill of lead    

354 17 dense slag fragments    
102 1 incomplete dense SHC 
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110 1 small SHC, flat top, dimpled base, with possible tool mark, 55x55x30 mm    
130 1 incomplete mass with possible burr, probably larger part of SHC    

2 2 coal    
88 9 slagged and vitrified oxidised lining    

106 15 blebby pale, lower density slag and lining slag    
4 1 coal shale       

11443 
 

588 110 1 small sub blowhole mass attached to wall, mainly dimpled, but one larger flowed lobe, hint of maroon surface 
on flowed lobe, 45x60x45mm 

   
122 1 55x50x35mm rounded dimpled lump, with attached fragment of shale (just possibly pottery)    

4 1 nail head    
4 1 coal    

44 4 slagged and vitrified oxidised lining    
286 12 dense slag fragments       

11443 
 

652 404 32 dense slag fragments, variably dimpled prilly and blebby    
48 4 iron three rounded lumps, one triangular fragment of bar    
58 11 fired and vitrified ceramic - most oxidised fired, 2 pieces reduced on surface    
58 1 small dimpled dense mass - finely dimpled below, open shallow dimples above, 40x60x25mm    
52 12 shale-rich clinker    
1 1 pottery       

11443 
 

716 74 6 vitrified oxidised lining, one piece with tiny section of blowhole margin    
370 15 dense slag fragments, nubs and prills    
58 2 iron    
54 1 dimpled nub of dense slag - probably coalesced flow-lobes into fuel bed    
44 1 small puck of low density slag, dimpled base smooth top - proto-SHC?    

110 9 clinkery low density shale-rich slag       

C S Sample 
wt 

item wt no notes 

      

11443 
 

814 192 1 broken in 3, 95% of moderately well-formed, broken SHC    
2 1 pottery    

10 2 vitrified oxidised lining    
126 4 dense dimpled slag fragments    
80 7 low density friable clinkery lining slags 
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92 1 50x75x25mm small sub-blowhole transverse curved mass. Sheet-like, blown upper margin.    
82 1 irregular dimpled plano-convex mass with flattish porous top    
76 1 50x50x30(20) mm small plano-convex mass formed of coalesced lobes, smooth top with bleb of attached lining 

slag 
   

62 1 irregular elongate dimpled mass    
48 1 small semi-circular mass, dimpled base, variable top    
70 1 prilly sub blowhole mass, broken, but probably largely complete       

11443 
 

452 1 1 curved fired melted clay with hooked profile - possibly just FAS - or possibly a clay coat    
10 5 coal    
48 12 oxidised fired and vitrified ceramic -one piece with part of blowhole margin    
26 8 fired clay    
22 3 iron    
34 13 low density pale clinkers    

306 53 iron slag fragments       

11444 
 

532 92 4 iron - one piece a 'riveted sheet'?    
22 3 bloated stones    
30 4 shaley clinker    
46 5 slagged and vitrified oxidised ceramic    
82 8 pale lining slags    

274 18 dense slag fragments and prills       

11444 
 

696 382 43 dense slag fragments    
12 4 pottery    
4 4 coal    

28 3 iron    
56 13 low density clinkery slag 

C S Sample 
wt 

item wt no notes 

      
   

30 1 iron rich SHC fragment    
56 1 deformed but arcuate mass, lobate/prilly, not certain if complete    

108 20 slagged and vitrified lining - almost all oxidised fired       

11444 
 

714 384 20 dimpled slag pieces    
6 1 organic tempered pottery 
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70 8 fragments of lining slag    
30 2 sandstone fragments    

112 11 oxidised fired ceramic with slagged surface    
70 1 small plate of dimpled slag with tear or partial hole    
46 1 large lump of lining slag       

11444 
 

844 120 1 60x50x40mm, asymmetrical sub-conical dense dimpled mass, top with pale vesicular patches    
196 1 85x75x50mm very irregular dimpled mass attached to reduced fired clay    
80 1 dimpled slag nub    
94 1 65x75x25mm thin irregular plano-convex SHC    
60 1 dimpled slag nub    
72 2 slagged reduced fired lining    
2 1 fired clay    

182 7 blebby and dimpled slag nubs and fragments    
22 1 slagged oxidised fired lining       

11444 
 

816 70 3 slagged oxidised lining    
156 4 dimpled dense slag fragments    
68 3 pale blebby low-density slag fragments    

142 1 irregular SHC with upper parts composed of maroon surface flow lobes, very slightly incomplete    
70 1 part of small SHC with very dense puddle-like thin crust    
60 1 irregular dimpled mass    

138 1 irregular, SHC-like dimpled mass with convex base       

11444 
 

1530 284 1 65x100x45mm, irregular SHC formed of coalesced smaller bodies    
92 4 low density dimpled nubs    

326 7 small dimpled slag masses, all very irregular, complete 

C S Sample 
wt 

item wt no notes 

      
   

96 5 oxidised fired lining with thick attached shaley clinker    
212 2 fragments of SHCs with dense slag layers (i.e. of somewhat conventional makeup)    
148 1 elongate, dense mass showing some flow    
206 2 fragments of dimpled dense slag masses    
156 1 extremely irregular lump of coalesced long spike-like lobes and surfaces       

11444 
 

368 82 25 slagged vitrified oxidised fired lining 
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98 15 low density pale blebby dimpled slags    
6 3 shale rich clinker    
8 4 fired clay    

32 3 iron    
22 1 dense smooth SHC fragment    

112 12 fragments of dense dimpled slags       

11444 
 

10 10 3 vitrified oxidised lining       

11444 
 

726 32 1 iron lump    
54 1 folded iron tapering bar    
18 1 nail with very large rectangular head    

128 9 slightly indented nubs of pale surface lining slag    
80 1 dimpled sheet of dense slag    
46 1 equant nub of very dark dense slag - glazed stone?    
90 1 dense puck-like SHC (emphasised by missing edges)    
48 1 medium density prilly mass    
92 5 dense slag fragments    

132 13 slagged and vitrified lining, 2 pieces show concave faced reduced fired free of vitrification and slag       

11445 
 

184 38 3 iron pieces    
76 1 dense dimpled slag lump    
66 5 oxidised fired vitrified lining       

11447 
 

6 6 2 gravelly low density black slag       

C S Sample 
wt 

item wt no notes 

      

11447 
 

6 6 1 shale-bearing slag fragment       

11447 
 

166 84 6 vitrified oxidised wall - some very heavily-slagged with clinkery material    
24 1 dense dimpled slag fragment - possibly tool mark    
56 1 small mass attached to wall - essentially a single dense lobe attached like a flap, smooth top dimpled base, 

45x50x25mm, wall attachment 35mm tall 
      

11447 
 

10 8 2 lobate slags 
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11448 
 

668 90 10 vitrified lining with orange below, passing laterally into slightly dished grey unvitrified surface (sample CLE8)    
44 6 iron objects    

264 15 dense slag fragments    
60 1 dense-beard like crescentic mass, prilly below, lobate on top, some lining slag near margin, 60x30x30mm    

188 1 60x75x40mm, dense near SHC, black smooth (glassy(?)/blown) top and dimpled base, lobate margins (sample 
CLE2)       

11449 
 

392 92 3 slagged oxidised lining    
150 1 small transverse mass with wall attachment    
115 1 part of small dense dimpled SHC    
18 1 low density slightly lobate slag bleb       

11450 
 

406 108 1 55x45x55mm, irregular, equant dimpled mass    
120 1 dense mass with burr, 50x50x40mm, not complete    
14 2 slagged oxidised lining    
88 1 wide burr with oxidised ceramic, glassy gravelly slag    
76 3 dimpled slag fragments       

11451 
 

402 194 4 fragments of dense dimpled slag    
116 1 large block of very vesicular slag with dimpled base, upper parts very low density, incomplete    
70 3 slagged oxidised lining    
6 2 fired clay    
4 1 very low density clinkery slag       

11452 
 

220 116 1 broken dense SHC with dimpled base, probably 95%, in two parts 

C S Sample 
wt 

item wt no notes 

      
   

100 1 curved sub-blowhole transverse mass, dimpled/prilly below, top poorly developed, 40x70x40mm       

11453 
 

48 48 2 heavily slagged oxidised lining       

11453 
 

400 200 1 low density probable SHC, 70x100x50, pale, planar base, rather irregular top    
52 1 puck--like mass, smoothly dimpled base, top irregular    
34 1 low density slag nub    
46 1 small dense mass, 30x50x25mm, probably complete 
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56 1 small sub-blowhole mass, somewhat separate finely dimpled lower section and more smoothly lobate upper 

plate 
      

11455 
 

1030 530 1 75x90x70(45) mm substantial SHC with wall attachment, base formed from multiple tool marks from RHS, wall 
contact overhanging and at 60 degrees, also slightly oblique to axis of SHC, top crudely lobate, base dimpled 
with 4 tool marks, tool marks extend to a point just behind line of wall above (sample CLE1) 

   
284 1 iron block, 60mm diameter, 30mm thick, with one upturned edge    
110 1 40x65x30mm, dimpled slag mass with almost planar wall attachment    
50 1 long thin slag complex rod, curved, might be from wall attachment or might be detached tool cast    
30 4 low density blebs    
10 1 oxidised fired vitrified lining       

11456 
 

670 266 1 80x80x55mm, well formed SHC, prilly base, dense, prills above flattened above into bowl    
250 8 dimpled slag fragments    
58 2 dense shallowly dimpled slags, fragments of tool marks    
58 7 low density, slag blebs    
10 1 vitrified lining slag       

      

11457 
 

96 6 3 grey clay    
78 1 broken sub-blowhole mass    
12 1 low dense lobes       

11457 
 

6 6 1 vitrified oxidised lining       

C S Sample 
wt 

item wt no notes 

      

11458 
 

10 10 1 fragment of dense smithing slag, void rich with glassy patches       

11458 
 

28 2 1 clinker    
24 4 oxidised vitrified lining       

11458 
 

16 14 1 angular dense slag fragment       

11459 <140> 34 32 1 two joining pieces of vitrified oxidised lining 
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2 1 reduced fired ceramic, one face is striated, with local bloating and glassy droplets, probably reduced fired wall - 

tiny possibility this is a clay coat 
      

11459 
 

324 324 1 slightly irregular large SHC, top uneven and rough, with black glass below blowhole, attachment to slightly 
convex wall, base irregular, dimple with poor tool marks, 80x150x50mm, deepest distally, wide because grown 
oblique to wall 

      

11459 42 424 200 70 dense slag fragments    
118 48 low density shaley slags    
22 6 iron objects - one a hobnail    
6 3 oxidised lining    
2 2 pottery    
2 1 grey organic tempered clay      

remainder fine debris, stones etc.       

11459 140 1530 184 74 low density shaley slag    
74 14 iron objects    
70 21 vitrified oxidised lining    
4 3 pottery    

1190 130 dense slag fragments       

11459 137 950 160 170 low density shaley slag fragments    
60 31 vitrified oxidised lining    

506 66 dense slag fragments    
18 2 iron objects 

C S Sample 
wt 

item wt no notes 

      
   

6 3 grey fired clay      
remainder fine debris stones, coal, pottery       

11459 141 1970 166 1 60x70x40mm, internally prilly complex SHC    
1525 400 dense slag including small debris    
222 138 low density slag and bloated clasts    
76 24 vitrified lining      

1525 includes c250g of debris       
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11459 140 1045 166 80 low density slag fragments    
2 2 vitrified lining    

842 200 dense slag and bits       

11459 138 70 10 2 vitrified lining    
16 1 dense slag fragment    
38 18 clinker and coke       

11459 141 <1 <1 35 slag droplets and tiny fragments       

11459 140 <2 <2 8 2 slag droplets and fine slag debris       

11459 137 <1 <1 7 5 slag droplets, 2 slag fragments       

11459 138 32 32 2 dense slag pieces, one a small puck, slightly incomplete       

11459 139 856 146 74 low density slag fragments    
450 40 dense slag fragments    
96 1 compact sub-blowhole mass    
10 5 iron objects    
60 15 vitrified lining      

rest bits       

11459 140 32 32 40 lining fragments 

C S Sample 
wt 

item wt no notes 

      

11460 
 

446 244 1 70x80x70(40) mm irregular SHC, dense bowl, plano-convex, dimpled base, slightly gravelly top, raised flap on 
one side 

   
148 1 very dense incomplete SHC - probably around 80%, rough top, dimpled base, dense puddle, maroon surface 

   
22 1 low density sheet - possibly proto tongue-like mass    
10 2 low density slag    
12 2 oxidised vitrified lining    
6 1 iron       

11462 
 

1120 222 13 dense slag fragments 
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60 6 low density shale-rich clinkery slags    
8 1 iron hook or loop    

160 12 vitrified and slagged lining    
216 1 70x95x40mm, well developed concavo-convex SHC. Dished rusty top, dimpled base with offsets and blebs in 

basal sheet suggesting tool action 
   

56 1 45x60x25mm concavo-convex dimpled mass - deeply so on top    
120 1 50x70x35, neat but small, dense plano-convex SHC    
62 1 60x40x25mm elongate plano-convex mass    
96 1 80x40x30mm elongate mass, blown at one end, dimpled below, probably oriented down-wall    
76 1 50x70x30mm, slightly deformed porous transverse cake, 'V' profile    
48 1 prilly mass - might be entire incipient SHC, but might be fragment of larger mass       

11463 
 

1980 204 1 80x75x50mm, SHC with well-formed suspended dense bowl with some dimpled lobes descending below, one 
of lower lobes (intruding from right) may be tool mark, contact c55mm wide, though not all with adhering 
ceramic, top of dished bowl is very gently dimpled (sample CLE5) 

   
92 1 contact 65mm wide, with tiny mass in front, quite dense with dimpled surfaces    

268 1 65x75x40mm, dished SHC with partial messy bowl fill, base shows 3 tool casts, extending in from right but 
possibly forming sheets extending to upper left - suggest RH poker use 

   
250 1 65x85x50mm, complex SHC formed of at least 3 dimpled sheets, good bowl, bottom just irregular sheet 

fragment 
   

86 1 small 65mm wide attachment with small transverse dimpled mass    
46 1 fragment of mass with attachment    
26 1 fragment of mass with attachment 

C S Sample 
wt 

item wt no notes 

      
   

54 1 small mass with attachment    
52 1 small dimpled dished irregular mass    
82 1 crudely plano-convex dense dimpled mass    
44 1 small plano-convex dimpled mass with pale surface    

110 1 irregular crudely plano-convex dimpled mass    
130 13 clinkery lining slag    
16 1 iron    

314 11 dense dimpled or lobate slag fragments    
176 11 vitrified lining, vitrification disappears on to convex grey surfaces, not unlike tuyère edges - but no sign of 

margin, or of face with blowhole 
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11464 
 

612 8 1 low density slag    
4 1 vitrified lining    

146 4 dense slag fragments    
74 1 twisted dimpled mass    
22 1 30x40x15mm, rectangular mass with flat top and dimpled prills below    
50 1 35x65x30mm, transverse thin dimpled sheet    

176 1 70x65x40mm? pre-deformation, folded SHC    
132 1 irregular and slightly incomplete dense SHC, blown smooth and maroon at top, then very irregular down-wall 

mass, probably largely tool influenced, 70x60x40mm 
      

11465 
 

580 64 7 slagged and vitrified oxidised lining    
6 1 fired clay    

56 2 dense prilly slag fragments with indications of lining attachment    
102 2 small fragments of small SHCs with very dense bowl    
32 2 low density slag blebs    

228 6 fragments of dense prilly masses    
106 1 part of a small concavo-convex SHC with dimpled and locally prilly base and partially smooth dished upper 

surface 
      

11466 
 

546 252 1 70x80x50(30) mm biconvex dense SHC, well formed, top with glassy lining slag, base dimpled but rusty    
86 1 40x55x30mm, dimpled transverse dense slightly biconvex mass    
88 1 50x50x25mm, dense puck-like mass, top with probable unroofed voids, base dimpled 

C S Sample 
wt 

item wt no notes 

      
   

82 1 crescentic sub blowhole mass 45x80x30mm    
16 2 dense slag fragments    
16 2 vitrified lining       

11467 
 

22 12 1 dense slag fragment    
6 1 lining slag       

11467 
 

6 6 1 dense slag fragment    
1 1 vitrified oxidised lining    
1 1 grey fired clay       

11468 
 

382 34 3 slagged oxidised vitrified lining 
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146 6 dimpled dene slag fragments and blebs    
198 1 biconvex SHC of dimpled slag, 60x75x50, rather planar contact on base       

11469 
 

28 30 1 dense SHC fragment with deep dished top blown smooth and maroon, base partially dimpled, remainder base 
sediment/stone contact 

      

11469 
 

1860 92 1 50x70x25mm, dimpled semi-circular incipient SHC    
80 1 45x70x30mm, dished dense SHC with dimpled base    

140 1 55x70x60mm, sub-blowhole prilly mass forming cascade down wall, lower slags paler than upper    
176 1 60x75x35mm, dense SHC, plano-convex    
56 1 prilly mass incorporating probable tool cast    
66 1 35x60x30mm, very dense small mass    
58 1 35x65x20mm, semi-circular sheet-like incipient SHC, top smooth, base dimpled    
68 1 SHC fragment    
76 1 dimpled small incipient SHC    
64 1 flap of lining slag    
58 1 small conical sub-blowhole mass    

748 24 dense slag nubs, fragments    
32 2 flow slag prills    
78 5 lining slag nubs    
64 4 vitrified fired lining, mostly reduced fired 

