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Abstract 
 

This report details analytical investigations undertaken on a series of iron-
working residues (from c1502) and on a single piece of problematic dense slag 
(from c1676), all from excavations in and near the Roman fort at Neath. 
 
The smithing residues proved to be mostly a coherent suite of materials, the 
composition of which could be modelled through simple mixture of iron oxide 
with assimilated hearth lining. One of the examined iron-working slag cakes, an 
iron-rich, hollow example, did not appear to fit this model. It appears likely that 
deep weathering of this piece has led to preferential loss of the interstitial 
phases and that the iron-rich bulk composition is due to secondary iron oxides 
formed after the weathering of much metallic iron. It is likely, but not certain, 
that this slag cake also originated within the same chemical system as the 
other examples; other interpretations are discussed. 
 
The dense slag fragment from within the fort (c1676) is very unusual in being 
dominated by wustite and becoming more highly oxidised and less iron-rich 
towards one margin. Firstly iscorite and magnetite overgrow/ replace the 
wustite dendrites, then there is a zone with magnetite dendrites and finally slag 
with equant euhedral magnetite. The structure of the slag is layered, with 
particular horizons demarcated by oxide crusts. These resemble the chilled, 
iron oxide-rich, margins of flow lobes within a tapped slag, but are thicker (up to 
200µm) and here may be more indicative of oxidation of growth stages of the 
slag. This highly unusual slag can be paralleled only by two examples from 
elsewhere, both interpreted as being derived from bloom-smithing or bloom-
refining. The microstructure is suggestive of the slag having formed through 
oxidation of metallic iron, but is unlike textures observed around iron particles 
in conventional bloomsmithing slags or adjacent to the bloom in a bloomery. It 
appears likely that the slag was produced in a form of remelting hearth akin to 
that described by Evenstad in the 18th century. Such hearths may be used to 
control the content of carbon (e.g. in hearth steelmaking) and phosphorus (e.g. 
for dephosphorising phosphoric iron) in iron, but also forms a useful approach 
to recycling iron, particularly the iron formed in a bloomery but not incorporated 
into the bloom, or lost from the bloom during processing. 
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Methods 
 
All archaeometallurgical materials from the project were 
examined visually (with a low-powered binocular 
microscope where required) and the summary catalogue of 
examined material was presented by Young (2013, Table 
1). The material included a range of iron-working residues, 
including relatively low-iron ‘gravelly’ slag masses. The main 
purpose of the analytical phase was to examine evidence 
for a genetic relationship between these and more 
conventional smithing hearth cakes (SHCs). To this end, a 
piece of hearth lining and a suite of five slag cakes of 
differing iron contents were selected from a single context 
(c1502; samples NTH1 to NTH6; Table 1). The second aim 
of the analysis phase was the investigation of an unusual 
iron oxide-dominated slag (NTH7; from deposit c1676). 
 
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, Polished blocks for 
investigation on the SEM were prepared in the Earth 
Science Department, The Open University. Electron 
microscopy was undertaken on the LEO S360 analytical 
electron microscope in the School of Earth and Ocean 
Sciences, Cardiff University. Microanalysis was undertaken 
using the system’s Oxford Instruments INCA ENERGY 
energy-dispersive x-ray analysis system (EDX). 
 
Chemical analysis was undertaken using two techniques. 
The major elements (Si, Al, Fe, Mn, Mg, Ca, Na, K, Ti, and 
P) were determined by X-Ray Fluorescence using a fused 
bead on the Wavelength- Dispersive X-Ray Fluorescence 
(WD-XRF) system in the department of Geology, Leicester 
University (this also generated analyses for S, V, Cr, Sr, Zr, 
Ba, Ni, Cu, Zn, Pb and Hf). Whole-specimen chemical 
analysis for thirty six minor and trace elements (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, 
Pb, Th, U) were undertaken using a sample in solution on 
the ThermoElemental X-series Inductively-Coupled Plasma 
Mass Spectrometer (ICP-MS) in the School of Earth and 
Ocean Sciences, Cardiff University (this also generates 
lower quality results for Fe, Mn, Ti, P that are used mainly 
for QA purposes). 
 
The results of the chemical analyses are presented in Table 
2 (major elements by XRF) and Table 3 (trace elements by 
ICP-MS). The lower quality analyses are present in 
Appendix A as Tables A1 (trace elements by XRF) and A2 
(major elements by ICP-MS). 
 
Locations of EDS analyses are presented as sample-area-
analysis (e.g. NTH2 SOI2 #3). The area of the sample in a 
particular image is referred to as SOIn (SOI = Site Of 
Interest in the terminology of the INCA microanalysis 
software) and individual analyses (points or areas) are 
labelled #m. The microanalytical data are presented in 
Appendix A, Table A3. Images of all SOIs are included in 
Appendix B, 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). 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. 
 
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 report is formatted in two sections: the main report is 
followed by appendices for the archiving of all data not 
included in the body of the main report. 
 
This project was commissioned by Martin Tuck, of the 
Glamorgan-Gwent Archaeological Trust. 
 
 
 

Results 

Distribution of materials 

The investigated smithing materials (a piece of hearth lining 
and a suite of five slag cakes of differing iron contents; 
samples NTH1 to NTH6; Table 1) were selected from 
amongst the assemblage from a single context (c1502). 
This context was one of several from the area of the 
‘mansio’ (including contexts 1076, 1111, 1276, 1387 and 
1502) which together yielded a smithing residue 
assemblage totalling 13.8kg. This was slightly more than 
half of all archaeometallurgical residues recovered from 
stratified Roman contexts during this project (a total of 
26.4kg) which, although still a relatively small quantity, 
raises the likelihood of there having been a smithy (at least 
for a period) in this area of the site. 
 

Description of materials 

General 
 
The specimens of slag sampled for this project vary from 
tongue-like cakes to more typical morphologies of smithing 
hearth cake (SHC).  
 
‘Tongue’ (in the original usage a ‘pro-tuyère tongue’) was a 
term introduced by Young (2012a) to describe small, tabular 
slag cakes forming below and in front of, the blowhole of a 
ceramic tuyère, in some cases above a larger slag cake in 
the base of the hearth, at Clonfad, Co. Offaly. The 
examples from Neath they have a similar morphology, but 
are likely to have been the only slag cake formed in the 
hearth. They lack the strongly convex base of the classic 
morphology of SHC, reflecting the fact that they contained 
little iron-rich, fluid, slag. They can be regarded here as a 
sub-group of smithing hearth cakes (SHCs). Specimens 
NTH2 (130g, but incomplete) and NTH3 (218g) may be 
classed as tongues. Both show considerable surface 
evidence for inclusions of ceramic and sandstone. Individual 
inclusions, or groups of inclusions, appear to be responsible 
for the ‘gravelly’ texture in hand specimen. The sample from 
NTH2 for examination on the SEM spanned the contact 
between a partially melted clast and a lobe of dense grey 
slag. The sample for SEM examination from NTH3 proved 
to have most of its surface occupied by a large, partially 
melted sandstone clast. 
 
Specimen NTH4 is a small (106g) SHC with a convex base, 
which is rather pale and has deep fuel dimples. It measures 
50mm x 70mm x 40mm (of which the bowl is 20mm deep). 
Its upper surface is slightly concave, but with large raised 
lobes of lining-influenced slag at the proximal side, and 
includes numerous pale, raised blebby lobes. These lobes 
are largely formed of partially-melted ceramic material, with 
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a superficial dark glaze, very similar to the upper surfaces of 
the tongues. The main body of the slag, forming the convex 
bowl, is about 20mm deep and is formed of a more uniform 
grey iron slag. 
 
Specimen NTH5 is a rather more substantial and well-
formed SHC, weighing 270g and measuring 70mm x 95mm 
x 45mm (of which the bowl is 35mm deep). The top of the 
SHC is formed of translucent green material with 
‘micaceous’ olivine crystals, but also with deeply impressed 
by fuel. There are large cavities below top layer – with 
individual rounded cavities of up to 30mm across. The bowl 
is formed by a thin layer of vesicular slag, 6-10mm thick, 
around the base and surrounding the large cavities. The 
sample for SEM examination was taken from this thin bowl-
crust. 
 
The densest smithing slag specimen is NTH6. This 200g 
piece is probably a slightly incomplete SHC, much of which 
is of a dense, moderately coarse-grained slag, with large 
vesicles (including tubular ones arising from the basal 
surface) that overall resembles the burr region of a larger 
SHC. The upper surface is very degraded, but includes 
surviving patches of a dark surfaced, coarse slag with fuel 
dimples in places, whereas in others the slag is pale, glassy 
and finely vesicular. This suggests an uneven distribution 
across the upper surface of silicic material derived from the 
hearth lining. Below a thin layer on the upper surface, the 
slag appears dense, homogeneous and uniformly iron-rich. 
The sample for SEM examination was taken from this 
homogeneous slag. 
 