C S Sample 
wt 

item wt no notes 

      

11483 
 

478 136 1 small dense dimpled sub-blowhole mass, axis at 60 degrees to wall (tilted?), mass also undercuts surviving wall 
face, extending 65mm in front and 10mm behind this line, 55mm wide maximum (close to wall), narrow dimpled 
in front and lobe behind, mass 30mm deep, with 35mm of wall preserved above 

   
234 1 axis 85mm long, reaches slightly sigmoidal wall face at rear 45mm deep and 75mm wide (very asymmetrical), 

25mm of wall above, base dimpled and deepest close to wall, top rough and crudely ridged. Axis at 60 degrees 
to wall face 

   
44 1 small maroon shale containing mass, incomplete, attached to wall    
42 5 vitrified oxidised lining    
42 1 dense transverse burr-like fragment       

11483 
 

312 80 1 transverse crescentic block with maroon smooth blown top, dimpled base, lumpy wall-facing side, unclear if 
projected forward beyond preserved mass but probably not 

   
100 1 fragment of dense well preserved SHC with smooth blown maroon top, and dimpled base 



GeoArch Report 2018/12: ironworking residues from Cleevelands 
 

48 

   
96 1 irregular mass with dimpled surfaces and one smooth maroon one - unclear if complex object or deformed, 

quite possibly an entire SHC 
   

18 1 clinkery dimpled slag    
14 1 dense SHC fragment       

11483 
 

934 84 1 50x60x30mm small SHC-like mass, dimpled base smooth top    
70 1 dimpled mass of pale slag, very irregular    
74 1 irregular porous dense slag mass, probably sub-blowhole mass    
56 1 45x55x25mm triangular mass with dimpled base and porous top    
56 1 attachment of sub-blowhole mass, distal section fractured off    
74 1 irregular spikey mass probably tool casts, lobate, partially dimpled    
52 1 small neat puck, 40x45x25mm    
42 1 small dense probable transverse mass    

378 17 dense slag fragments    
46 4 large blebs of low density clinkery slag       

11483 
 

24 24 4 low-density slags       

11501 
 

44 20 1 dense slag flow lobe    
22 1 contact between dense slag and wall, with a large shale clast 

C S Sample 
wt 

item wt no notes 

      

11506 
 

70 2 1 slag fragment    
66 1 sub-blowhole mass, 35x55x40mm       

11507 
 

4 4 1 prilly dense slag       

11508 
 

1525 16 1 large headed iron nail    
10 1 concretion    
36 3 shaley clinker    

106 10 oxidised fired slagged lining    
70 8 blebs of low density slag    
64 1 part of dense SHC with probable basal tool marks    

406 13 dimpled slag lumps    
140 1 deep irregular slag mass, dimpled body, smoothly lobed top, crescentic lower spike with sandy material    
164 1 65x75x40mm dense regular formed SHC 
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56 1 dimpled slag lump    
66 1 dense lobed slag    
92 1 tiny SHC, dimpled base, smooth top, 60x65x25mm    

142 1 very irregular dimpled slag mass, deformed SHC    
66 1 puck-like mass, fine dimpled base, coarse fuel-dimpled top    
62 1 tiny SHC, 40x55x35mm, dimpled base, flat top        

11508 
 

936 424 1 75x110x50mm dense SHC, hemi-conical form, base dense finely dimpled slag, partially suggestive of 
coalesced margin parallel tool use, top dimpled with large open vesicles. Large rusty mass to one side 

   
128 1 50x80x35mm biconvex dimpled mass, effectively SHC    
74 2 oxidised lining, one with very thick clinkery surface\adhesion in wedge profile    
38 1 small tabular fragment of rusty, tap-slag like mass with very fine prills and rather dimpled base    
54 1 small attachment fragment of dense slag onto oxidised wall    

146 2 two fragments similar to 424g SHC above - in being made of coalesced slag lobes with dimpled surfaces    
66 2 slag fragments formed of coalesced prills       

11508 
 

920 350 1 150x80x35mm strange transverse? dimpled mass, not SHC-shaped, but probably just very transverse, dimpled 
base irregular top (sample CLE7) 

   
60 1 55x45x25mm small sub-conical mass, crudely plano-convex, dimpled base 

C S Sample 
wt 

item wt no notes 

      
   

58 1 55x45x25mm small plano-convex mass (sample CLE3)    
38 1 small lobate arcuate mass with dimpled base    

134 1 probably incomplete small irregular SHC     
228 6 irregular dimpled masses and SHC fragments    

8 1 rounded low density mass - coated bloated stone?    
4 1 coal shale    

34 2 slagged vitrified oxidised lining, one shows small section of probably 25mm diameter blowhole margin       

11508 
 

660 50 3 iron lumps    
62 1 probably SHC piece rather than entire cake    
96 11 vitrified lining, much heavily slagged with shaley material    

312 24 dense slag fragments    
120 13 low density slags - both lining and shaley and mixed       

11513 
 

48 48 1 dense SHC fragment 
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11513 
 

24 6 1 vitrified oxidised lining    
16 1 bloated vitrified stone       

11534 
 

864 90 1 dimpled dense slag mass, with well-formed burr, fractures distally    
76 1 dimpled dense slag mass    
58 1 dimpled dense slag mass    
74 1 dimpled dense slag mass    
76 1 dimpled dense slag mass    

120 1 dimpled dense slag mass    
176 1 dense irregular dimpled mass with flow lobe on one end    
150 1 irregular mass, partially dimpled and partially lobed, possible hot fracture in centre       

11534 
 

828 346 7 dimpled dense fragments    
18 1 shale-rich clinker    
74 1 low density lobate mass    
50 1 low density lobate mass    

102 1 dense irregular dimpled mass 

C S Sample 
wt 

item wt no notes 

      
   

196 1 SHC, 70x85x40mm, dimpled base, large voids on top, sub-conical, semi-circular in plan       

11534 
 

592 184 1 SHC, 75x65x35, dense slag, dimpled base, variably lobate top largely obscured    
166 4 dense irregular dimpled slag fragments    
80 1 dense dimpled lag mas, highly irregular with long 'prong' possibly a tool cast    
50 2 oxidised fired lining with adhering shale-rich clinker    
94 4 low dense blebby slags, some shale-rich    
24 1 iron scrap       

11534 
 

660 208 14 low density blebby and clinkery slags    
42 7 iron debris    
34 8 slagged oxidised vitrified lining and associated slag debris    
2 1 coal    

62 2 dimpled slag fragments    
106 1 shallow, dense conventional-appearing SHC, 60x50x20mm    
38 1 dimpled dense slag nub 
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26 1 prilly slag attached to burr-like contact    
80 1 prilly dense irregular slag mass    
44 1 low density pale slag mass       

11534 
 

902 92 2 heavily slagged oxidised fired vitrified lining    
42 1 dimpled slag fragment    

128 1 very dense slag lobe/puddle, probably from floor below SHC, possibly folded    
74 1 dimpled slag mass, with possible poker hole    
32 1 dimpled slag lobe    

132 1 irregular flat dimpled slag mass    
238 1 very irregular SHC with somewhat lobate base, 95x65x40mm    
124 1 irregular wedge shaped dimpled mass       

11534 
 

314 70 5 slagged and vitrified oxidised lining    
22 3 blebs of low density lining slag/clinker    
88 5 small dimpled dense slag blebs and fragments thereof    
46 3 iron objects - one a triangular/hexagonal 'washer' 

C S Sample 
wt 

item wt no notes 

      
   

82 1 dense dimpled slag tool-marks - four parallel but oblique to length of piece - detached from any overlying cake 

      

11928 
 

24 24 1 dimpled slag nub       

11974 
 

78 78 1 small sub blowhole maroon dense slag mass, top smooth blown, 30x55x35mm, top angled down at c45 
degrees to wall 

      

12017 
 

44 16 1 dense slag fragment    
26 1 lining slag       

12027 146 2 2 45 coke/coal       

12027 146 <2 <2 20 slag droplets and slag fragments       

12027 146 274 24 2 vitrified lining    
108 15 dense slag fragments 
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140 200 low density slag and its debris       

12029 145 <1 <`1 2 1 slag droplet 1 slag fragment       

12033 
 

4 4 1 lining slag       

12035 
 

34 34 1 irregular dimpled dense slag mass - possibly twisted       

12036 
 

66 1 1 vitrified lining    
62 5 dense slag fragment and blebs       

12040 
 

16 6 1 dense prilly slag    
10 1 lining slag       

12040 147 <1 <1 2 slag droplets <1mm (not hammerscale as labelled)       

C S Sample 
wt 

item wt no notes 

      

12040 147 136 48 2 dense slag fragments    
8 3 vitrified lining including a tiny fragment of blowhole margin    

78 120 low density slag and coke       

12044 
 

16 16 1 dense dimpled fragment       

12045 
 

92 92 1 disintegrated sub-blowhole mass, in pale low-density slag, lobate, slightly dimpled       

12047 
 

54 44 3 dense slag fragments    
10 1 lining slag       

12060 
 

160 10 1 vitrified lining    
62 1 dimpled rounded slag nub    
84 1 irregular slag mass with small rounded base and probable tool casts       

12062 
 

26 26 2 low density slag with blebby form and brown colour       

12076 
 

78 34 1 heavily slagged vitrified oxidised lining 
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40 1 dense slag fragment       

12079 
 

186 92 4 dense slag fragments    
94 1 very irregular mass, many protrusions, dimpled base, smooth channel down centre of top       

12081 
 

6 1 1 lining slag    
4 1 dense slag prill       

12081 
 

4 4 1 vitrified oxidised lining       

12083 
 

1 1 1 slagged oxidised lining       

12089 
 

2 2 1 dense slag fragment - probably a dense lining slag       

12090 
 

104 32 1 fragment of very dense sub-blowhole mass 

C S Sample 
wt 

item wt no notes 

      
   

64 3 lower density iron slags in prilly masses    
8 1 vitrified oxidised lining       

12100 
 

8 6 1 vitrified oxidised lining       

12106 
 

92 92 1 dense dark well preserved transverse mass, dark glassy top, irregular dimpled base, 35x75x40mm       

12106 
 

124 120 2 heavily slagged oxidised lining with slag forming hood around blowhole position       

12132 
 

126 126 1 very low-density tongue-like mass, glassy pale top, base shows flow lobes, 95x70x30mm 
      

12140 
 

126 26 4 lining slag blebs    
40 3 dense slag fragments    
6 1 slagged oxidised lining    

50 1 small dense SHC, rounded base with broadly dimpled lobes, upper face of more deeply impressed moderate 
dimples 

      

12167 
 

12 10 1 lining slag lump       
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12204 
 

84 82 1 broken fragment of a very large glassy SHC       

12309 
 

252 226 5 dense slag (SHC) fragments, one with strong tool marks 
   

20 2 vitrified oxidised lining       

12310 
 

570 168 1 weathered preservation, worn, this piece part of semi-circular SHC, dimpled base, raised lip on upper rim, very 
conventional 

   
8 1 reduced fired lining    

386 18 dimpled slag nubs and fragments       

12313 
 

1170 166 1 60x80x40(30) mm well formed SHC, V profile suggests formation in angle of wall with flat top at 45 degrees to 
wall, free base side of V is dimpled 

   
134 1 irregular arcuate mass, probably deformed transverse SHC    
72 1 45x55x35mm, small mass of dimpled shale-rich slag 

C S Sample 
wt 

item wt no notes 

      
   

82 1 60x60x25mm shallow SHC, with discrete pale prills within basal surface    
42 1 SHC-like piece - either deeply and neatly concave top or unroofed large vesicle    
42 1 folded low-density nub    

386 5 fragments of dense SHCs    
78 6 nubs of low density shale-bearing clinkery slag    
90 5 smaller dense slag fragments    
70 3 fragments of dense slags in flow lobes 

12313 
 

744 60 2 iron    
62 8 vitrified oxidised lining    
66 8 blebby lining slags    

408 17 dense slag fragments, blebs etc.    
142 1 60x74x45mm concavo-convex SHC, rough wall-facing side, dimpled base, dished top, outward facing at 45 

degrees to wall 
      

12313 
 

378 18 2 friable lining slag    
32 4 slagged and vitrified oxidised lining    
2 2 pale fired clay    

322 13 dense slag fragments       
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12317 
 

104 102 1 prilly and dimpled sub-blowhole mass, 45x65x35       

12318 
 

112 112 3 dense slag pieces, weathered, 2 prilly, one most of sub-blowhole mass       

12387 151 6 6 1 degraded coal       

12393 
 

52 50 1 SHC fragment       

12640 
 

26 26 1 deeply vitrified oxidised wall       

12643 
 

8 6 7 fragments of low density lining or fuel ash slag, very pale       

12649 
 

66 66 9 fuel ash slag, grey sandy friable, foliated, all the pieces may be fragments of one original block 

C S Sample 
wt 

item wt no notes 

      

12665 
 

1 1 1 friable sheet of lining slag       

12655? 152 4 4 13 low density slag blebs and fragments       

12710 
 

380 352 6 dense slag lumps - some may be SHCs, but very weathered so original surfaces not determinable    
24 1 slagged and vitrified oxidised lining       

12810 
 

372 94 1 irregular slag mass - surfaces obscured    
132 1 very neat dense SHC with very tight surfaces, 60x60x30mm, plano-convex    
146 1 biconvex dimpled mass - unclear whether biconvex SHC, or folded, 60x70x45mm 

 
  



GeoArch Report 2018/12: ironworking residues from Cleevelands 
 

56 

Table A2: archaeometallurgical residues by context and facies. Weights in g. 
 

Context  Crucible SHC Other SHC-like 
masses 

Other 
dense 

slag 

Other low 
density 

slag 

Hearth 
ceramic 

Iron Other 
clay 

Coal  total 

             

10757 2nd fill of RB? ditch 10755 14 
         

14 

11276 Fill of ditch 11275, C1-C2 
     

10 
    

10 

11429 Dark soil spread. Group 11459. 
 

232 
 

34 
 

32 
    

298 

11430 Dark soil spread. Group 11459. 
     

8 
    

8 

11431 Dark soil spread. Group 11459. 
  

730 60 
      

790 

11432 Dark soil spread. Group 11459. 
 

486 
 

198 22 36 20 
   

762 

11433 Dark soil spread. Group 11549. LIA - C1 
  

384 24 
      

408 

11434 Dark soil spread. Group 11459. 
  

294 84 28 40 94 
   

540 

11435 Dark soil spread. Group 11459. 
   

202 16 68 
    

286 

11436 Dark soil spread. Group 11459. LC1 - C2 
  

762 108 68 42 12 
   

992 

11438 Dark soil spread. Group 11459. LIA - C1 
 

150 484 786 174 218 30 42 2 
 

1886 

11439 Dark soil spread. Group 11459. 
 

438 366 363 64 114 76 
   

1421 

11440 Dark soil spread. Group 11459. 
 

526 468 664 100 282 208 38 9 
 

2295 

11441 Dark soil spread. Group 11459. 
 

400 532 1044 142 252 206 
 

1 
 

2577 

11442 Dark soil spread. Group 11459. 
 

308 228 754 246 200 128 4 4 
 

1872 

11443 Dark soil spread. Group 11459. 
 

832 1776 2312 471 380 258 26 16 
 

6071 

11444 Dark soil spread. Group 11459. 
 

944 906 2558 606 750 256 
   

6020 

11445 Dark soil spread. Group 11459. 
   

76 
 

66 38 
   

180 

11447 Dark soil spread. Group 11459. 
   

8 
      

8 

11448 Dark soil spread. Group 11459. 
 

188 116 296 12 174 44 
   

830 

11449 Dark soil spread. Group 11459. 
 

303 266 314 12 266 
    

1161 

11450 Dark soil spread. Group 11459. 
 

120 228 163 
 

14 
    

525 

11451 Dark soil spread. Group 11459. 
   

310 4 70 
 

6 
  

390 

11452 Dark soil spread. Group 11459. 
 

116 199 
       

315 

11453 Dark soil spread. Group 11459. 
 

200 154 
 

34 
     

388 

11455 Dark soil spread. Group 11459  530 110 50 30 10 284    1014 

11456 Dark soil spread. Group 11459. 
 

266 
 

308 58 10 
    

642 
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Context  Crucible SHC Other SHC-like 
masses 

Other 
dense 

slag 

Other low 
density 

slag 

Hearth 
ceramic 

Iron Other 
clay 

Coal  total 

             

11457 Cut for pit 11457 
  

78 12 
 

6 
 

6 
  

102 

11458 Fill for pit 11458 
   

24 2 24 
    

50 

11459 Dark soil spread. Group 11459. 
 

490 96 2576 950 350 124 8 
  

4594 

11460 Clayey soil. Group 11459. 
 

392 22 
 

10 12 6 
   

442 

11462 Dark soil spread. Group 11459. 
 

336 338 222 60 160 8 
   

1124 

11463 Dark soil spread. Group 11459. 
 

722 571 314 130 176 16 
   

1929 

11464 Displaced material from 11459. 
 

308 74 218 8 1 
    

609 

11465 Displaced material from 11459. 
 

208 228 56 32 64 
 

6 
  

594 

11466 Displaced material from 11459. 
 

252 256 16 
 

16 
    

540 

11467 Displaced material from 11459. 
   

18 6 1 
 

1 
  

26 

11468 Displaced material from 11459. 
 

198 
 

146 
 

34 
    

378 

11469 Displaced material from 11459. 
 

244 626 780 142 64 0 0 0 
 

1856 

11483 Refuse material around RB surface 11482 
 

114 1054 420 142 42 0 0 0 
 

1772 

11501 Fill of ditch 11500, MC1-LC1 
   

42 
      

42 

11506 2nd fill of ditch 11504 
  

66 2 
      

68 

11507 3rd fill of 11504, plough-soil in ditch top  
   

4 
      

4 

11508 Part of 11459 
 

1418 834 1104 238 310 76 0 0 
 

3980 

11513 Subsoil settling around masonry 11512 
 

48 
  

16 6 
    

70 

11534 Same as 11508, part of 11459 
 

724 1386 1036 710 246 112 0 2 
 

4216 

11928 1st fill of ditch 11927 
   

24 
      

24 

11974 1st fill of ditch 11973 
  

78 
       

78 

12017 Fill of pit 12018 
   

16 26 
     

42 

12027 Fill of shallow feature 12026 
   

108 140 24 
  

2 
 

274 

12029 Fill of shallow feature 12028 
   

<1 
      

0 

12033 Fill of pit 12032 
    

4 
     

4 

12035 Fill of pit 12034 
   

34 
      

34 

12036 Dark soil spread. Group 11459. 
   

62 
 

1 
    

63 

12040 Fill of pit 12040 
   

54 88 8 
    

150 

12044 1st fill of pit 12043 
   

16 
      

16 
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Context  Crucible SHC Other SHC-like 
masses 

Other 
dense 

slag 

Other low 
density 

slag 

Hearth 
ceramic 

Iron Other 
clay 

Coal  total 

             

12045 2nd fill of pit 12043 
  

92 
       

92 

12047 Fill of pit 12046 
   

44 10 
     

54 

12060 Fill of pit 12059 
   

62 
 

10 
    

72 

12062 Fill of ?posthole 12061 
    

26 
     

26 

12076 Cut of posthole 
   

40 
 

34 
    

74 

12079 Fill of pit 12080 
   

92 
      

92 

12081 Fill of pit 12079 
   

4 1 4 
    

9 

12083 Alluvial deposit 
     

1 
    

1 

12089 2nd fill of ditch 12087 
   

2 
      

2 

12090 2nd fill of pit 12092 
  

32 64 
 

8 
    

104 

12100 Fill of posthole 12099 
     

6 
    

6 

12106 2nd fill of pit 12095 
  

92 
  

120 
    

212 

12132 2nd fill of ditch 12130 
    

126 
     

126 

12140 Fill of ditch 12139 
  

50 40 26 6 
    

122 

12167 2nd fill of ditch 12165 
     

10 
    

10 

12204 Fill of ditch 12203 
 

82 
        

82 

12309 1st palaeochannel fill 12308 
 

226 
   

20 
    

246 

12310 2nd palaeochannel fill 12308 
 

168 
 

386 
 

8 
    

562 

12313 2nd palaeochannel fill 12311 
 

566 72 1375 204 94 60 2 
  

2373 

12317 1st palaeochannel fill 12316 
  

102 
       

102 

12318 2nd palaeochannel fill 12316 
   

112 
      

112 

12387 3rd fill of pit 12390 
        

6 
 

6 

12393 Fill of pit 12412 LC1-C2 
 

50 
        

50 

12640 2nd fill of ditch 12642 
     

26 
    

26 

12643 Fill of ditch 12644 
    

6 
     

6 

12649 Fill of ditch 12648 
    

55 
     

55 

12655? Fill of posthole 12654 
    

4 
     

4 

12665 Cut of gully 
    

1 
     

1 

12710 Ditch cut 
   

352 
 

24 
    

376 
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Context  Crucible SHC Other SHC-like 
masses 

Other 
dense 

slag 

Other low 
density 

slag 

Hearth 
ceramic 

Iron Other 
clay 

Coal  total 

             

12810 Error for 12310? 
 

132 240 
       

372 

             
 

totals 14 12717 14390 20593 5250 4953 2056 139 42 
 

60153 
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Table A3: summary list of subsamples of sieved residues 
 

C S fraction wt (g) label notes 

      
10026 115 0.5mm 2 residue charcoal, stone 

10026 115 1mm 32 residue charcoal, stone 

10036 116 0.5mm 2 residue charcoal, burnt stone, fired clay 

10036 116 1mm 100 residue stone, charcoal, ?pottery 

10138 101 0.5mm 299 residue sand, charcoal, burnt clay 

10138 101 1mm 298 residue sand, burnt bone in small amounts, charcoal in small amounts 

10139 100 0.5mm 550 residue stone, charcoal, burnt bone 

10139 100 1mm 986 residue stone, burnt stone, fired clay charcoal 

10140 102 0.5mm 12 residue stone, burnt stone, charcoal, fired clay, minor burnt bone 

10140 102 1mm 356 residue stone, burnt stone, charcoal, fired clay, burnt bone 

10187 104 0.5mm 70 residue cremated bone  

10187 104 1mm 134 residue cremated bone  

10188 107 0.5mm 52 residue cremated bone  

10188 107 1mm 80 residue cremated bone  

10189 108 0.5mm 34 residue  

10189 108 1mm 76 residue cremated bone  

10189 108 2mm 254 residue cremated bone  

10200 105 0.5mm 110 residue cremated bone  

10200 105 1mm 152 residue cremated bone  

10201 100 0.5mm 84 residue lime sand 

10201 100 1mm 136 residue lime gravel, rare burnt bone 

10202 109 0.5mm 42 residue  

10202 109 1mm 50 residue cremated bone  

10203 110 0.5mm 162 residue cremated bone  

10203 110 1mm 264 residue cremated bone  

10203 110 2mm 926 residue cremated bone  

10206 111 0.5mm 86 residue cremated bone  

10206 111 1mm 144 residue cremated bone  

10207 112 0.5mm 58 residue cremated bone  
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C S fraction wt (g) label notes 

      
10207 112 1mm 108 residue cremated bone  

10208 113 0.5mm 14 residue stone, fired clay, burnt bone 

10208 113 1mm 26 residue stone, fired clay, burnt bone 

10209 114 0.5mm 114 residue cremated bone  

10209 114 1mm 158 residue cremated bone  

10209 114 2mm 302 residue cremated bone  

10233 117 0.5mm 24 residue  

10233 117 1mm 28 residue cremated bone  

10234 118 0.5mm 90 residue sand, minor burnt bone 

10234 118 1mm 120 residue stone, fired clay, burnt bone 

10286 103 0.5mm 50 residue  

10286 103 1mm 120 residue cremated bone  

10286 103 2mm 342 residue cremated bone  

10450 119 0.5mm 54 charcoal rich charcoal, fire clay, burnt stone 

10450 119 1mm 978 residue charcoal rich fired clay, stone, charcoal 

10452 120 0.5mm 156 residue  

10452 120 1mm 158 residue  

10454 121 0.5mm 218 residue  

10454 121 1mm 202 residue  

10454 121 2mm 326 human bone rich  

10510 122 0.5mm 24 residue stone, charcoal 

10510 122 1mm 314 residue stone, burnt stone, charcoal 

10510 123 0.5mm 4 residue stone, charcoal, burnt stone, fired clay 

10510 123 1mm 82 residue stone, burnt stone, fired clay 

10542 124 0.5mm 1 residue stone, sand 

10542 124 1mm 18 residue stone 

10740 126 0.5mm 10 residue stone, burnt clay, burnt bone 

10740 126 1mm 442 residue clay, stone, bone, vole teeth 

10778 125 0.5mm 16 residue burnt stone 

10778 125 1mm 406 residue stone, fired clay, bone, dark fired clay (pottery?) 



GeoArch Report 2018/12: ironworking residues from Cleevelands 
 

62 

C S fraction wt (g) label notes 

      
11045 127 .0.5mm 58 residue stone, possible fired clay 

11045 127 1mm 526 residue limestone gravel, fired clay?, sparse charcoal 

11083 128 0.5mm 20 residue fired clay, vole teeth 

11083 128 1mm 504 residue almost all fired clay - bright oxidised 

11459 137 0.5mm 12 residue sand, charcoal, coal, coke, slag, burnt bone 

11459 137 1mm 400 residue burnt stone, slag, slag droplets, FAS, bone, burnt bone, charcoal, FHS 

11459 137 2mm 354 residue charcoal/coal rich stone, coal, coke, slag fired clay, only minor charcoal, bone 

11459 138 0.5mm 26 residue burnt stone, charcoal, minor slag, lots of ?calcite films 

11459 138 1mm 676 residue fired clay, charcoal, burnt stone, bone, burnt bone, possible FAS 

11459 139 0.5mm 24 residue stone, coal, calcite? films, charcoal, slag 

11459 139 1mm 542 residue charcoal rich stone, burnt stone, charcoal, coal, coke, slag, burnt bone, bone 

11459 140 0.5mm 38 residue slag, charcoal, stone, FHS, calcite films 

11459 140 0.5mm 12 residue burnt stone, coal, slag, charcoal, calcite films 

11459 140 1mm 554 residue dominantly slag and coke, with coal, fired clay and minor stone 

11459 140 1mm 220 residue dominantly slag and coke, with coal, fired clay and minor stone 

11459 140 2mm 524 residue industrial waste rich stone, slag, coal, coke 

11459 141 0.5mm 12 residue coal, calcite? films, slag, charcoal 

11459 141 1mm 466 residue slag, burnt stone, FHS, FAS 

11459 141 2mm 606 residue industrial waste rich stone, slag, coke 

11459 142 0.5mm 22 residue stone, fired clay, coal, calcite? films 

11459 142 1mm 514 residue stone, charcoal, coal, slag, bone 

11485 129 0.5mm 34 residue  

11485 129 1mm 42 residue  

11486 130 0.5mm 38 residue cremated bone  

11486 130 1mm 50 residue cremated bone  

11486 130 2mm 50 human bone rich  

11487 131 0.5mm 70 residue  

11487 131 1mm 58 residue  

11487 131 2mm 74 residue cremated bone  

11488 32 2mm 66 residue cremated bone  
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C S fraction wt (g) label notes 

      
11488 132 0.5mm 46 residue cremated bone  

11488 132 1mm 48 residue cremated bone  

11525 133 0.5mm 20 residue sand charcoal 

11525 133 1mm 32 residue charcoal, burnt stone, fired clay 

11526 134 0.5mm 18 residue sand, charcoal 

11526 134 1mm 26 residue charcoal, burnt stone, fired clay 

11527 135 0.5mm 14 residue sand, charcoal 

11527 135 1mm 22 residue charcoal, burnt stone, fired clay 

11528 136 1mm 36 residue charcoal, stone, black sandy ceramic 

11528 136 2mm 30 residue charcoal rich charcoal, burnt stone, fired clay 

11528 136 0.5mm 24 residue sand, charcoal, coked organic material 

12021 143 0.5mm 122 residue fired clay, charcoal 

12021 143 1mm 1995 residue fired clay, charcoal, burnt stone 

12027 146 0.5mm 14 residue burnt clay, coal, coke 

12027 146 1mm 146 residue charcoal, coal, coke, burnt stone, slag 

12029 145 0.5mm 6 residue stone, fired clay, coal, charcoal,  

12029 145 1mm 56 residue stone, fired clay, slag droplets, coal 

12040 147 0.5mm 16 residue stone, FHS, coal, coke,  

12040 147 1mm 160 residue stone, charcoal, slag, coal , coke 

12387 151 0.5mm 6 residue charcoal rich abundant charcoal, fired clay 

12387 151 1mm 66 residue charcoal rich burnt stone, abundant charcoal 

12655 152 0.5mm 46 residue stone, charcoal 

12655 152 1mm 432 residue stone, charcoal, burnt bone, burnt stone 
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Table A4. List of sampled materials. 
 

Sample Type Item wt. Context Elemental 
analysis 

SEM 
analysis 

Notes Elemental 
analysis 

SEM 
analysis        

  
CLE1 SHC with tool-marks 530g 11455 1 1 60mm deep SHC, base of main SHC part shows marked tubular vesicles, 

base of each lobe has fine vesicles, coke clasts show white coat, slag 
slightly grey/black variegated, upper surface includes spares coke, dense 
raised lobes and one fragment of possible charcoal. Oxidised ceramic in 
contact that is probably over-hanging. 
 

general sample SEM of lobe 
boundary and 
tool mark 

CLE2 SHC with smooth top 188g 11448 1 1 smooth blown black shiny top. Lower part appears wustite rich, irregular 
rounded vesicles, finely dimpled base, only very few coke clasts 
 

general sample SEM sample 
with upper 
surface on tip 
 

CLE3 tiny SHC 58g 11508 1 1 small SHC, 45 x 55 x 19 (13), formed of wustite-rich, highly vesicular slag 
 

general sample whole section 

CLE4 down-wall SHC 294g 11434 1 1 30mm thick upper end is of very dense slag, includes rounded dense 
clasts with shrinkage cracks, proximal top has lobes and large dimples. 
Distally the slag is covered/replaced by lining slag containing coke and 
coal shale fragments. Basal surface has thin layer of shiny material, just 
possibly metal. Dense burr end shows strong metal detector response. 
Where blown, upper surface is slightly maroon. 
 

general sample, 
more lining rich 
than SEM mount 

SEM sample to 
include material 
with shrinkage 
(dark face) 

CLE5 irregular mass 204g 11463 1 
 

ceramic contact probably slightly overhanging, grey vesicular slag nearby, 
but more distally the slag just binds coke particles, top concave and 
rough, base dimpled and finely lobate 
 

general sample 
from coke-rich 
distal end 

 

CLE6 beard 72g 11441 1 
 

small crescentic slag beard, dimpled surface, internally homogeneous 
grey slag 
 

general sample  

CLE7 transverse mass 350g 11508 1 
 

150mm wide, 80mm wide, 30mm maximum thickness, base dimpled, 
slight basal interaction?, lower surface has fine vesicles, body of slag has 
coke inclusions up to 8mm, associated with rounded large vesicles, upper 
surface covered in many coke particles. Slag appears fine-grained and 
homogeneous. 
 

general sample  

CLE8 lining 
 

 
11448 1 
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Appendix B: 
 
Bulk chemical analyses 
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Table B1: Major elements by XRF. < = below detection. All elements presented as wt%. LOI = loss on ignition. 
The columns in grey tone (headings with asterisk) are presented as alternative models of the data with iron adjusted to Fe2+ and sulphate to sulphide, with the change in oxygen added to the 
observed LOI, give a model LOI * that provides an estimate of volatile content for a model material with those alternative species. 
 

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

                 

Smithing residues               

CLE1 21.05 6.97 75.00 67.48 0.03 0.70 1.45 0.14 0.93 0.28 0.32 0.89 0.36    

CLE2 18.54 8.49 76.18 68.55 0.02 0.51 0.16 0.05 1.03 0.28 0.26 0.72 0.29    

CLE3 15.63 6.49 78.10 70.28 0.04 0.57 0.39 0.03 0.29 0.23 0.28 0.52 0.21    

CLE4 27.17 8.70 66.43 59.77 0.04 0.58 2.38 0.11 0.62 0.28 0.30 0.38 0.15    

CLE5 16.45 8.71 77.88 70.08 0.18 0.89 0.35 0.07 0.28 0.28 0.28 0.45 0.18    

CLE6 23.10 10.37 67.10 60.38 0.02 0.68 0.95 0.15 0.99 0.31 0.20 1.09 0.43    

CLE7 17.80 6.93 78.84 70.94 0.01 0.39 0.26 0.06 0.59 0.31 0.18 0.94 0.37    

CLE8 65.44 14.95 6.40 5.76 0.04 0.99 0.46 0.97 2.40 0.97 0.33 0.05 0.02    
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Table B2: trace elements by ICP-MS. < = below detection. All elements in ppm.  
  

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

CLE1 5.69 96.86 72.31 27.21 96.01 54.16 30.87 12.79 55.38 419.90 26.07 101.46 6.78 27.36 7.48 4.01 5627.85 

CLE2 2.53 110.23 82.89 23.49 107.57 21.60 21.44 16.51 67.74 264.53 15.74 70.94 5.97 35.49 1.13 5.57 2890.96 

CLE3 3.58 62.96 40.59 19.83 93.09 32.42 24.99 11.59 22.86 162.95 19.03 63.57 4.62 23.97 1.41 1.91 3514.03 

CLE4 4.76 151.64 61.87 35.64 92.91 54.54 17.68 8.65 32.85 191.66 31.59 84.99 5.86 23.24 1.04 1.80 803.15 

CLE5 2.74 83.00 39.98 9.50 72.23 15.81 16.24 9.33 31.09 48.31 14.10 63.19 4.92 13.98 2.22 2.55 709.93 

CLE6 6.55 88.06 59.66 24.29 88.78 38.97 14.97 10.49 52.34 207.79 26.79 75.12 5.52 25.54 0.97 4.16 6751.68 

CLE7 3.03 86.13 42.02 12.90 67.00 28.95 27.16 11.11 33.94 127.45 19.00 84.21 6.07 23.60 1.63 3.10 433.45 

CLE8 2.17 97.14 126.83 17.99 58.40 22.47 79.32 17.32 77.52 84.39 27.81 305.15 16.78 0.75 2.74 4.72 485.07 

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

CLE1 24.74 51.52 6.27 24.54 5.35 1.51 5.54 0.81 4.69 0.90 2.23 0.39 2.11 0.31 2.89 4.61 1.82 48.18 7.77 4.10 

CLE2 11.32 19.96 2.32 8.87 2.16 0.61 2.11 0.36 2.20 0.46 1.36 0.26 1.50 0.24 2.06 3.86 1.76 12.90 7.43 2.45 

CLE3 17.36 36.10 4.36 16.93 3.64 0.95 3.39 0.50 2.90 0.59 1.45 0.26 1.42 0.19 1.73 3.49 0.97 24.48 4.99 1.82 

CLE4 26.29 51.33 6.14 24.52 5.03 1.28 5.09 0.80 4.68 0.99 2.49 0.49 2.47 0.38 2.40 3.86 1.30 15.12 5.40 1.61 

CLE5 13.49 26.60 2.85 10.93 2.26 0.50 2.34 0.39 2.28 0.50 1.40 0.28 1.44 0.22 1.84 3.63 0.90 4.87 5.15 1.52 

CLE6 20.69 30.62 5.66 23.51 5.68 1.70 5.94 0.89 4.67 0.90 2.26 0.39 1.87 0.29 2.10 3.88 1.12 3.81 7.35 4.03 

CLE7 16.30 31.59 3.59 14.19 3.44 0.79 3.49 0.61 3.63 0.76 2.05 0.36 2.05 0.30 2.37 3.82 2.01 5.13 6.72 2.11 

CLE8 36.33 79.30 9.30 34.91 6.59 1.49 5.56 0.83 4.90 1.02 2.69 0.47 2.91 0.45 8.10 6.12 2.17 29.60 12.21 3.27 
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Appendix C: 
 
EDS microanalyses 
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Table C1: EDS analyses for sample CLE1. All elements were measured. Presented as normalised atomic% with the analytical total in wt% in the right-hand column.  
 