Sample NTH7 was a 56g angular fragment of extremely 
dense slag. The surface was weathered and had become 
etched to reveal long linear dendrites of iron oxide. 
 
 

Sample details 
 
NTH1 (Figure 2 a-c) 
This sample was taken from the unvitrified rear face of a 
22g fragment of hearth lining. 
 
The bulk chemical analysis shows an iron content (16.97% 
expressed as wt% Fe2O3) which is moderately elevated in 
comparison with what might be expected from a local 
alluvial clay. Other South Wales furnace clays range from 
2.5-5.5% Fe2O3 where unaltered; the higher level in NTH1 
may suggest this sample was more contaminated than 
suggested by its external appearance. The ceramic is 
relatively low in calcium, magnesium and titanium. It only 
shows rather moderate levels of potassium.  
 
The bulk silica:alumina ratio is 7.3 (by weight). The U:Th 
ratio is 0.33. 
 
The Upper Crust-normalised rare earth element (REE) 
profile (Figure 1) is flat (but with slight relative light REE, 
LREE, depletion) but rather ‘saw-toothed’, with elevated 
relative abundance of Eu, Dy and Sm. Total REE (ΣREE) is 
103.4ppm. 
 
 
NTH2 
This specimen is a slightly incomplete gravelly, tongue-like 
cake, with a section of attached vitrified hearth lining. The 
tongue is typically 10-20mm thick, but expands to over 
30mm near the wall contact. The sample for SEM 
examination was taken from this thicker zone. The exposed 
surfaces of lobes of dense slag show a maroon surficial 
oxidation layer.  
 
This SEM sample shows a felted mass of near eutectic 
olivine in glass (Figure 2 a,b). The olivine forms, at its 
coarsest, complex elongate crystals up to 100µm in width 

and 2-3mm in length. Where the olivine is coarse it may 
have a clear interstitial glass, but generally the glass 
contains later, finer generations of olivine. In places where 
the olivine is fine, it may form a very fine-scale texture with 
visible glass at all (e.g. Figure 2a upper right). These 
extremely fine-grained areas correspond to zones 
appearing to be glass in hand-specimen. The olivine shows 
quench textures, varying from careous textures in the 
coarse crystals through to complex interstitial dendrite to 
fine, feathery, eutectic textures. 
 
The section shows clasts (these are probably not attached 
to the wall) of fragments of bloated ceramic and quartz 
grains bound by glass. The clasts have abrupt margins with 
the enclosing slag. One clast shows development of a 
strongly aluminous interstitial glass to the remnant quartz 
grains.  
 
Where analysed, the fayalite showed cores of approximately 
Fa96Fo4 and margins of Fa98Fo2 with 1% calcium 
substitution. 
 
The bulk silica:alumina ratio of the bulk sample is 9.4 (by 
weight). The U:Th ratio is 0.30. The sample shows marked 
enrichment in Cr (541 ppm) and Ni (836ppm). 
 
The Upper Crust-normalised rare earth element (REE) 
profile (Figure 1) is flat (but with slight relative light REE 
depletion) and rather ‘saw-toothed’, with elevated relative 
abundance of Eu, Dy and Sm. It is approximately parallel to 
that of NTH 1. ΣREE is 63.4ppm. 
 
 
NTH3 (Figure 2 d) 
The slag comprises sheaves of fayalite crystals. The slag is 
in contact with a partially-melted sandstone clast (Figure 
2d). Close to the contact, the fayalite is delicate and fine. 
The fayalite-rich slag in these areas sometimes bears small 
irregularly-shaped fine crystal aggregates, of which the 
mineralogy is uncertain because of their very fine crystal 
grain-size, but they possibly contain feldspar and may 
possibly include pyroxene. 
 
The regions of relict sandstone are quite coarse-grained 
(remnant cracked quartz grains are up to 250µm). Where 
the regions are embayed, the zones of interstitial glass are 
coated with layers rich in feldspar (probably mainly 
potassium feldspar) up to 100µm in apparent thickness. 
Adjacent more electron-dense areas are too fine-grained for 
analyses of single crystals, but it is possible that some of 
the very fine iron-rich minerals are a pyroxene rather than 
olivine. Serial analyses across the slag-ceramic interface 
show gradational elemental compositions even where the 
ceramic is not embayed (Figure 3). This clearly indicates a 
degree of chemical transfer across the margins of the 
sandstone fragments. 
 