Spectrum O Na Mg Al Si P S Cl K Ca Ti V Cr Mn Fe Co Ni Cu Total site 

# 6 58.16 < 0.69 0.35 14.8 < < < < 0.29 < < < < 25.62 0.09 < < 95.1 CLE1/Site 2 

# 7 59.58 < 0.48 0.46 14.87 0.07 0.05 < < 0.44 < < < < 23.91 0.14 < < 98.58 CLE1/Site 2 

# 8 54.88 < 0.92 25.39 0.21 < < < < < 0.18 0.08 0.28 < 17.98 0.08 < < 95.68 CLE1/Site 3 

# 9 55.11 < 0.94 25.39 0.2 < < < < < 0.19 0.08 0.25 < 17.76 0.08 < < 97.34 CLE1/Site 3 

# 10 49.01 < < 0.71 0.35 < < < < < 0.44 < < < 49.32 0.18 < < 96 CLE1/Site 3 

# 11 57.67 0.21 0.42 4.87 13.09 0.18 0.07 < 0.8 0.47 0.11 < < < 21.99 0.12 < < 97.96 CLE1/Site 4 

# 12 55.3 < 0.85 25.46 0.23 < < < < < 0.21 0.05 0.04 < 17.74 0.11 < < 97.31 CLE1/Site 5 

# 13 55.07 < 0.98 25.73 0.18 < < < < < 0.15 0.06 0.12 < 17.62 0.09 < < 97.49 CLE1/Site 5 

# 14 55.26 < 0.96 25.85 0.2 < < < < < 0.15 0.04 0.06 < 17.48 < < < 98.5 CLE1/Site 5 

# 15 54.85 < 1.1 0.37 14.66 < < < < 0.26 < < < 0.06 28.58 0.13 < < 98.87 CLE1/Site 5 

# 16 54.78 < 1.24 0.31 14.67 0.08 < < < 0.24 < < < < 28.54 0.14 < < 97.11 CLE1/Site 5 

# 17 54.91 < 0.6 0.23 14.77 < < < 0.05 0.44 < < < < 28.86 0.14 < < 98 CLE1/Site 5 

# 18 59.13 < 0.34 0.24 13.93 0.23 0.1 < < 0.6 < < < < 25.28 0.15 < < 97.6 CLE1/Site 5 

# 19 58.94 < 0.54 0.4 14.95 0.1 < < < 0.25 < < < < 24.71 0.11 < < 97.22 CLE1/Site 5 

# 20 60.36 < 0.49 0.48 14.99 0.08 < < < 0.89 0.05 < < < 22.55 0.11 < < 96.64 CLE1/Site 5 

# 21 58.1 < 0.95 0.36 14.75 0.07 < < < 0.26 < < < < 25.39 0.12 < < 97.79 CLE1/Site 5 

# 22 58.91 < 0.79 0.36 14.96 < < < < 0.36 < < < < 24.48 0.13 < < 98.14 CLE1/Site 5 

# 23 58.68 < 0.9 0.46 15 < < < < 0.23 < < < < 24.64 0.09 < < 97.02 CLE1/Site 5 

# 24 55.2 < 0.44 25.27 0.22 < < < < < 0.3 < < < 18.57 < < < 98.05 CLE1/Site 5 

# 25 55 < 0.95 25.03 0.29 < < < < < 0.2 0.08 0.15 < 18.21 0.08 < < 98.63 CLE1/Site 5 

# 26 55.32 < 0.83 24.61 0.29 < < < < < 0.26 0.07 0.09 < 18.52 < < < 99.55 CLE1/Site 5 

# 27 58.74 < 0.83 0.36 14.52 0.12 < < < 0.23 < < < < 25.09 0.11 < < 99.55 CLE1/Site 5 

# 28 60.15 < 0.44 0.39 15.25 0.11 < < < 0.72 < < < < 22.84 0.1 < < 100.1 CLE1/Site 5 

# 29 49.01 < < 0.83 0.31 < < < < < 0.53 < < < 48.98 0.34 < < 95.91 CLE1/Site 5 

# 30 49.19 < < 0.89 0.32 < < < < < 0.45 < < < 48.91 0.24 < < 98.97 CLE1/Site 5 

# 31 58.42 0.57 < 10.26 20.84 < < < 9.16 < 0.03 < < < 0.72 < < < 95.83 CLE1/Site 5 

# 32 58.78 0.54 < 10.26 20.24 < < < 9.39 < 0.07 < < < 0.73 < < < 95.68 CLE1/Site 5 

# 33 60.51 0.33 < 2.1 9.15 0.8 0.29 < 0.46 1.34 0.1 < < < 24.83 0.1 < < 101.39 CLE1/Site 6 

# 34 71.97 < < 0.42 5.13 5.9 0.17 0.08 0.14 12.25 < < < < 3.94 < < < 104.97 CLE1/Site 6 

# 35 63.14 0.28 < 2.44 14.31 0.46 0.76 < 0.85 < 0.1 < < < 17.47 0.07 < 0.12 96.99 CLE1/Site 6 

# 36 65.44 0.14 < 3.27 9.52 5.28 0.22 0.05 2.15 9.63 0.06 < < < 4.26 < < < 99.05 CLE1/Site 6 

# 37 60.69 < < 1.23 6.09 1.08 0.3 < 0.15 1.6 0.09 < < < 28.62 0.14 < < 106.31 CLE1/Site 6 

# 38 59.69 < < 1.12 7.57 0.25 0.25 < 0.09 0.08 0.13 < < < 30.68 0.14 < < 101.21 CLE1/Site 6 

# 39 50.64 0.51 < 3.69 4.89 < < < 1.13 < 0.31 < < < 38.69 0.15 < < 105.29 CLE1/Site 6 
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Spectrum O Na Mg Al Si P S Cl K Ca Ti V Cr Mn Fe Co Ni Cu Total site 

# 40 53.34 0.31 0.25 3.24 7.7 0.09 0.1 < 0.53 0.19 0.07 < < < 34.04 0.14 < < 103.13 CLE1/Site 7 

# 41 57.99 0.51 0.3 5.13 12.27 0.17 0.09 < 0.85 0.44 0.1 < < < 22.04 0.12 < < 101.03 CLE1/Site 7 

# 42 57.43 0.54 0.46 5.03 13.16 0.19 0.24 < 0.9 0.58 0.1 < < < 21.28 0.09 < < 113.37 CLE1/Site 7 

# 43 55.06 < 1.31 0.22 14.76 < < < < 0.21 < < < < 28.31 0.13 < < 97.76 CLE1/Site 8 

# 44 55.09 < 1.19 0.18 14.78 < < < < 0.23 < < < 0.05 28.36 0.12 < < 97.34 CLE1/Site 8 

# 45 54.93 < 0.17 0.15 14.87 < < < < 0.57 < < < < 29.16 0.15 < < 97 CLE1/Site 8 

# 46 55.28 < 1.28 0.16 14.68 0.1 < < < 0.22 < < < < 28.14 0.13 < < 100.94 CLE1/Site 8 

# 47 55.14 < 1.09 0.19 14.84 0.08 < < < 0.25 < < < < 28.3 0.12 < < 98.64 CLE1/Site 8 

# 48 55.79 < < 0.14 14.71 0.08 < < < 0.92 < < < < 28.24 0.12 < < 99.23 CLE1/Site 8 

# 49 55.29 < 0.78 23.01 0.17 < < < < < 0.17 0.07 0.15 < 20.26 0.09 < < 96.32 CLE1/Site 8 

# 50 55.05 < 0.8 23.3 0.26 < < < < < 0.21 0.07 0.11 < 20.12 0.1 < < 96.14 CLE1/Site 8 

# 51 55.29 < 0.3 21.67 0.3 < < < < < 0.42 0.04 < < 21.87 0.11 < < 97.08 CLE1/Site 8 

# 52 55.56 < 0.57 22.95 0.26 < < < < < 0.28 0.06 < < 20.22 0.09 < < 98.46 CLE1/Site 8 

# 53 55.64 < < 7.75 0.3 < < < 0.05 0.05 4.78 < < < 31.27 0.16 < < 98.26 CLE1/Site 8 

# 54 55.37 < < 7.37 0.3 < < < < 0.09 4.97 < < < 31.76 0.14 < < 96.96 CLE1/Site 8 

# 55 36.42 < < 0.16 0.22 < 21.57 < < 0.08 < < < < 41.14 0.23 < 0.19 99.57 CLE1/Site 8 

# 56 49.38 < < 0.77 0.34 < < < < < 0.37 < < < 48.85 0.21 0.08 < 93.41 CLE1/Site 8 

# 57 56.34 0.71 0.45 4.75 13.52 0.24 0.32 < 0.55 0.73 0.12 < < < 22.17 0.11 < < 98.83 CLE1/Site 8 

# 58 55.12 < 0.97 0.14 14.85 < < < < 0.26 < < < < 28.54 0.13 < < 97.97 CLE1/Site 9 

# 59 55.9 < < 0.13 14.56 0.09 < < < 1.74 < < < 0.05 27.4 0.14 < < 98.43 CLE1/Site 9 

# 60 55.5 < 0.37 21.62 0.29 < < < < < 0.45 0.06 < < 21.63 0.09 < < 97.24 CLE1/Site 9 

# 61 56.33 0.56 < 19.72 2.42 0.19 0.06 < 0.16 0.4 0.74 < < < 19.34 0.08 < < 103.79 CLE1/Site 9 

# 62 55.5 < < 0.12 14.68 0.08 < < < 1.31 < < < < 28.13 0.17 < < 97.31 CLE1/Site 9 

# 63 55.25 0.68 < 0.62 14.67 0.2 < < 0.07 2.46 < < < < 25.93 0.12 < < 98.42 CLE1/Site 9 

# 64 20.13 < < 0.18 0.71 < 32.99 < < 0.16 < < < < 45.55 0.17 < 0.11 99.12 CLE1/Site 9 

# 65 51.65 0.3 < 7.97 8.46 0.09 7.1 < 0.06 3.97 0.36 < < < 19.92 0.12 < < 96.06 CLE1/Site 9 

# 66 25.09 < < 0.18 0.58 < 29.26 < 0.06 0.12 < < < < 44.33 0.17 < 0.2 95.98 CLE1/Site 9 

# 67 48.68 1 < 1.87 4.33 0.56 16.35 < 0.42 0.76 < < < < 25.91 0.11 < < 102.29 CLE1/Site 9 

# 68 58.72 1.48 < 8.27 12.71 0.38 0.18 < 0.5 4.44 1.15 < < < 12.17 < < < 102.01 CLE1/Site 9 

# 69 55.52 0.3 < 7.96 2 < 0.08 < 0.06 0.59 4.73 < < < 28.62 0.13 < < 100.28 CLE1/Site 9 

# 70 60.96 1.26 < 3.57 8.17 7.71 0.12 0.1 1.06 14.42 0.11 < < < 2.5 < < < 90.74 CLE1/Site 9 

# 71 59.35 4.51 < 9.56 17.11 0.32 0.17 < 2.27 2.29 0.21 < < < 4.21 < < < 93.35 CLE1/Site 9 

# 72 36.59 2.72 < 3.76 5.61 0.4 21.98 < 0.28 0.59 < < < < 27.86 0.13 < 0.08 105.91 CLE1/Site 9 

# 73 63.4 1.97 < 4.06 8.75 6.01 0.15 0.09 0.99 12.12 0.15 < < < 2.31 < < < 96.58 CLE1/Site 9 

# 74 60.21 4.08 < 8.36 18.08 0.49 0.25 < 1.89 1.53 0.16 < < < 4.93 < < < 92.81 CLE1/Site 9 
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Spectrum O Na Mg Al Si P S Cl K Ca Ti V Cr Mn Fe Co Ni Cu Total site 

# 75 61.31 < < 0.34 16.24 0.19 0.3 < 0.06 1.57 < < < < 19.99 < < < 99.07 CLE1/Site 9 

# 76 57.08 < < 0.13 15.85 0.13 0.23 < < 2.76 0.04 < < < 23.67 0.11 < < 91.51 CLE1/Site 9 

# 77 65.19 < < 0.54 13.97 0.72 0.5 < 0.13 1.56 < < < < 17.4 < < < 94.49 CLE1/Site 9 

# 78 63.85 2.45 < 4.77 11.02 4.3 0.21 0.07 1.09 8.84 0.1 < < < 3.29 < < < 93.77 CLE1/Site 9 

# 79 62.7 1.6 < 3.74 8.56 6.7 0.4 0.13 0.82 12.83 0.14 < < < 2.38 < < < 90.82 CLE1/Site 9 

# 80 64.56 2.49 < 5.69 12.96 1.93 0.51 0.06 0.69 3.64 0.06 < < < 7.4 < < < 91.4 CLE1/Site 9 

# 81 63.31 3.12 < 5.54 20.35 0.51 0.96 < 0.66 0.55 < < < < 5.01 < < < 85.38 CLE1/Site 9 

# 82 56.31 1.38 < 1.86 14.7 0.63 < < 0.32 4.15 0.06 < < < 20.58 < < < 100.87 CLE1/Site 9 

# 83 57.54 0.26 < 0.26 14.28 0.29 0.08 < 0.06 5.93 0.07 < < < 21.14 0.1 < < 98.78 CLE1/Site 9 

# 84 62.19 3.63 < 7 15.35 1.39 0.45 0.03 1.53 3.29 0.15 < < < 4.99 < < < 98.35 CLE1/Site 9 

# 85 63.92 0.21 < 1.58 22 0.69 0.63 < 0.67 0.1 0.06 < < < 10.16 < < < 81.67 CLE1/Site 9 

# 86 59.66 0.47 < 10.1 20.24 < < < 8.95 < 0.09 < < < 0.49 < < < 96.03 CLE1/Site 9 

# 87 56.06 1.05 < 1.39 14.21 0.55 < < 0.26 4.28 0.04 < < < 22.02 0.13 < < 100.7 CLE1/Site 9 

# 88 59.84 0.39 0.32 5.36 14.43 0.14 0.08 < 1.23 0.54 0.12 < < < 17.38 0.09 < 0.07 98.02 CLE1/Site 10 

# 89 59.28 < 1.06 0.39 14.74 0.07 < < < 0.21 < < < < 24.15 0.1 < < 98.75 CLE1/Site 11 

# 90 59.95 < 0.24 0.43 14.8 0.11 < < < 0.42 < < < < 23.97 0.09 < < 99.72 CLE1/Site 11 

# 91 60.64 < < 0.21 14.92 0.07 0.05 < < 0.96 < < < < 23.16 < < < 99.75 CLE1/Site 11 

# 92 61.34 0.66 < 9.08 19.01 0.15 0.04 < 6.65 0.09 < < < < 2.97 < < < 102.34 CLE1/Site 11 

# 93 67.41 < < 0.74 9.9 0.37 0.17 < 0.04 0.05 < < < < 21.23 0.08 < < 95.26 CLE1/Site 11 

# 94 65.08 0.42 0.12 4.2 25.21 0.7 0.18 < 0.5 0.32 0.11 < < < 3.15 < < < 84.67 CLE1/Site 11 

# 95 56.22 < < 7.14 0.24 < < < < 0.06 6.72 < < < 29.52 0.1 < < 101.32 CLE1/Site 11 

# 96 55.39 < < 6.76 0.22 < < < 0.08 0.07 7 < < < 30.35 0.13 < < 99.53 CLE1/Site 11 

# 97 56.41 < < 20.47 0.92 < < < 0.56 < 1.32 < < < 20.22 0.12 < < 101.25 CLE1/Site 11 

# 98 57.57 0.3 < 8.11 10.97 0.09 < < < 5.39 2.13 < < < 15.35 0.09 < < 98.78 CLE1/Site 11 

# 99 62.81 < < 0.52 15.3 0.23 < < 0.05 1.16 < < < < 19.83 0.09 < < 98.54 CLE1/Site 11 

# 100 55.93 < < 23.29 0.22 < < < < < 0.49 < < < 19.9 0.11 0.06 < 99.29 CLE1/Site 11 

# 101 49.65 < < 0.54 0.36 < < < < < 0.46 < < < 48.69 0.29 < < 97.17 CLE1/Site 11 

# 102 56.29 < < 7.29 0.24 < < < < 0.14 7.11 < < < 28.8 0.12 < < 100.13 CLE1/Site 11 

# 103 55.86 < < 23.97 0.18 < < < < 0.05 0.67 < < < 19.18 0.09 < < 99.68 CLE1/Site 11 

# 104 58.87 0.42 < 8.07 12.52 0.16 0.15 < 0.16 4.92 1.06 < < < 13.66 < < < 96.39 CLE1/Site 11 

# 105 57.94 0.43 < 8.17 11.46 0.12 0.09 < 0.08 5.3 2 < < < 14.39 < < < 98.42 CLE1/Site 11 

# 106 55.37 < 0.8 23.27 0.18 < < < < < 0.2 0.08 0.12 < 19.99 < < < 97.73 CLE1/Site 11 

# 107 55.51 < < 23.19 0.2 < < < < < 0.4 < < < 20.61 0.1 < < 97.28 CLE1/Site 11 

# 108 62.09 < < 0.58 15.37 0.26 < < < 1.14 < < < < 20.56 < < < 96.53 CLE1/Site 11 

# 109 61.35 0.49 < 7.35 13.74 0.29 0.11 < 0.09 3.9 0.84 < < < 11.83 < < < 106.89 CLE1/Site 11 
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Spectrum O Na Mg Al Si P S Cl K Ca Ti V Cr Mn Fe Co Ni Cu Total site 

# 110 55.81 < < 8.26 0.27 < < < < 0.07 6.1 < < < 29.33 0.17 < < 99.11 CLE1/Site 11 

# 111 57.38 0.35 < 8.14 10.95 0.07 < < < 5.28 2.31 < < < 15.53 < < < 98.55 CLE1/Site 11 

# 112 50.44 0.3 < 3.18 3.74 < < < 1.02 < 0.62 < < < 40.52 0.18 < < 100.47 CLE1/Site 11 

# 113 58.84 2.87 < 7.7 16.25 0.86 0.96 < 1.01 5.01 0.11 < < < 6.39 < < < 97.12 CLE1/Site 11 

# 114 68.18 0.29 0.07 4.03 24.22 0.71 0.19 < 0.33 0.23 0.09 < < < 1.67 < < < 94.99 CLE1/Site 11 

# 115 59.43 0.52 < 10.15 20.33 < < < 9.11 0.05 0.05 < < < 0.35 < < < 99.34 CLE1/Site 11 

# 116 62.3 0.49 0.2 6.15 16.65 0.16 0.13 < 1.24 0.7 0.17 < < < 11.75 0.06 < < 96.63 CLE1/Site 12 

# 117 62.28 < 0.42 0.7 15.68 0.3 < < 0.05 0.16 < < < < 20.4 < < < 97.62 CLE1/Site 13 

# 118 62.49 < 0.81 0.62 15.1 0.28 < < < 0.14 0.04 < < < 20.4 0.1 < < 98.89 CLE1/Site 13 

# 119 61.94 < 0.42 0.65 15.63 0.25 < < 0.05 0.17 0.04 < < < 20.73 0.11 < < 98.27 CLE1/Site 13 

# 120 62.38 < 0.14 0.58 14.96 0.3 0.06 < 0.05 0.27 0.06 < < < 21.12 0.1 < < 98.01 CLE1/Site 13 

# 121 56.12 < < 4.67 0.13 < < < < < 10.02 < < < 28.93 0.13 < < 98.78 CLE1/Site 13 

# 122 56.36 < < 5.66 0.13 < < < < < 9.48 < < < 28.23 0.14 < < 97.98 CLE1/Site 13 

# 123 59.75 0.5 < 9.94 20.58 < < < 8.96 < < < < < 0.27 < < < 102.72 CLE1/Site 13 

# 124 55.04 < 0.95 25.44 0.21 < < < < < 0.25 0.14 0.3 < 17.58 0.08 < < 96.69 CLE1/Site 13 

# 125 64.71 < < 2.65 7.05 0.14 1.39 < < 0.07 0.27 < < < 23.71 < < < 89.28 CLE1/Site 13 
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Table C2: EDS analyses for sample CLE2. All elements were measured. Presented as normalised atomic% with the analytical total in wt% in the right-hand column.  
 

Spectrum O Na Mg Al Si P S Cl K Ca Ti V Cr Mn Fe Co Ni Cu Total site 

# 126 59.26 < 0.37 6.12 12.03 0.06 0.25 < 0.22 0.2 0.14 < < < 21.29 < < 0.06 93.07 CLE2/Site 2 

# 127 54.85 < 0.9 26.27 0.13 < < < < < 0.07 0.06 0.12 < 17.55 < 0.06 < 93.17 CLE2/Site 3 

# 128 54.97 < 0.86 26.63 0.11 < < < < < 0.06 < 0.12 < 17.25 < < < 94.78 CLE2/Site 3 

# 129 55.28 < 0.81 26.73 0.14 < < < < < 0.05 0.05 0.06 < 16.78 0.11 < < 96.32 CLE2/Site 3 

# 130 53.23 0.41 0.62 14.7 1.62 0.1 0.1 < 0.05 0.21 0.65 < < < 28.16 0.16 < < 92.13 CLE2/Site 3 

# 131 54.49 < 0.39 13.53 1.31 < < < < < 0.58 < < < 29.6 0.1 < < 93.19 CLE2/Site 3 

# 132 55.02 < 0.38 14.86 1.38 < 0.12 < 0.13 0.04 0.68 < < < 27.18 0.14 0.06 < 98.05 CLE2/Site 3 

# 133 54.46 < 0.41 14.49 1.78 < 0.12 < 0.2 0.12 0.64 < < < 27.63 0.15 < < 97.37 CLE2/Site 3 

# 134 59.87 < 0.72 0.84 14.07 0.11 < < 0.07 0.12 0.07 < < < 24.01 0.13 < < 98.28 CLE2/Site 3 

# 135 59.86 < 0.73 1.15 13.88 0.09 0.11 < 0.04 0.15 0.09 < < < 23.79 0.11 < < 99.05 CLE2/Site 3 

# 136 59.7 < 0.54 0.83 14.16 0.08 0.06 < 0.1 0.17 0.05 < < < 24.22 0.11 < < 98.59 CLE2/Site 3 

# 137 59.6 < 0.89 1.1 13.95 0.08 0.08 < < 0.08 0.06 < < < 24.04 0.12 < < 98.4 CLE2/Site 3 

# 138 55.47 < 0.72 26.23 0.15 < < < < < 0.08 0.03 < < 17.22 0.09 < < 99.48 CLE2/Site 3 

# 139 55.81 < 0.77 26.3 0.12 < < < < < 0.1 0.05 < < 16.85 < < < 100.16 CLE2/Site 3 

# 140 56.48 < 0.72 24.59 0.9 < < < < < 0.11 0.05 < < 17.08 0.07 < < 102.36 CLE2/Site 3 

# 141 54.79 < 0.21 2.79 5.05 < < < 0.05 0.05 0.16 < < < 36.63 0.15 0.06 0.07 104.37 CLE2/Site 3 

# 142 55.14 < 0.31 12.54 2.92 < < < 0.37 0.07 0.64 < < < 27.87 0.14 < < 99.12 CLE2/Site 3 

# 143 55.66 < 0.16 1.14 0.47 0.09 < < < 0.06 < < < < 42.23 0.18 < < 90.7 CLE2/Site 3 

# 144 55.49 < 0.51 4.29 2.07 0.25 0.19 0.13 < 0.11 < < < < 36.78 0.19 < < 89.73 CLE2/Site 3 

# 145 64.42 < < 17.41 7.15 0.65 1.21 0.34 0.06 0.07 0.06 < < < 8.63 < < < 76.1 CLE2/Site 3 

# 146 63.65 < < 18.53 7.88 0.51 0.78 0.34 0.05 0.06 0.07 < < < 8.14 < < < 79.77 CLE2/Site 3 

# 147 56.43 < 0.59 2.71 1.19 0.2 0.12 < < 0.07 < < < 0.06 38.46 0.17 < < 94.63 CLE2/Site 3 

# 148 49.31 < < 0.9 0.47 < 0.08 < < 0.06 < < < < 48.86 0.2 < 0.1 82.01 CLE2/Site 3 

# 149 56.78 0.67 < 9.79 14.48 0.13 0.56 < 2.56 0.92 0.25 < < < 13.86 < < < 95.74 CLE2/Site 3 

# 150 66.07 < < 4.51 8.78 0.13 0.59 0.07 0.04 0.1 0.1 < < < 19.53 0.08 < < 93.24 CLE2/Site 3 

# 151 75.07 < < 2.13 2.56 < 6.99 0.05 0.08 0.17 3.46 < < < 9.41 < < 0.09 77.17 CLE2/Site 3 

# 152 60.32 0.36 < 9.91 19.4 < 0.08 < 8.97 < 0.22 < < < 0.74 < < < 98.59 CLE2/Site 3 

# 153 56.82 0.2 0.31 7.1 10.9 0.11 0.35 < 0.94 0.18 0.12 < < < 22.88 0.09 < < 97.54 CLE2/Site 4 

# 154 53.66 < 0.28 3.31 7.9 < 0.26 < 0.47 0.19 0.07 < < < 33.7 0.15 < < 94.72 CLE2/Site 4 

# 155 55.61 < 0.65 24.53 0.18 < < < < < 0.15 < < < 18.79 0.09 < < 98.44 CLE2/Site 5 

# 156 55.89 < 0.72 24.7 0.12 < < < < < 0.12 0.04 < < 18.41 < < < 98.55 CLE2/Site 5 

# 157 55.96 < 0.81 25.52 0.12 < < < < < 0.06 0.06 0.07 < 17.31 0.09 < < 98.31 CLE2/Site 5 

# 158 56.02 < 0.17 23.86 0.64 < 0.07 < < < 0.32 < < < 18.83 0.1 < < 98.63 CLE2/Site 5 

# 159 55.92 < 0.82 24.99 0.13 < < < < < 0.06 0.05 0.13 < 17.8 0.1 < < 99.35 CLE2/Site 5 
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# 160 55.81 < 0.76 24.8 0.14 < < < < < 0.08 < 0.07 < 18.24 0.1 < < 98.03 CLE2/Site 5 

# 161 55.74 < 0.67 24.54 0.2 < < < < < 0.12 < < < 18.73 < < < 98.34 CLE2/Site 5 

# 162 59.65 0.37 < 10.24 19.86 0.05 < < 9.17 < 0.16 < < < 0.5 < < < 99.15 CLE2/Site 5 

# 163 52.72 0.29 < 5.05 7.44 < < < 2.22 < 0.3 < < < 31.77 0.2 < < 109.8 CLE2/Site 5 

# 164 53.57 < < 1.52 2.54 0.08 0.12 < 0.09 < 0.4 < < < 41.52 0.16 < < 104.22 CLE2/Site 5 

# 165 55.69 < 0.87 0.49 14.33 0.07 < < < 0.17 0.04 < < < 28.22 0.13 < < 99.82 CLE2/Site 5 

# 166 59.74 0.38 < 9.86 20.09 < < < 9.35 < 0.05 < < < 0.53 < < < 96.95 CLE2/Site 5 

# 167 51.67 0.26 < 4.05 6.2 < < < 2.05 < 0.24 < < < 35.37 0.15 < < 104.03 CLE2/Site 5 

# 168 55.86 < 0.87 0.37 14.33 0.07 < < < 0.13 < < < < 28.22 0.16 < < 98.79 CLE2/Site 5 

# 169 55.89 < 0.53 0.27 14.5 < < < < 0.13 < < < < 28.52 0.16 < < 98.93 CLE2/Site 5 

# 170 55.63 < 0.33 0.69 14.77 < < < 0.2 0.16 0.05 < < < 28.06 0.11 < < 99.9 CLE2/Site 5 

# 171 69.84 < < 1.92 2.15 0.61 2.05 1.61 < < < < < < 21.7 0.11 < < 94.35 CLE2/Site 5 

# 172 68.45 < < 2.71 3.85 0.82 2.6 1.06 < < < < < < 20.51 < < < 89.9 CLE2/Site 5 

# 173 56.83 < < 20.36 3.67 < < < 0.88 < 0.59 < < < 17.68 < < < 103.02 CLE2/Site 5 

# 174 53.26 < < 1.06 3.24 < 0.52 < 0.15 0.1 0.27 < < < 41.24 0.16 < < 97.7 CLE2/Site 5 

# 175 55.94 < < 0.98 5.29 0.09 1.21 < 0.16 0.12 0.22 < < < 35.82 0.16 < < 99.07 CLE2/Site 5 

# 176 50.15 < < 0.86 0.32 < < < < < 0.46 < < < 47.99 0.22 < < 99.32 CLE2/Site 5 

# 177 50.34 < < 0.71 0.44 < < < < < 0.53 < < < 47.75 0.23 < < 100.23 CLE2/Site 5 

# 178 33.7 < < 0.32 0.8 0.12 26.81 < < < < < < < 37.89 0.18 < 0.18 98.36 CLE2/Site 5 

# 179 49.93 < < 0.9 0.36 < < < < < 0.11 < < < 48.48 0.23 < < 98.68 CLE2/Site 6 

# 180 58.33 1.1 < 8.75 16.25 0.42 0.32 < 5.53 2.02 0.13 < < < 7.14 < < < 97.33 CLE2/Site 6 

# 181 57.11 < 0.68 0.6 14.02 0.11 < 0.05 < 0.12 < < < < 27.17 0.14 < < 98.99 CLE2/Site 6 

# 182 55.75 0.24 0.58 1.47 14.86 0.11 < < 0.42 0.23 0.04 < < < 26.19 0.11 < < 102.85 CLE2/Site 6 

# 183 57.4 < < 17.32 3.75 < 0.1 0.07 0.13 0.1 0.13 < < < 20.89 0.12 < < 99.66 CLE2/Site 6 

# 184 57.43 < 0.2 11.04 8.43 0.11 < 0.07 0.08 0.13 0.07 < < < 22.34 0.11 < < 98.43 CLE2/Site 6 

# 185 55.7 < 0.17 19.47 2.16 < 0.09 < 0.04 0.07 0.16 < < < 22.01 0.13 < < 98.28 CLE2/Site 6 

# 186 56.32 < < 20.83 2.31 < 0.05 < 0.16 0.08 0.15 < < < 20.01 0.08 < < 100.6 CLE2/Site 6 

# 187 59.73 0.7 < 8.06 15.42 0.3 0.61 0.24 4.75 1.26 0.09 < < < 8.84 < < < 90.01 CLE2/Site 6 

# 188 67.09 < < 2.72 6.06 0.35 0.79 0.99 0.06 < < < < < 21.86 0.09 < < 94.43 CLE2/Site 6 

# 189 59.78 0.96 < 7.77 13.41 0.28 0.67 0.72 2.8 0.8 0.06 < < < 12.77 < < < 96.98 CLE2/Site 6 

# 190 55.76 < 0.73 0.58 13.96 0.09 < < < 0.1 < < < < 28.68 0.11 < < 98.32 CLE2/Site 6 

# 191 56.58 < 0.19 16.56 5.41 < < < < 0.07 0.11 < < < 20.97 0.11 < < 100.98 CLE2/Site 6 

# 192 56.06 < 0.11 21.89 1.79 < < < 0.04 0.04 0.15 < < < 19.92 < < < 100.72 CLE2/Site 6 

# 193 57.45 < < 21.31 2.1 < 0.13 < 0.8 0.27 0.14 < < < 17.79 < < < 101.03 CLE2/Site 6 

# 194 56.57 < 0.29 1.21 14.34 0.07 < < 0.6 0.38 < < < < 26.42 0.11 < < 101.05 CLE2/Site 6 
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# 195 50.34 < < 1.05 0.5 < 0.16 < 0.09 < 0.05 < < < 47.6 0.2 < < 99.6 CLE2/Site 6 