The bulk silica:alumina ratio of the bulk sample is 7.3 (by 
weight). The U:Th ratio is 0.39.  
 
The Upper Crust-normalised rare earth element (REE) 
profile (Figure 1) is flat (with slight relative light REE 
depletion) but rather ‘saw-toothed’, with elevated relative 
abundance of Eu, Dy and Sm, closely parallel to that of 
NTH1. ΣREE is 69.6ppm. 
 
 
NTH4 (Figure 4 a-d) 
This sample has a heterogeneous microstructure (Figure 4 
a) with some patches with early wustite dendrites, some 
with sheaves of elongate olivine similar to NTH2 and NTH3, 
others with coarse olivine and all with scattered former 
vesicles. The vesicles are commonly rimmed by leucite, with 
a lining of ingrowing wustite-cored fayalite in a possible 
cotectic with further leucite (Figure 4 b). The pore fillings 
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comprise wustite-cored fayalite, minor Ti-bearing hercynite 
and glass. 
 
Where the texture is more even, it comprises bundles of 
elongate fayalite crystals, up to 4mm in length and 600µm 
wide (Figure 4 c). The interstitial areas are dominated by 
leucite and a leucite-wustite cotectic, with some hercynite, 
but are badly weathered across much of the specimen. 
Where analysed, the fayalite showed cores of approximately 
Fa99Fo1 and margins of Fa100 with up to 1% calcium 
substitution. 
 
The bulk silica:alumina ratio of the bulk sample is 7.47 (by 
weight). The U:Th ratio is 0.34. 
 
The Upper Crust-normalised rare earth element (REE) 
profile (Figure 1) is flat (with slight relative light REE 
depletion) but rather ‘saw-toothed’, with elevated relative 
abundance of Eu, Dy and Sm. It is approximately parallel to 
that of NTH1, but is very slightly more depleted towards the 
light REE. ΣREE is 81.0ppm. 
 
 
NTH5 (Figure 4 e,f) 
NTH5 showed a heterogeneous texture (Figure 4e). The 
coarsest areas showed large olivine crystals formed of sub-
equant, porous, grains up to 1.2mm. These however, may 
have been components of larger crystals. The large olivine 
crystals contained sparse blebs of iron. The large olivine 
crystals were of fairly constant Fa98Fo2. The interstitial 
areas showed a few medium-sized olivine crystals (up to 
800µm long and 80µm wide) with cotectic wustite, but 
mostly showed a sparse primary dendritic wustite, followed 
by fine-grained olivine (up to 400µm long and 50µm wide) 
and with an interstitial glass. The fine olivine grains showed 
a composition of Fa99Fo1 to Fa100 with up to 1% Ca 
substitution. Other areas show finer textures, but with 
essentially the same microstructure on a finer scale. Parts 
of the specimen showed heavy weathering. 
 
The sample contains a few effectively unreacted wall clasts, 
with abrupt contacts with the enclosing slag (Figure 4f). 
 
The bulk chemical sample of this specimen showed the 
highest iron content of the SHC specimens. The bulk 
analysis shows a very significant loss on ignition 
(approximately 1.5%) compared with the gain on ignition 
(negative loss on ignition) showed by the other residues. 
This loss indicates the loss of volatiles; in this context, most 
likely hydroxyl/water from hydrated iron oxy-hydroxides 
present as weathering products. Very high levels of 
secondary weathering products are usually the result of the 
corrosion of metallic iron, rather than of the slag itself. The 
silica:alumina ratio of the bulk sample is 7.8 (by weight). 
The U:Th ratio is 0.30.  
 
The Upper Crust-normalised rare earth element (REE) 
profile (Figure 1) is flat (but with moderate relative light REE 
depletion) but rather ‘saw-toothed’, with elevated relative 
abundance of Eu, Dy and Sm. The profile is noticeably 
relatively depleted towards the light REE compared to those 
of the other SHCs (NTH2,3,4,6) and the lining (NTH1). 
ΣREE is 25.6ppm. 
 