# 196 30.09 < < 0.51 0.7 < 27.97 0.47 0.19 < 0.11 < < < 39.52 0.19 < 0.26 95.63 CLE2/Site 6 

# 197 38.42 0.75 < 6.38 10.51 0.26 13.5 < 3.72 1.21 0.09 < < < 25 0.16 < < 98.63 CLE2/Site 6 

# 198 57.44 1.07 < 8.5 15.85 0.39 0.71 < 5.59 2.15 0.13 < < < 8.17 < < < 97.17 CLE2/Site 6 

# 199 65.84 < < 5.02 6.03 0.28 2.1 1.18 < < < < < < 19.45 0.09 < < 83.41 CLE2/Site 6 

# 200 32.6 0.31 < 3.66 4.59 0.15 23.47 0.19 1.27 0.33 < < < < 33.23 0.12 < 0.09 104.19 CLE2/Site 6 

# 201 50.19 0.49 < 2.78 2.69 < < < 0.54 0.14 0.09 < < < 42.87 0.21 < < 99.84 CLE2/Site 6 

# 202 25.16 < < 1.2 2.66 0.14 28.22 < 1.1 0.3 < < < < 40.78 0.21 0.1 0.15 94.42 CLE2/Site 6 

# 203 50.24 < < 0.78 0.43 < 0.15 < < < 0.09 < < < 48.06 0.26 < < 97.32 CLE2/Site 6 

# 204 49.52 < < 0.78 0.34 < < < < < 0.1 < < < 48.98 0.26 < < 96.74 CLE2/Site 6 

# 205 52.62 < < 2.81 4.13 0.13 0.28 < 1.74 0.45 0.09 < < < 37.56 0.2 < < 97.45 CLE2/Site 6 

# 206 54.49 < 0.49 3.5 10.85 0.09 0.09 < 0.06 0.19 0.11 < < < 29.95 0.1 < 0.08 101.64 CLE2/Site 7 

# 207 62.6 < < 8.98 6.87 1.12 0.39 0.11 < 0.68 0.48 < < < 18.78 < < < 79.89 CLE2/Site 7 

# 208 56.1 < 0.98 0.26 14.54 < < < < 0.1 < < < < 27.9 0.12 < < 98.98 CLE2/Site 7 

# 209 55.87 < 0.89 0.29 14.44 < < < < 0.11 < < < < 28.29 0.11 < < 98.57 CLE2/Site 7 

# 210 55.98 < 0.72 0.27 14.49 0.11 < < < 0.13 < < < < 28.2 0.1 < < 98.34 CLE2/Site 7 

# 211 55.85 < 0.17 0.25 14.44 0.14 < < < 0.39 < < < < 28.76 < < < 97.7 CLE2/Site 7 

# 212 56.17 < 0.7 25.8 0.13 < < < < < 0.09 < < < 17.11 < < < 98.06 CLE2/Site 7 

# 213 55.88 < 0.48 25.48 0.17 < < < < < 0.2 < < < 17.7 0.1 < < 98.03 CLE2/Site 7 

# 214 55.82 < < 24.94 0.16 < < < < < 0.34 < < < 18.64 0.11 < < 97.19 CLE2/Site 7 

# 215 56.01 < 0.66 25.62 0.16 < < < < < 0.09 < < < 17.47 < < < 97.77 CLE2/Site 7 

# 216 55.8 < 0.32 24.99 0.26 < < < < < 0.3 < < < 18.23 0.09 < < 97.78 CLE2/Site 7 

# 217 55.79 < < 0.25 14.41 0.28 < < < 1.59 0.06 < < 0.06 27.43 0.14 < < 98 CLE2/Site 7 

# 218 52.12 < 0.23 9.57 0.3 < < < < < 0.21 < < < 37.41 0.15 < < 94.94 CLE2/Site 7 

# 219 55.9 < 0.58 22.83 0.16 < < < < < 0.11 < < < 20.3 0.12 < < 96.58 CLE2/Site 7 

# 220 56.08 < 0.61 25.46 0.11 < < < < < 0.1 0.04 < < 17.51 0.09 < < 97.29 CLE2/Site 7 

# 221 56.49 < 0.4 24.46 0.57 < < < < < 0.21 < < < 17.76 0.12 < < 97.69 CLE2/Site 7 

# 222 25.88 < < 0.47 0.48 0.1 29.42 < < 0.07 < < < < 43.36 0.22 < < 99.62 CLE2/Site 7 

# 223 23.78 < < 0.28 0.49 < 30.66 < < < < < < < 44.42 0.25 < 0.12 98.81 CLE2/Site 7 

# 224 61.63 < < 1.36 2.29 0.77 0.83 < < < 0.15 < < < 32.81 0.16 < < 99.31 CLE2/Site 7 

# 225 61.29 0.68 < 9.62 19.26 < < < 8.32 < 0.08 < < < 0.74 < < < 94.09 CLE2/Site 7 

# 226 62.2 < < 13.07 5.5 0.81 0.24 0.09 0.05 0.48 0.98 < < < 16.59 < < < 92.37 CLE2/Site 7 

# 227 63.46 < < 6.99 7.75 0.88 0.33 0.07 0.04 1.45 0.18 < < < 18.86 < < < 95.4 CLE2/Site 7 

# 228 58.54 < < 4.49 2.63 0.36 0.15 < < 0.14 0.32 < < < 33.18 0.18 < < 102.87 CLE2/Site 7 

# 229 65.13 < < 5.34 8.36 1.23 0.4 < 0.05 0.84 0.24 < < < 18.32 0.09 < < 100.16 CLE2/Site 7 
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# 230 63.47 < < 6.51 8.94 1.02 0.21 0.05 0.04 1.46 0.31 < < < 17.9 0.09 < < 96.86 CLE2/Site 7 

# 231 56.56 0.18 < 13.69 9.05 1.82 0.61 0.19 0.1 0.49 0.3 < < < 17 < < < 71.5 CLE2/Site 7 

# 232 55.99 < 0.81 0.26 14.47 < < < < 0.15 < < < < 28.18 0.13 < < 101.97 CLE2/Site 7 

# 233 56.07 < 1.07 0.33 14.42 < < < < 0.1 < < < < 27.88 0.13 < < 100.63 CLE2/Site 7 

# 234 55.75 < 0.37 0.17 14.57 < < < < 0.21 < < < < 28.78 0.15 < < 99.26 CLE2/Site 7 

# 235 49.74 < < 0.68 0.28 < < < < < 0.27 < < < 48.78 0.25 < < 100.11 CLE2/Site 7 

# 236 49.84 < < 0.68 0.26 < < < < < 0.28 < < < 48.7 0.24 < < 99.01 CLE2/Site 7 

# 237 52.52 < 0.36 13.64 0.26 < < < < < 0.17 < < < 32.86 0.19 < < 96.15 CLE2/Site 7 

# 238 50.12 < < 0.85 0.66 < < < 0.18 < 0.29 < < < 47.68 0.24 < < 99.75 CLE2/Site 7 
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Table C3: EDS analyses for sample CLE3. All elements were measured. Presented as normalised atomic% with the analytical total in wt% in the right-hand column.  
 

Spectrum O Na Mg Al Si P S Cl K Ca Ti V Cr Mn Fe Co Ni Cu Total site 

# 239 54.76 < 0.69 4.53 11.26 0.08 0.32 < 0.09 0.41 0.04 < < < 27.68 0.15 < < 91.91 CLE3/Site 2 

# 240 58.52 0.22 0.26 4.51 11.58 0.12 0.14 < 0.5 0.43 0.1 < < < 23.53 0.1 < < 101.6 CLE3/Site 2 

# 241 55.22 < < 0.25 14.57 < < < < 0.93 < < < 0.06 28.8 0.17 < < 91.16 CLE3/Site 2 

# 242 55.21 < 1.27 0.26 14.58 0.07 < < < 0.21 < < < < 28.26 0.13 < < 91.83 CLE3/Site 2 

# 243 54.99 < 0.83 0.28 14.64 0.08 < < < 0.27 < < < 0.06 28.67 0.18 < < 93.86 CLE3/Site 2 

# 244 55.83 < 1.25 0.27 14.57 < < < < 0.19 < < < < 27.68 0.15 0.07 < 100.61 CLE3/Site 2 

# 245 55.73 < 1.62 0.25 14.55 < < < < 0.19 < < < 0.05 27.5 0.11 < < 101.32 CLE3/Site 2 

# 246 54.81 < < 0.32 14.42 0.24 < < < 1.76 0.12 < < < 28.2 0.14 < < 92.93 CLE3/Site 2 

# 247 55.08 < 0.15 0.2 14.5 0.07 < < < 0.96 < < < 0.07 28.86 0.11 < < 96.1 CLE3/Site 2 

# 248 61.01 < < 20.53 10.43 1.88 0.54 1.83 < 0.46 < < < < 3.34 < < < 25.04 CLE3/Site 2 

# 249 65.44 0.18 < 8.75 5.18 1.5 0.34 < 0.04 1.59 0.45 < < < 16.54 < < < 83.75 CLE3/Site 2 

# 250 68.35 < < 5.51 3.21 1.12 0.98 0.07 < 0.16 < < < < 20.6 < < < 83.5 CLE3/Site 2 

# 251 55.32 < 0.95 26.15 0.15 < < < < < 0.1 < < < 17.23 0.11 < < 96.04 CLE3/Site 2 

# 252 64.14 < < 2.92 5.85 0.3 0.34 0.06 < 0.12 < < < < 26.16 0.11 < < 83.93 CLE3/Site 2 

# 253 58.9 0.54 < 10.33 20.45 < < < 9.24 < 0.04 < < < 0.51 < < < 92.66 CLE3/Site 2 

# 254 59.26 2.52 < 18.63 16.85 0.8 0.66 0.36 0.05 0.19 < < < < 0.68 < < < 48.57 CLE3/Site 2 

# 255 59.3 0.47 < 10.13 20.34 < < < 9.29 < < < < < 0.46 < < < 94.88 CLE3/Site 2 

# 256 56.22 < 0.43 6.2 10 0.08 < < 0.51 0.26 0.11 < < < 26.03 0.16 < < 88.86 CLE3/Site 3 

# 257 59.27 0.22 0.32 4.78 13.25 0.07 0.05 < 1.47 0.29 0.08 < < < 20.08 0.1 < < 103.65 CLE3/Site 3 

# 258 59.57 < 0.3 0.3 14.08 < 0.07 < < 0.72 < < < 0.05 24.81 0.1 < < 85.68 CLE3/Site 3 

# 259 58.28 < 0.46 0.29 14.23 0.11 < < < 0.37 < < < 0.06 26.2 < < < 87.39 CLE3/Site 3 

# 260 58.84 < 0.84 0.29 14.41 < < < < 0.21 < < < < 25.27 0.13 < < 89.14 CLE3/Site 3 

# 261 59.5 < 0.25 0.39 14.25 0.1 < < < 0.62 < < < < 24.89 < < < 89.17 CLE3/Site 3 

# 262 59.49 < 0.97 0.38 14.22 < < < < 0.2 < < < < 24.64 0.11 < < 87.99 CLE3/Site 3 

# 263 59.26 < 0.2 0.28 13.98 0.13 < < < 0.67 < < < < 25.38 0.1 < < 89.91 CLE3/Site 3 

# 264 60.04 < 0.14 0.63 13.72 0.21 < < < 0.92 0.05 < < < 24.13 0.09 0.06 < 90.72 CLE3/Site 3 

# 265 58.69 < 1.03 0.44 14.26 < < < < 0.17 < < < < 25.41 < < < 88.75 CLE3/Site 3 

# 266 58.69 < 0.43 0.27 14.5 < < < < 0.32 < < < < 25.67 0.13 < < 90.9 CLE3/Site 3 

# 267 59.04 < 0.73 0.31 14.4 < < < < 0.24 < < < < 25.17 0.1 < < 91.7 CLE3/Site 3 

# 268 59.58 < 1 0.42 14.32 < < < < 0.2 < < < < 24.34 0.15 < < 92.63 CLE3/Site 3 

# 269 49.36 < < 0.72 0.4 < < < < < 0.19 < < < 49.17 0.16 < < 85.96 CLE3/Site 3 

# 270 55.36 < 0.91 25.64 0.23 < < < < < 0.17 < < < 17.58 0.11 < < 85.59 CLE3/Site 3 

# 271 55.24 < 0.16 25.53 0.21 < < < < < 0.25 < < < 18.52 0.09 < < 84.56 CLE3/Site 3 

# 272 55.31 < 0.21 26 0.19 < < < < < 0.17 < < < 18.04 0.08 < < 88.07 CLE3/Site 3 
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# 273 56.63 < 0.09 23.84 0.29 < < < 0.05 < 0.54 < < < 18.46 0.1 < < 105.63 CLE3/Site 3 

# 274 56.18 < 0.24 24.7 0.28 < < < < < 0.31 < < < 18.3 < < < 103.61 CLE3/Site 3 

# 275 55.81 < 0.19 25.29 0.22 < < < < < 0.31 < < < 18.09 0.08 < < 102.42 CLE3/Site 3 

# 276 59.67 < 0.94 0.33 14.37 < < < < 0.19 < < < 0.06 24.33 0.12 < < 102.5 CLE3/Site 3 

# 277 59.14 < 1.13 0.35 14.41 < < < < 0.16 < < < 0.05 24.68 0.09 < < 101.58 CLE3/Site 3 

# 278 60.14 < 0.48 0.4 14.02 0.07 < < < 0.22 < < < 0.05 24.51 0.11 < < 101.08 CLE3/Site 3 

# 279 59.49 < 0.32 0.27 14.24 0.07 < < < 0.28 < < < < 25.17 0.14 < < 100.18 CLE3/Site 3 

# 280 60.99 < 0.17 0.46 14.04 0.24 < < < 0.84 < < < < 23.18 0.08 < < 99.6 CLE3/Site 3 

# 281 59.32 < 1.03 0.42 14.24 0.08 < < < 0.17 < < < < 24.65 0.09 < < 99.33 CLE3/Site 3 

# 282 59.65 < 0.57 0.35 14.25 0.14 < < < 0.22 < < < 0.06 24.65 0.12 < < 99.48 CLE3/Site 3 

# 283 59.41 < 0.7 0.31 14.37 < < < 0.07 0.21 < < < 0.05 24.79 0.09 < < 98.75 CLE3/Site 3 

# 284 61.45 < 0.13 0.49 14.11 0.27 0.05 < < 0.9 < < < < 22.51 0.1 < < 100.23 CLE3/Site 3 

# 285 56.11 < 0.22 18.78 3.47 0.12 0.09 < 0.06 0.15 0.16 < < < 20.76 0.09 < < 93.07 CLE3/Site 3 

# 286 56.32 < < 25.51 0.16 < < < < < 0.27 < < < 17.66 0.07 < < 102.71 CLE3/Site 3 

# 287 59.36 0.43 < 9.92 20.58 < < < 8.72 0.08 0.06 < < < 0.84 < < < 98.56 CLE3/Site 3 

# 288 64.43 < < 1.98 2.98 0.48 0.37 < < 0.05 0.09 < < < 29.44 0.1 < 0.08 101.82 CLE3/Site 3 

# 289 64.48 < < 2.39 2.87 0.55 0.38 < 0.06 0.06 0.09 < < < 28.9 0.15 < 0.07 99.31 CLE3/Site 3 

# 290 59.48 0.43 < 10.13 20.17 < < < 9.36 < 0.05 < < < 0.37 < < < 102.82 CLE3/Site 3 

# 291 69.34 < < 3.18 3.7 0.28 0.43 < 0.05 0.06 < < < < 22.88 0.08 < < 98.87 CLE3/Site 3 

# 292 59.78 0.52 < 10.05 19.96 < < < 9.21 0.06 0.05 < < < 0.38 < < < 104.81 CLE3/Site 3 

# 293 80.46 < < 1.13 1.04 < 8.57 < < 0.13 6.97 < < < 1.7 < < < 82.23 CLE3/Site 3 

# 294 57.44 < 0.3 5.26 11.04 0.08 0.06 < 0.85 0.21 0.1 < < < 24.56 0.11 < < 98.2 CLE3/Site 4 

# 295 59.19 < 0.57 0.23 14.62 < < < < 0.22 < < < < 25.18 < < < 94.81 CLE3/Site 5 

# 296 60.56 < 0.45 0.22 14.74 < < < < 0.46 0.04 < < < 23.37 0.11 0.06 < 95.03 CLE3/Site 5 

# 297 60.75 < 0.87 0.45 14.72 0.13 0.06 < < 0.15 < < < < 22.79 0.08 < < 96.26 CLE3/Site 5 

# 298 60.42 < 0.92 0.48 14.62 0.08 0.06 < < 0.19 < < < < 23.11 0.12 < < 98.46 CLE3/Site 5 

# 299 60.05 < 0.64 0.39 14.66 < 0.07 < < 0.21 < < < < 23.89 0.11 < < 97.73 CLE3/Site 5 

# 300 59.98 < 1.07 0.52 14.54 0.07 0.06 < < 0.16 < < < < 23.49 0.1 < < 98.14 CLE3/Site 5 

# 301 61.04 < 0.94 0.46 14.75 0.07 0.06 < < 0.16 < < < < 22.44 0.09 < < 98.58 CLE3/Site 5 

# 302 60.86 < 0.56 0.39 14.73 < 0.09 < < 0.22 < < < < 23.15 < < < 99.21 CLE3/Site 5 

# 303 60.56 < 0.93 0.31 14.98 < < < < 0.16 < < < < 22.96 0.11 < < 100.51 CLE3/Site 5 

# 304 60.37 < 0.95 0.31 14.82 0.11 0.05 < < 0.16 < < < < 23.22 < < < 102.18 CLE3/Site 5 

# 305 60.96 < 1.01 0.49 14.6 0.13 0.05 < < 0.16 < < < < 22.49 0.11 < < 102.97 CLE3/Site 5 

# 306 55.76 < 1.05 25.58 0.18 < < < < < 0.1 0.04 < < 17.18 0.11 < < 100.19 CLE3/Site 5 

# 307 56.19 < 0.85 25.67 0.17 < < < < < 0.07 < < < 16.93 0.11 < < 100.53 CLE3/Site 5 
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# 308 55.63 < 0.72 25.83 0.14 < < < < < 0.11 < < < 17.5 0.07 < < 99.19 CLE3/Site 5 