 
NTH6 (Figure 5 a-c) 
This sample shows some areas with a microstructure very 
close to that of sample NTH5 (Figure 5a). The majority of 
the sample, however, shows a slightly more quenched 
texture, in which the larger equant olivine grains (up to 
500µm) show continuity with some of the interstitial dendritic 
crystals (Figure 5b). In some areas the olivine is more 
elongate, with crystals greater than 1.5mm by 500µm. 
 

The interstitial areas are mostly of glass bearing extremely 
fine olivine dendrites, but locally there are cotectic 
intergrowths of olivine and leucite (Figure 5c). 
 
The main coarse olivine ranges from Fa97Fo3 in the core to 
Fa100 on the outside, typically with 1% calcium substitution 
on the margins. The olivine in the cotectic with leucite is 
Fa100 with 2% calcium substitution. 
 
The silica:alumina ratio of the bulk sample is 8.0 (by 
weight). The U:Th ratio is 0.38. The sample shows marked 
enrichment in Cr (12201ppm) and Ni (2709ppm). 
 
The Upper Crust-normalised rare earth element (REE) 
profile (Figure 1) is flat (but with slight relative light REE 
depletion) but rather ‘saw-toothed’, with elevated relative 
abundance of Eu, Dy and Sm. The profile is approximately 
parallel to that of NTH1 and particularly similar to that of 
NTH3. ΣREE is 57.1ppm. 
 
 
NTH7 (Figure 5 d,e; Figure 6) 
This sample is unusually dense and possesses a strongly 
layered internal structure (Figure 6). This layering incudes 
areas bounded by thick (up to 200µm) crusts (Figure 6), 
mainly formed of magnetite, which resemble flow-lobe 
margins as seen in tapped smelting slags particularly, but 
also in flow slags and prilly smithing slags. This oxidised 
lobe margins are also accompanied by a markedly oxidised 
character to the slag throughout the upper half of the 
specimen. 
 
Layers towards the base of the sample (as orientated in 
Figure 6; the original orientation is unknown) are dominated 
by tightly-packed dendritic growths of wustite (Figure 5 d,e). 
These bear a few small former vesicles, now filled by 
silicate-rich slag (Figure 5e), but otherwise these layers are 
greater than 80% wustite. Such layers constitute Zones 1-4 
of the section examined in detail (Figure 6). Zones 1 and 2 
are separated by Crust 1, an approximately 60µm thick lobe 
margin of wustite and magnetite. Approximately 2.5mm of 
Zone 1 was observed within the section studied in detail, 
but it was significantly thicker than this elsewhere. Above 
Crust 1, the wustite-rich zones 2-4 were approximately 
9.5mm thick. 
 
Above Zone 4 lies a layer approximately 600-800µm in 
thickness, comprising Zones 6 and 7, in which the strongly 
dendritic nature of the underlying layer is replaced by a 
coarse, blebby or pseudo-dendritic structure in which the 
wustite is replaced with, and overgrown by, magnetite and 
iscorite (Figure 6, enlarged section). The iron oxides here 
comprise 60-70 of the texture and they are followed by 
elongate olivine crystals of up to 600µm in length. Where 
analysed, these olivine crystals had cores of Fa96Fo4 with 
2% calcium substitution, apparently grading to Fa97Fo3 
with 5% calcium substitution. Interstitial areas were poorly 
preserved but appear to show, at least in part, an 
intergrowth of leucite and a calcic fayalite (Fa100 with 17% 
calcium substitution). 
 
The overlying Zones 7 and 8, together approximately 1mm 
thick, show a return to a dendritic structure, which becomes 
slighter (although as much as 1mm in length) and more 
sparser upwards, decreasing to approximately 15% of the 
microstructure at the top of this layer. The wustite dendrites 
are partially altered to magnetite, with minor iscorite plates. 
At the top of the layer a few euhedral magnetite grains of 
approximately 100µm appear. The oxide dendrites are 
followed by olivine in elongate form (up to 600µm in length). 
 
These partially oxidised zones are overlain by Crust 2, a 
100µm thick layer including some relict wustite, but mainly 
formed of magnetite. 
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Above the oxide crust, a third lobe (1.5 to 3mm thick) 
comprises Zones 10, 11 and 12. These variously comprise 
euhedral equant magnetite or magnetite dendrites with 
wustite relicts and minor iscorite. The oxide grains comprise 
30-50% of the microstructure and are followed by olivine of 
up to 800µm length. 
 
The fourth lobe continues to the top of the piece. It is 
separated from the lobe below by Crust 3, which is up to 
200µm thick and formed of magnetite. The lobe is 
approximately 3mm thick and contains two discontinuous, 
possibly partially resorbed crusts – Crusts 4 and 5. The 
fourth lobe coincides with Zone 13, in which equant, 
euhedral magnetite of up to 150µm is the primary phase, 
followed by olivine of up to 800µm length. 
 
The whole-sample bulk analysis is dominated by iron oxide.  
 
When the major element analysis is recast and normalised 
on an iron-free basis (Table 4), then several elemental 
oxides (SiO2, Al2O3, Na2O, K2O and TiO2) are in 
approximately the same ratio as they are in the main suite 
of SHCs and the lining (NTH1-6). Other elemental oxides 
(MnO, MgO, CaO, P2O5) are enriched by 5 to 8 times their 
concentrations in the lining sample (NTH1). 
 
The silica:alumina ratio of the bulk sample is 7.9 (by 
weight). The U:Th ratio is 2.55. 
 
The Upper Crust-normalised rare earth element (REE) 
profile (Figure 1) is moderately flat (but with significant 
relative light REE depletion) and rather ‘saw-toothed’, with 
elevated relative abundance of Eu, Dy and Sm. The profile 
is this distinct from those of the other samples in this 
project. ΣREE is 17.8ppm. 
 
 
 

Interpretation 
 

Iron working residues from c1502 

 
With the exception of sample NTH5, the smithing residues 
(NTH2, NTH3, NTH4, NTH6) proved to be a coherent suite 
of materials the composition of which may be modelled 
through simple mixture of iron oxide with assimilated hearth 
lining. The bulk chemical compositions of the samples form 
a reasonably linear array between iron and a ceramic close 
in composition to that of NTH1. The similarity of the samples 
is demonstrated by a comparison of the major element 
composition, when recast and normalised on an iron-free 
basis (Table 4). Additional evidence for the ceramic 
composition can be found in the composition of ceramic 
clasts within the slags, as measured by EDS (Table 5). 
 
The close relationship between the samples is shown by the 
REE profiles (particularly when normalised against NTH1; 
Figure 7), the similarity of the silica:alumina and 
uranium:thorium ratios, and the various bivariate plots 
(Figures 8, 9). 
 
As would be expected from such a dataset, the array is not 
perfect, with, for instance, NTH2 having a higher 
silica:alumina ratio than the other residues, presumably due 
to a slightly different ceramic composition (a higher 
proportion of sand or sandstone grains). 
 
The nature of the assimilation of the hearth lining varied 
from complete reaction through to entrainment of almost 
compositionally unaltered (if vitrified) clasts. The further 
detail of the assimilation process can be obtained through 
consideration of the microanalysis of the microstructural 
components by EDS. This is illustrated by the ternary 
diagrams of FeO-SiO2-Al2O3 (Figure 10) and FeO-SiO2-total 

feldspar (Figure 11). The data form a very poor fit to the 
fields of the FeO-SiO2-Al2O3 ternary diagram (Figure 10), 
because the relatively high proportion of sodium, potassium 
and calcium with respect to aluminium (so that a phase 
diagram with hercynite as the main aluminous phase is not 
appropriate). Utilisation of the FeO-SiO2-anorthite pseudo-
ternary (Levin et al. 1964, p. 288, fig. 869; as employed by 
Morton & Wingrove 1969, 1972) is also not particularly 
appropriate, since the concentrations of sodium and 
potassium are high with respect to calcium.  
 
The approach adopted here is recast the analyses in terms 
of a pseudo-ternary plot with poles FeO, SiO2 and (KAlSi3O8 
+ NaAlSi3O8 + CaAl2Si2O8, i.e. total feldspar). Plotting the 
fields of the FeO - SiO2 - CaAl2Si2O8 phase diagram 
provides some approximation by which the data may be 
interpreted. On this diagram, the slag microanalyses for 
samples NTH2, NTH3 and NTH6 plot close to the location 
of the feldspar-fayalite eutectic in the FeO - SiO2 - 
CaAl2Si2O8 diagram, whereas those from NTH4 plot closer 
to the position of the hercynite-fayalite eutectic (hercynite 
was recorded as a late phase in NTH4).  
 