# 309 55.59 < 1.05 25.59 0.22 < < < < < 0.11 < 0.04 < 17.26 0.09 < 0.05 99.92 CLE3/Site 5 

# 310 56.1 < 1.05 25.91 0.14 < < < < < 0.09 < < < 16.71 < < < 99.38 CLE3/Site 5 

# 311 55.75 < 0.96 26.02 0.13 < < < 0.04 < 0.08 < < < 16.95 0.08 < < 99.07 CLE3/Site 5 

# 312 60.98 < 0.14 0.39 13.89 0.22 0.05 < < 0.73 < < < < 23.48 0.12 < < 96.3 CLE3/Site 5 

# 313 61.36 < 0.14 0.67 14.66 0.28 0.1 < 0.08 0.79 < < < < 21.8 0.11 < < 93.94 CLE3/Site 5 

# 314 56 < 1.13 24.77 0.69 < 0.07 < 0.15 0.09 0.08 0.04 0.09 < 16.81 0.09 < < 98.84 CLE3/Site 5 

# 315 57.41 < 0.33 4.69 11.2 0.14 0.08 < 0.72 0.2 0.07 < < < 25.03 0.14 < < 95.52 CLE3/Site 6 

# 316 64.91 < < 1.25 14.74 0.4 0.08 < 0.11 0.99 0.08 < < < 17.38 < 0.06 < 96.33 CLE3/Site 7 

# 317 60.29 < 0.35 0.33 14.56 < 0.07 < < 0.44 < < < 0.05 23.82 0.1 < < 97.95 CLE3/Site 7 

# 318 61.3 < 0.73 0.47 13.49 0.32 0.07 < < 0.22 < < < 0.05 23.25 0.12 < < 97.26 CLE3/Site 7 

# 319 60.97 < 0.57 0.44 13.77 0.21 0.08 < < 0.23 < < < < 23.62 0.11 < < 98.16 CLE3/Site 7 

# 320 61.22 < 0.71 0.45 13.64 0.27 0.08 < < 0.2 < < < < 23.32 0.09 < < 98.42 CLE3/Site 7 

# 321 61.18 < 0.46 0.38 13.71 0.26 0.06 < < 0.27 < < < < 23.55 0.12 < < 99.48 CLE3/Site 7 

# 322 61.3 < 0.33 0.38 13.67 0.2 0.08 < 0.04 0.36 < < < < 23.53 0.11 < < 98.98 CLE3/Site 7 

# 323 55.79 < 1.03 25.46 0.15 < < < < < 0.09 < 0.15 < 17.34 < < < 98.34 CLE3/Site 7 

# 324 55.91 < 0.93 26.07 0.15 < < < < < 0.06 < 0.03 < 16.75 0.1 < < 99.03 CLE3/Site 7 

# 325 55.9 < 0.76 25.92 0.14 < < < < < 0.1 < < < 17.07 0.11 < < 99.33 CLE3/Site 7 

# 326 59.9 < 0.46 6.79 10.64 0.17 0.07 < < 0.17 0.06 < < < 21.75 < < < 99.85 CLE3/Site 7 

# 327 56.07 < 0.24 25.69 0.17 < < < < < 0.18 < < < 17.57 0.08 < < 100.06 CLE3/Site 7 

# 328 60.82 0.15 < 15.26 10.3 0.14 0.06 < 0.13 0.22 0.5 < < < 12.37 0.06 < < 112.8 CLE3/Site 7 

# 329 56.33 < 0.17 25.17 0.54 < < < < < 0.19 < < < 17.48 0.11 < < 99.6 CLE3/Site 7 

# 330 54.62 0.24 0.44 4.02 8.8 0.15 0.5 < 0.39 0.61 0.08 < < < 30.03 0.12 < < 101.07 CLE3/Site 8 

# 331 55.59 < < 1.35 1.91 0.12 0.48 < < 0.06 0.06 < < < 40.25 0.18 < < 99.07 CLE3/Site 9 

# 332 55.08 < < 0.71 1.31 < 0.59 < < < < < < < 42.08 0.23 < < 99.51 CLE3/Site 9 

# 333 63.95 < < 1.38 4.02 0.08 1.88 < < < < < < < 28.37 0.15 < 0.16 89.89 CLE3/Site 9 

# 334 63.68 < < 1.16 3.77 < 1.37 < < 0.05 < < < < 29.84 < < 0.13 88.66 CLE3/Site 9 

# 335 55.85 < 1.5 0.39 14.52 < < < < 0.34 < < < < 27.31 0.1 < < 100.34 CLE3/Site 9 

# 336 55.97 < 1.33 0.43 14.37 < < < < 0.41 < < < < 27.31 0.13 0.06 < 100.48 CLE3/Site 9 

# 337 55.5 < 0.91 0.42 14.38 0.15 < < < 0.59 < < < < 27.92 0.13 < < 98.41 CLE3/Site 9 

# 338 55.85 0.19 0.24 0.45 14.3 0.21 < < < 1.42 0.04 < < < 27.21 0.1 < < 99.32 CLE3/Site 9 

# 339 56.02 < 0.92 25.91 0.17 < < < < < 0.06 < < < 16.83 0.08 < < 100.09 CLE3/Site 9 

# 340 55.96 < 0.94 26.02 0.28 < < < < < 0.1 < < < 16.61 0.09 < < 98.68 CLE3/Site 9 

# 341 56 < 0.97 26.05 0.5 < < < < 0.06 0.08 < < < 16.34 < < < 100.47 CLE3/Site 9 

# 342 59.17 < 1.31 0.6 13.94 0.07 0.08 < < 0.26 < < < < 24.44 0.13 < < 97.45 CLE3/Site 9 
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Spectrum O Na Mg Al Si P S Cl K Ca Ti V Cr Mn Fe Co Ni Cu Total site 

# 343 59.83 < 0.41 0.37 14.3 0.07 < < < 0.76 < < < < 24.14 0.12 < < 97.32 CLE3/Site 9 

# 344 62.14 < 0.15 1.3 14.39 0.28 0.15 < 0.04 1.2 0.04 < < < 20.2 0.1 < < 93.84 CLE3/Site 9 

# 345 56.65 < 0.18 1.07 14.51 0.29 0.11 < 0.33 2.74 0.06 < < < 23.91 0.15 < < 98.61 CLE3/Site 9 

# 346 59.33 < 0.16 0.81 11.2 0.19 0.19 < < 0.81 0.06 < < < 27.16 0.09 < < 100.89 CLE3/Site 9 

# 347 53.92 < 0.19 0.55 10.41 0.13 0.88 < < 1.38 0.07 < < < 32.3 0.17 < < 101.03 CLE3/Site 9 

# 348 61.79 < 0.11 0.71 13.34 0.17 0.18 < < 0.99 < < < < 22.71 < < < 98.78 CLE3/Site 9 

# 349 61.51 < 0.13 0.89 13.32 0.4 0.09 < < 1.14 0.05 < < < 22.36 0.11 < < 97.4 CLE3/Site 9 

# 350 60.42 < 0.25 0.71 13.57 0.34 0.08 < < 1.04 < < < < 23.46 0.12 < < 97.27 CLE3/Site 9 

# 351 24.4 0.59 < 2.03 2.38 0.09 27.81 < 0.27 0.54 < < < < 41.54 0.18 < 0.15 105.15 CLE3/Site 9 

# 352 57.84 2.2 < 7.97 13.94 0.73 0.48 < 1.99 4.93 0.16 < < < 9.75 < < < 95.87 CLE3/Site 9 

# 353 61.22 < 0.18 0.4 13.12 0.2 0.21 < < 1.45 < < < < 23.11 0.12 < < 99.15 CLE3/Site 9 

# 354 63.93 < 0.09 1.36 12.11 0.42 0.41 < 0.05 0.94 < < < < 20.57 0.13 < < 97.93 CLE3/Site 9 
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Table C4: EDS analyses for sample CLE4. All elements were measured. Presented as normalised atomic% with the analytical total in wt% in the right-hand column.  
 

Spectrum O Na Mg Al Si P S Cl K Ca Ti V Cr Mn Fe Co Ni Cu Total site 

# 355 57.87 0.36 0.3 6.33 15.45 0.14 0.15 < 0.64 1.65 0.12 < < < 16.99 < < < 99.68 CLE4/Site 2 

# 356 62.35 0.48 0.38 4.81 25.85 0.14 < < 0.9 1.21 0.17 < < < 3.72 < < < 109.54 CLE4/Site 2 

# 357 55.27 < 0.32 0.42 14.94 < < < < 0.34 0.04 < < 0.05 28.51 0.11 < < 99.87 CLE4/Site 3 

# 358 55.46 < 0.92 0.33 14.51 < < < < 0.24 < < < < 28.37 0.17 < < 99.52 CLE4/Site 3 

# 359 55.8 < 0.52 0.27 14.56 < < < < 0.25 < < < 0.06 28.41 0.13 < < 99.47 CLE4/Site 3 

# 360 55.23 < 0.6 0.35 14.8 < < < < 0.28 < < < < 28.6 0.14 < < 99.3 CLE4/Site 3 

# 361 55.44 < 0.88 0.35 14.53 0.07 < < < 0.22 < < < < 28.37 0.14 < < 99.08 CLE4/Site 3 

# 362 55.07 < 0.38 0.26 14.83 < < < < 0.29 < < < 0.07 28.96 0.15 < < 98.36 CLE4/Site 3 

# 363 55.23 < 0.59 0.32 14.83 < < < < 0.29 < < < < 28.65 0.09 < < 97.5 CLE4/Site 3 

# 364 55.43 < 0.8 0.28 14.64 < < < < 0.23 < < < 0.05 28.4 0.16 < < 98 CLE4/Site 3 

# 365 55.52 < 0.68 0.53 14.66 < < < 0.05 0.4 < < < < 28.02 0.13 < < 97.95 CLE4/Site 3 

# 366 55.27 < 0.75 0.27 14.76 < < < < 0.24 < < < 0.07 28.51 0.13 < < 97.86 CLE4/Site 3 

# 367 55.58 < 0.17 0.3 14.55 < < < < 0.35 < < < 0.06 28.84 0.16 < < 97.86 CLE4/Site 3 

# 368 55.88 < 0.15 24.76 0.64 < < < 0.09 0.23 0.24 0.04 < < 17.91 0.08 < < 98.03 CLE4/Site 3 

# 369 55.65 < 0.22 25.12 0.18 < < < < 0.04 0.18 0.05 < < 18.48 0.09 < < 98.75 CLE4/Site 3 

# 370 55.29 < 0.42 23.08 0.39 < < < < 0.04 0.19 0.09 0.07 < 20.35 0.09 < < 99.67 CLE4/Site 3 

# 371 54.82 < 0.39 23.06 0.19 < < < < < 0.22 0.1 0.07 < 21.01 0.14 < < 99.52 CLE4/Site 3 

# 372 54.89 < 0.34 24.64 0.13 < < < < < 0.18 0.14 0.09 < 19.49 0.11 < < 99.26 CLE4/Site 3 

# 373 55.49 < 0.15 25.14 0.22 < < < < < 0.24 0.04 < < 18.63 0.09 < < 99.92 CLE4/Site 3 

# 374 59.91 0.55 < 10.72 17.32 0.17 0.34 < 1.68 4.24 0.14 < < < 4.81 < < 0.12 96 CLE4/Site 3 

# 375 59.77 0.82 < 11.35 18.63 0.14 0.14 < 1.46 4.58 0.05 < < < 3.07 < < < 95.6 CLE4/Site 3 

# 376 59.93 0.86 < 10.97 19.12 0.08 0.05 < 1.7 4.39 0.04 < < < 2.87 < < < 93.95 CLE4/Site 3 

# 377 58.51 0.69 < 9.23 17.36 0.24 0.52 < 1.39 3.61 0.29 < < < 8.15 < < < 98.32 CLE4/Site 3 

# 378 58.41 0.73 < 8.59 18.25 0.33 0.59 < 1.59 3.53 0.13 < < < 7.85 < < < 96.76 CLE4/Site 3 

# 379 33.66 < < 3.43 9.4 0.13 17.65 < 0.63 0.81 2.06 < < < 31.94 0.17 < 0.12 100.04 CLE4/Site 3 

# 380 33.77 < < 6.09 9.36 0.21 20.77 < 0.74 1.25 0.3 < < < 27.04 0.15 < 0.32 102.63 CLE4/Site 3 

# 381 60.98 0.64 < 11.08 18.23 0.11 0.13 < 1.58 4.99 0.07 < < < 2.19 < < < 92.23 CLE4/Site 3 

# 382 59.85 0.75 < 10.74 18.82 0.14 0.06 < 1.41 4.34 0.06 < < < 3.83 < < < 96.29 CLE4/Site 3 

# 383 57.75 0.35 < 5.26 15.81 0.29 0.28 < 0.67 1.93 0.13 < < < 17.41 0.12 < < 104.2 CLE4/Site 3 

# 384 35.28 < < 3.45 6.5 0.16 23.05 < 0.34 0.99 0.36 < < < 29.48 0.2 < 0.19 110.97 CLE4/Site 3 

# 385 53.48 < < 2.94 14.52 0.53 3.75 < 0.78 1.36 0.33 < < < 22.18 0.14 < < 98.82 CLE4/Site 3 

# 386 60.87 0.51 0.85 9.39 19.2 0.6 < < 1.88 2.42 0.52 < < < 3.75 < < < 95.01 CLE4/Site 4 

# 387 60.98 0.5 0.54 8.15 21.45 0.23 < < 2.5 1.81 0.32 < < < 3.51 < < < 98.16 CLE4/Site 4 

# 388 61.79 0.51 0.21 5.4 26.16 0.15 < < 3.56 0.55 0.39 < < < 1.28 < < < 99.08 CLE4/Site 4 
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Spectrum O Na Mg Al Si P S Cl K Ca Ti V Cr Mn Fe Co Ni Cu Total site 

# 389 64.34 0.15 < 0.68 33.6 0.2 < < 0.34 0.23 0.19 < < < 0.27 < < < 96.22 CLE4/Site 4 

# 390 65.05 < < 0.05 34.77 0.06 < < < < < < < < 0.08 < < < 100.17 CLE4/Site 4 

# 391 65.21 < < 0.28 34.17 < < < 0.17 0.03 < < < < 0.14 < < < 100.47 CLE4/Site 4 

# 392 61.22 1.12 0.33 9.25 20.83 0.22 < < 1.27 2.95 0.19 < < < 2.63 < < < 96.5 CLE4/Site 4 

# 393 60.81 1.64 0.34 10.41 19.85 0.31 < < 1.42 3.43 0.27 < < < 1.51 < < < 95.59 CLE4/Site 4 

# 394 60.74 1.8 0.17 11.19 19.81 0.27 < < 1.16 3.93 0.16 < < < 0.77 < < < 95.72 CLE4/Site 4 

# 395 60.97 1.57 0.16 10.74 20.17 0.21 < < 1.33 3.73 0.17 < < < 0.94 < < < 96.8 CLE4/Site 4 

# 396 60.96 1.45 0.16 11.2 19.52 0.29 < < 1.38 4.01 0.15 < < < 0.89 < < < 96.07 CLE4/Site 4 

# 397 55.37 0.2 1.03 23.11 5.6 0.1 < < 0.43 0.28 0.36 0.24 0.25 < 12.86 0.08 0.09 < 103.47 CLE4/Site 4 

# 398 58.63 0.28 2.38 17.4 12.03 0.11 < < 1.16 0.73 0.22 0.1 0.14 < 6.65 < 0.16 < 109.15 CLE4/Site 4 

# 399 55.62 < 0.67 25.17 1.16 < < < 0.06 0.18 0.15 0.18 0.15 < 16.51 0.08 0.07 < 96.83 CLE4/Site 4 

# 400 55.35 < 0.65 25.5 0.55 < < < 0.05 0.13 0.16 0.18 0.08 < 17.26 0.08 < < 96.98 CLE4/Site 4 

# 401 55.81 < 0.73 22.6 1.94 < < < 0.07 0.27 0.46 0.16 < < 17.89 < 0.07 < 96.51 CLE4/Site 4 

# 402 55.71 0.25 1.6 2.17 16.12 0.17 < < 0.28 0.63 0.08 < < < 22.91 0.1 < < 100.78 CLE4/Site 4 

# 403 58.32 0.32 1.6 3.22 15.63 0.19 < < 0.46 1.15 0.13 < < < 18.85 0.11 < < 99.85 CLE4/Site 4 

# 404 55.41 < 1.11 24.87 1.1 < < < 0.08 0.16 0.35 0.25 0.25 < 16.22 0.09 0.12 < 97.67 CLE4/Site 4 

# 405 60.93 0.43 0.85 9.38 19.17 0.56 < < 1.81 2.32 0.54 < < < 4.01 < < < 95.34 CLE4/Site 4 

# 406 59.9 0.85 1.15 8.34 19.22 0.82 < < 1.79 2.06 0.85 0.04 < < 4.97 < < < 96.87 CLE4/Site 4 

# 407 57.23 0.19 0.27 7.32 11.78 0.22 0.15 < 0.46 1.79 0.15 < < < 20.37 0.09 < < 98.85 CLE4/Site 6 

# 408 55.29 < 1.04 0.31 14.59 0.07 < < < 0.27 < < < 0.07 28.24 0.12 < < 97.23 CLE4/Site 7 

# 409 55.2 < 1.01 0.31 14.67 < < < < 0.28 < < < 0.07 28.3 0.15 < < 97.14 CLE4/Site 7 

# 410 55.37 < 0.92 0.41 14.48 0.16 < < < 0.3 < < < 0.07 28.29 < < < 96.87 CLE4/Site 7 

# 411 55.16 < 0.94 0.31 14.71 < < < < 0.29 < < < < 28.37 0.16 0.06 < 97.54 CLE4/Site 7 

# 412 55.08 < 0.68 0.31 14.76 < < < < 0.32 < < < < 28.71 0.13 < < 97.13 CLE4/Site 7 

# 413 55.69 < 0.33 0.33 14.62 < < < < 0.38 < < < 0.06 28.48 0.11 < < 98.47 CLE4/Site 7 

# 414 55.19 < 0.38 0.36 14.42 0.1 < < < 0.42 < < < 0.07 28.88 0.17 < < 98.36 CLE4/Site 7 

# 415 55.95 < 0.34 21.12 0.42 < < < < 0.19 0.34 0.09 0.04 < 21.33 0.11 < 0.06 99.54 CLE4/Site 7 

# 416 55.32 < 0.54 20.73 0.21 < < < < < 0.51 0.09 < < 22.4 0.12 0.07 < 98.99 CLE4/Site 7 

# 417 55.26 < 0.64 23 0.83 < < < < 0.11 0.29 0.13 < < 19.68 < 0.07 < 98.46 CLE4/Site 7 

# 418 55.36 < 0.21 22.05 0.17 < < < < 0.04 0.3 0.06 < < 21.7 0.11 < < 100.26 CLE4/Site 7 

# 419 55.02 < 0.21 25.79 0.67 < < < < 0.12 0.23 0.06 < < 17.84 0.08 < < 103.17 CLE4/Site 7 

# 420 55.16 < 0.49 17.68 0.2 < < < < < 0.47 0.08 0.05 < 25.73 0.13 < < 98.47 CLE4/Site 7 

# 421 55.11 < 0.18 18.62 1.28 < < < < 0.33 0.4 0.08 0.04 < 23.85 0.12 < < 100.34 CLE4/Site 7 

# 422 55.02 < 0.26 12.54 0.18 < < < < < 0.24 0.05 < < 31.57 0.13 < < 98.56 CLE4/Site 7 

# 423 54.9 < 0.28 16.27 0.2 < < < < < 0.3 0.1 < < 27.73 0.14 0.07 < 98.25 CLE4/Site 7 
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Spectrum O Na Mg Al Si P S Cl K Ca Ti V Cr Mn Fe Co Ni Cu Total site 