Fragments of lining incorporated as clasts into the slag cake 
were observed in NTH2, NTH3 and NTH4, as well as NTH5. 
Examples of the incorporated material were analysed by 
EDS (Table 5). The clasts incorporated into NTH2, NTH4 
and NTH5 appeared to be bloated and vitrified ceramic, with 
abundant quartz sand, now comprising relict cracked quartz 
grains in a glassy matrix. In sample NTH3, clasts of bloated 
sandstone were recorded, rather than of hearth ceramic. 
 
Most observed examples of such clasts possessed 
apparently abrupt contacts with the encasing slag (e.g. 
Figure 2b, Figure 4f). Serial EDS analyses across the 
margins showed, however, that compositional gradients 
exist, demonstrating the assimilation of the clasts into the 
melt (Figure 3). Such assimilation processes must generate 
the bulk composition of the slag cakes through the overall 
reaction between iron oxides lost from the workpiece and 
the melted hearth wall. The opposite side of that process, 
the assimilation of the iron oxides, may be observed in 
NTH4 and NTH6 SOI7 (Figure 5a). The abruptness of the 
contacts between the vitrified clasts and the slag may be 
because the initial vitrification and partial melting of the clast 
takes place at high temperatures. The liquidus temperature 
for compositions equivalent of the typical interstitial glass of 
the clasts may be as high as 1400C and for the marginal 
feldspar-rich zones seen in NTH3 about 1300C according to 
the FeO - SiO2 - CaAl2Si2O8 phase diagram. The actual 
liquidus temperatures may have been slightly lower 
(because of the influence of iron, sodium and potassium), 
but they are likely to be significantly higher than the c. 
1100C liquidus temperature for the main slag phase. The 
textures now observable in the slag cakes must reflect the 
final solidification of the slag, at a much lower temperature 
than (and therefore long after) the solidification of the partial 
melt in the clasts. 
 
The interstitial glass in the clasts represents a partial melt 
phase derived from the clasts (Table 6). The melt 
composition shows a shift away from the SiO2 pole on the 
ternary diagrams (Figure 11), with a modest increase in iron 
content (probably indicating a mild fluxing effect in the 
original environment of the clasts). For NTH2 and NTH4 
these plot (on the FeO-SiO2-feldspar diagram, using the 
fields of the FeO - SiO2 - CaAl2Si2O8 diagram) on the silica 
side of the silica-anorthite eutectic, but for NTH3 the 
analysed interstitial glasses lie in the anorthite field. On 
examination of the analyses (Table 6) and when plotted in 
various binary combinations (Figure 12) the composition of 
the interstitial glasses can be seen to have systematic 
variation. There is co-variation in the contents of sodium, 
potassium and calcium of the interstitial glass in the partially 
melted clasts. For the apparently relatively unaltered clasts, 
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calcium contents are low, commonly below detection. These 
relationships suggest that although external fluxing by wood 
ash rich in calcium and potassium may have been involved 
in some of the samples, for sample NTH3, the marked 
proximity of the composition of the partial melt to the 
feldspar pole of the FeO – SiO2 – feldspar ternary plot 
suggests that melting of detrital feldspar grains within the 
sandstone is likely to be the major control on melt 
composition in this instance. 
 
One of the examined iron-working slag cakes (NTH5) did 
not appear to fit this model. It differed in being a hollow slag 
cake, with an iron-rich composition. It appears likely that 
deep weathering of this piece has led to preferential loss of 
the interstitial phases and that the iron-rich bulk composition 
is due to secondary iron oxides formed after the weathering 
of a large proportion of original iron metal. 
 
Microanalysis of fresh slag shows compositions close to 
those observed in sample NTH4. Areas of weathered slag 
show a range of compositions extending to a point on the 
FeO-SiO2 line (Figure 11) that would correspond to fayalite 
with minor wustite. This is interpreted as the compositional 
trend with removal of the interstitial phases. 
 
It is likely, but not certain, that this slag cake also originated 
within the same chemical system as the smithing residues. 
The observed differences are interpreted as resulting from 
the weathering of the slag and of metallic iron inclusions. 
There are, however, other possible interpretations of this 
piece. The development of a large cavity below the upper 
surface and the presence of metallic inclusions are 
properties that have been observed in slag cakes produced 
from hearth refining/remelting of iron in order to control 
phosphorus and carbon contents (author’s pers. obs.; 
Sauder 2013), including small scale steel making. These 
processes are described in more detail in the following 
section (the discussion of sample NTH7). It may possibly be 
significant that the REE profiles for both NTH5 and NTH7 
(Figures 1 and 7) show a slight relative depletion of the 
LREE compared with the profiles of the other samples. 
Unfortunately, because of both the poor preservation of this 
cake and the current poor understanding of hearth steel 
making slags, it is not possible to discriminate between 
these possibilities. 
 