# 424 55.77 < 0.18 23.98 0.3 < < < < 0.05 0.16 0.05 < < 19.33 0.11 < 0.06 100.3 CLE4/Site 7 

# 425 55.8 < 0.21 2.57 13.32 0.16 < < 0.05 0.51 0.08 < < < 27.19 0.1 < < 98.26 CLE4/Site 7 

# 426 55.98 < 0.15 1.84 14.67 0.31 < < 0.27 1.09 0.07 < < 0.05 25.4 0.1 0.07 < 100.43 CLE4/Site 7 

# 427 60.93 1 < 10.21 18.61 0.21 < < 1.31 4.51 0.07 < < < 3.16 < < < 96.19 CLE4/Site 7 

# 428 61.57 0.71 < 10.31 17.62 0.24 < < 1.48 4.17 0.14 < < < 3.76 < < < 100.28 CLE4/Site 7 

# 429 61.47 0.73 < 10.07 18.13 0.17 < < 1.26 4.78 0.12 < < < 3.27 < < < 94.9 CLE4/Site 7 

# 430 56.3 < 0.17 1.26 14.69 0.21 < < 0.21 0.95 0.07 < < 0.05 26.01 0.09 < < 100.06 CLE4/Site 7 

# 431 57.84 0.6 < 10.48 18.38 0.36 0.12 < 1.39 4.08 0.22 < < < 6.54 < < < 87.16 CLE4/Site 7 

# 432 57.61 < 0.45 0.26 2.18 < < < < < < < < < 39.35 0.15 < < 95.57 CLE4/Site 8 

# 433 56.08 < 1.53 0.12 0.14 < < < < < < < < < 41.91 0.21 < < 98.62 CLE4/Site 9 

# 434 55.64 < 2.57 0.15 0.24 < < < < < < < < 0.1 41.13 0.17 < < 97.11 CLE4/Site 9 

# 435 65.88 < < 0.14 3.56 0.16 0.36 0.06 < < < < < < 29.72 0.13 < < 90.43 CLE4/Site 9 

# 436 63.58 < < 0.16 3.22 0.07 0.35 < < < < < < < 32.46 0.15 < < 87.84 CLE4/Site 9 

# 437 63.4 < < 0.17 3.37 0.1 0.32 < < < < < < < 32.5 0.14 < < 90.62 CLE4/Site 9 

# 438 64.35 < < 0.74 5.08 0.57 0.29 < < < < < < < 28.76 0.14 0.08 < 88.42 CLE4/Site 9 

# 439 66.92 < < 0.68 3.88 0.46 0.65 0.21 < < < < < < 27.2 < < < 88.88 CLE4/Site 9 

# 440 66.1 < < 0.37 4.6 0.14 0.45 0.07 < < < < < < 28.12 0.16 < < 87.83 CLE4/Site 9 

# 441 55.09 < 2.17 0.16 0.1 < < < < < < < < 0.11 42.2 0.18 < < 97.63 CLE4/Site 9 

# 442 57.37 < < 0.14 0.19 < < < < < < < < < 42.13 0.17 < < 97.84 CLE4/Site 9 

# 443 57.87 < < 0.13 0.24 < < < < < < < < < 41.6 0.16 < < 98.27 CLE4/Site 9 

# 444 58.59 < < 0.32 1.08 < < < < < < < < < 39.85 0.16 < < 99.38 CLE4/Site 9 

# 445 54.4 < 0.16 0.82 1.7 < < < 0.07 0.06 < < < < 42.57 0.21 < < 87.44 CLE4/Site 10 

# 446 54.55 < 0.16 0.44 0.11 < < < < < < < < < 44.56 0.18 < < 99.3 CLE4/Site 11 

# 447 54.58 < < 0.49 < < < < < < < < < 0.06 44.68 0.2 < < 98.69 CLE4/Site 11 

# 448 55.15 < 0.16 0.39 0.37 < < < < < < < < < 43.69 0.24 < < 98.9 CLE4/Site 11 

# 449 58.16 0.38 0.09 1.77 18.89 0.47 0.54 < 0.13 1.75 < < < < 17.81 < < < 94.6 CLE4/Site 11 

# 450 67.33 < < 1.11 5.66 0.63 0.54 0.16 < < < < < < 24.57 < < < 90.76 CLE4/Site 11 

# 451 56.78 0.25 < 0.67 20.29 < < < 0.73 0.11 < < < < 21.07 0.1 < < 81.7 CLE4/Site 11 

# 452 64.49 0.4 < 0.62 30.5 0.22 < < 0.77 0.39 < < < < 2.61 < < < 93.69 CLE4/Site 11 

# 453 62.31 0.44 0.09 0.72 24.93 0.12 < < 0.72 0.18 < < < < 10.48 < < < 93.15 CLE4/Site 11 

# 454 57.27 0.33 0.17 0.6 8.52 0.22 < < 0.18 0.23 < < < < 32.33 0.16 < < 110.01 CLE4/Site 11 

# 455 58.26 0.42 < 0.68 11.76 0.23 < < 0.23 0.21 < < < < 28.05 0.09 0.06 < 114.73 CLE4/Site 11 

# 456 62.55 0.48 < 0.71 26.35 < < < 0.79 0.09 < < < < 9.03 < < < 87.02 CLE4/Site 11 

# 457 57.05 < 0.3 2.79 7.68 < 0.07 < 0.2 0.63 0.05 < < < 31.09 0.15 < < 100.12 CLE4/Site 12 

# 458 59.12 0.27 0.32 5.22 15.78 0.14 0.13 < 0.52 1.55 0.06 < < < 16.75 0.09 < 0.06 99.77 CLE4/Site 12 
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Spectrum O Na Mg Al Si P S Cl K Ca Ti V Cr Mn Fe Co Ni Cu Total site 

# 459 59.85 0.39 0.39 5.49 19.18 0.2 0.1 < 0.69 2.22 < < < < 11.37 0.07 < 0.05 101.99 CLE4/Site 12 

# 460 60.4 0.45 0.13 7.66 20.61 0.23 0.15 < 1.01 3.05 < < < < 6.3 < < < 99.1 CLE4/Site 13 

# 461 60.62 0.43 0.12 7.79 20.67 0.23 0.14 < 1.01 3.13 0.03 < < < 5.85 < < < 98.67 CLE4/Site 13 

# 462 58.59 0.51 0.25 7.38 20.75 0.21 0.14 < 0.91 2.43 < < < < 8.84 < < < 99.45 CLE4/Site 13 

# 463 57.74 < 1.15 0.71 15.04 0.1 < < 0.24 0.83 < < < 0.08 24.01 0.12 < < 98.32 CLE4/Site 13 

# 464 55.62 < 1.5 0.19 14.75 0.11 < < 0.05 0.26 < < < 0.07 27.32 0.13 < < 99.79 CLE4/Site 13 

# 465 55.81 < 1.38 1.05 15.95 0.12 < < 0.19 0.48 < < < 0.09 24.81 0.11 < < 100.58 CLE4/Site 13 

# 466 55.99 < 1.5 0.64 15.15 0.1 < < 0.12 0.3 < < < 0.07 25.99 0.15 < < 100.68 CLE4/Site 13 

# 467 55.2 < 0.21 7.42 2.05 < < < 0.07 0.16 0.26 < < < 34.5 0.13 < < 103.07 CLE4/Site 13 

# 468 54.73 < 0.32 8.91 0.2 < < < < 0.05 0.29 < < < 35.31 0.19 < < 98.21 CLE4/Site 13 

# 469 54.57 < 0.29 7.81 0.28 < < < < 0.05 0.31 < < < 36.56 0.13 < < 98.05 CLE4/Site 13 

# 470 55.53 < 1.34 0.33 14.84 0.14 < < < 0.28 < < < 0.08 27.3 0.16 < < 100.62 CLE4/Site 13 

# 471 67.88 < < 0.22 4.76 < 0.2 < < < < < < < 26.79 0.15 < < 95.18 CLE4/Site 17 

# 472 67.65 < < 0.23 4.48 0.07 0.27 < < < < < < < 27.19 0.12 < < 94.07 CLE4/Site 17 

# 473 66.69 < < 0.22 4.84 0.11 0.2 < < < < < < < 27.84 0.09 < < 91.38 CLE4/Site 17 

# 474 62.18 0.96 0.24 2 21.93 0.41 < < 0.36 7.7 < < < < 4.22 < < < 94.99 CLE4/Site 17 

# 475 60.95 0.93 0.24 2.08 23.32 0.38 < < 0.44 7.23 < < < < 4.44 < < < 94.47 CLE4/Site 17 

# 476 60.41 1.02 0.25 2.37 23.11 0.3 < < 0.42 7.94 < < < < 4.18 < < < 93.52 CLE4/Site 17 

# 477 55.22 < 0.49 0.25 0.15 < < < < < < < < < 43.71 0.18 < < 100.4 CLE4/Site 17 

# 478 54.55 < 0.35 0.23 < < < < < < < < < < 44.66 0.22 < < 98.45 CLE4/Site 17 

# 479 54.78 < 0.25 0.35 < < < < < < < < < < 44.4 0.21 < < 97.88 CLE4/Site 17 

# 480 54.67 < 0.26 0.35 0.13 < < < < < < < < < 44.3 0.29 < < 97.72 CLE4/Site 17 

# 481 54.88 < 0.29 0.45 0.11 < < < < < < < < < 44.08 0.18 < < 97 CLE4/Site 17 

# 482 54.39 < 0.39 0.23 0.09 < < < < 0.07 < < < < 44.64 0.19 < < 96.84 CLE4/Site 17 

# 483 54.48 < 0.31 0.36 1.04 < < < < 0.13 < < < < 43.48 0.19 < < 98.2 CLE4/Site 17 

# 484 67.5 < < 0.21 4.17 0.14 0.22 < < < < < < < 27.64 0.12 < < 95.03 CLE4/Site 17 

# 485 66.45 < < 0.4 3.81 0.2 0.41 0.1 < < < < < < 28.54 0.1 < < 95.23 CLE4/Site 17 

# 486 67.66 < < 0.24 4.05 0.14 0.38 < < < < < < < 27.41 0.13 < < 93.69 CLE4/Site 17 

# 487 67.55 < < 0.22 4.48 0.06 0.25 < < < < < < < 27.3 0.14 < < 94.41 CLE4/Site 17 

# 488 67.36 < < 0.2 4.19 0.08 0.24 < < < < < < < 27.84 0.1 < < 92.87 CLE4/Site 17 

# 489 62.66 < < 0.4 3.94 0.46 0.21 < 0.05 0.05 < < < < 32.06 0.17 < < 89.83 CLE4/Site 17 

# 490 55.11 < 0.14 0.58 < < < < < < < < < < 44.01 0.17 < < 99.23 CLE4/Site 18 

# 491 54.91 < 0.19 0.54 0.12 < < < < < < < < < 44.04 0.21 < < 98.89 CLE4/Site 18 

# 492 54.61 < 0.16 0.62 < < < < < < < < < < 44.44 0.17 < < 98.1 CLE4/Site 18 

# 493 54.01 < 0.24 0.5 0.17 < < < < < < < < < 44.86 0.22 < < 98.41 CLE4/Site 18 
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Spectrum O Na Mg Al Si P S Cl K Ca Ti V Cr Mn Fe Co Ni Cu Total site 

# 494 54.67 < 0.14 0.51 0.35 < < < < 0.09 < < < < 44.01 0.24 < < 97.48 CLE4/Site 18 

# 495 67.61 < < 0.84 4.24 0.42 0.77 0.38 < 0.04 < < < < 25.61 0.09 < < 90.59 CLE4/Site 18 

# 496 66.66 < < 0.27 5.4 0.06 0.22 < < < < < < < 27.27 0.12 < < 92.84 CLE4/Site 18 

# 497 60.49 1.14 0.24 3.1 22.21 0.4 < < 0.43 7.53 0.04 < < < 4.42 < < < 97.33 CLE4/Site 18 

# 498 61.46 1.1 0.21 2.89 21.85 0.4 < < 0.39 7.82 < < < < 3.88 < < < 98.21 CLE4/Site 18 

# 499 61.01 0.87 0.22 2.36 22.46 0.31 < < 0.39 7.95 < < < < 4.42 < < < 95.81 CLE4/Site 18 

# 500 61.58 0.93 0.22 2.36 21.55 0.31 < < 0.37 8.19 < < < < 4.49 < < < 94.22 CLE4/Site 18 

# 501 61.34 0.77 0.17 2.77 21.29 0.32 < < 0.48 6.55 < < < < 6.31 < < < 90.41 CLE4/Site 18 

# 502 53.19 1.18 0.14 3.63 15.81 0.38 < < 0.27 4.88 < < < < 20.52 < < < 95.23 CLE4/Site 18 

# 503 62.3 1.14 0.09 3.74 20.99 0.37 < < 0.52 7.16 < < < < 3.69 < < < 92.11 CLE4/Site 18 

# 504 59.22 1.59 0.15 2.55 20.35 3.18 < < 0.73 4.35 < < < < 7.88 < < < 96.12 CLE4/Site 18 
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Appendix D: 
 
Locations of microanalyses and other 
SEM images 
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Archive Plate Captions 
 
The archive plates are arranged so that the left-hand column in each plate contains the high-resolution backscattered 
electron images, with the corresponding low-resolution backscattered electron with the EDS microanalysis details in 
the adjacent right-hand column. 
 
 
Plate A1: Sample CLE1 
Mosaic of backscattered electron images, showing mounted sample. Lower left = original base. 
 
Plate A2: Sample CLE1, backscattered electron images. 
a, b. Site EI655.. 
c, d. Site EI656. 
e, f. Site EI657. 
g,h. Site EI658. 
 
Plate A3: Sample CLE1, backscattered electron images. 
a, b. Site EI659.. 
c, d. Site EI660. 
e, f. Site EI661. 
g,h. Site EI662. 
 
Plate A4: Sample CLE1, backscattered electron images. 
a, b. Site EI663. 
c, d. Site EI664. 
e, f. Site EI665. 
g,h. Site EI666. 
 
Plate A5: Sample CLE2 
Mosaic of backscattered electron images, showing mounted sample. Lower left = original top 
 
Plate A6: Sample CLE2, backscattered electron images. 
a, b. Site EI667. 
c, d. Site EI668. 
e, f. Site EI669. 
g,h. Site EI670. 
 
Plate A7: Sample CLE2, backscattered electron images. 
a, b. Site EI671. 
c, d. Site EI672. 
 
Plate A8: Sample CLE3 
Mosaic of backscattered electron images, showing mounted sample. top = original top 
 
Plate A9: Sample CLE3, backscattered electron images. 
a, b. Site EI673. 
c, d. Site EI674. 
e, f. Site EI675. 
g,h. Site EI676. 
 
Plate A10: Sample CLE3, backscattered electron images. 
a, b. Site EI677. 
c, d. Site EI678. 
e, f. Site EI679. 
g,h. Site EI680. 
 
Plate A11: Sample CLE4 
Mosaic of backscattered electron images, showing mounted sample. right = original top (probably) 
 
Plate A12: Sample CLE4, backscattered electron images. 
a, b. Site EI681. 
c, d. Site EI682. 
e, f. Site EI683. 
g,h. Site EI684. 
 
Plate A13: Sample CLE4, backscattered electron images. 
a, b. Site EI685. 
c, d. Site EI686. 
e, f. Site EI687. 
g,h. Site EI688. 
 
 
Plate A14: Sample CLE4, backscattered electron images. 
a, b. Site EI689. 
c, d. Site EI690. 



GeoArch Report 2018/12: ironworking residues from Cleevelands 
 

88 

e, f. Site EI691. 
g,h. Site EI692. 
 
 
Plate A15: Sample CLE4, backscattered electron images. 
a, b. Site EI683. 
c, d. Site EI694. 
e, f. Site EI695. 
g,h. Site EI696. 
 
 
Plate A16: Sample CLE4, backscattered electron images. 
a, b. Site EI697. 
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