 

Dense iron slag from c1676 

 
This slag piece was unusually rich in iron oxides, possessed 
a somewhat layered structure, contained iron oxide crusts 
defining lobe boundaries and also showed a gradient in the 
oxidation state of the iron (with the unusual occurrence of 
iscorite).  
 
These features place the specimen outside the normal 
range of Roman slag compositions and textures. The 
compositional gradient away from dense wustite is 
suggestive of a progressive oxidation of iron metal. There 
are three possible interpretations of the material.  
 
The first possibility is that the piece represents a fragment of 
partially reduced ore (or reduced and re-oxidised ore). In 
this model, the ore would need to be very high grade (since 
the non-iron content of the slag forms a moderately good 
match to the hearth ceramic seen in the smithing residues 
described above). Although incompletely reduced ore is not 
uncommon on bloomery smelting sites, none has been 
recorded with a layered structure, with iron oxide crusts or 
bearing iscorite. The potential ore composition could be 
modelled by subtracting the influence of furnace lining from 
the bulk composition of the sample. The overall similarity of 
the silica:alumina ratio for the bulk sample with those from 
analysed smithing slags and the general form of its REE 
profile, would suggest much of the non-iron component of 

the bulk sample is derived from the furnace lining (as is the 
usual case in bloomery iron making; Thomas & Young 
1999a and 1999b). In this case, if all the alumina in the bulk 
residue was derived from the lining, then the residue would 
be approximately 10.6% lining. Such a value would be in 
line with those calculated from mass-balance modelling of 
bloomery furnaces smelting Bristol Channel Orefield ores. If 
this proportion of the value for the lining is deducted from 
each elemental concentration in the residue, then a model 
composition for the ore under these assumptions. Such a 
model would require the ore to have extremely low trace 
element contents. Ores of such a composition do occur 
within the Bristol Channel Orefield, but no examples have 
been recorded in which an ore of this type has developed a 
structure or mineralogy similar to NTH7 on partial reduction. 
 
A second possibility is provided by the occurrence of 
iscorite-bearing slags amongst the residues produced by 
post-medieval techniques for oxidising the impurities 
(carbon, phosphorus, sulphur, silicon…) from cast iron as 
part of the process for the production of wrought iron. 
Iscorite has been recorded in residues (macro- and micro-) 
from both refining (Young in prep.) and puddling (Young 
2009, 2011a, 2011b). All these residue types, however, 
typically have elevated levels of phosphorus (usually to 
several wt%) and often sulphur, neither of which is a feature 
of the present material. There is no evidence that the 
specimen was intrusive into its originating context and its 
degree of weathering is similar to other Roman residues 
from the site. 
 
The third possibility, having dismissed the previous two as 
unlikely explanations, is suggested by a very few 
occurrences of similar slags elsewhere. In particular a 
comparison might be drawn with a sample from Plot 331 of 
the Brecon-Tirley Gas Pipeline (near Kingstone, 
Herefordshire) of latest Iron Age or early Roman age. This 
site yielded an assemblage of SHCs, interpreted to be 
residues from bloom-smithing, some with very high wustite 
contents and one of which (Young 2012b, Sample K; p. 4 
and plates 1a, 1c, A27, A28 and A29) showed features 
similar to the present material. The EDS analyses of 
Sample K had a slightly lower average iron content than the 
bulk analysis NTH7 (71.3wt% expressed as FeO), but like 
NTH7 it displayed iron oxide crusts separating lobes that 
had differing mineralogy and iron content. Iscorite occurred 
in a small area of the specimen. Sample K was taken from a 
small dense SHC, measuring 110mm x 110mm x 40mm 
and probably originally weighing around 900g (854g was 
surviving after sample preparation). 
 
A second example of an SHC containing iscorite was 
recorded from the Viking settlement at Woodstown, Co. 
Waterford. Sample WTN1 (Young 2009, p. 4-5 and Plates 1 
and 2) was taken from a 300g fragment from a SHC of 
unknown overall size. The slag cake appeared to have been 
produced from a deep, fluid slag puddle. The microstructure 
of a section through the SHC shows that, although the bulk 
iron content is relatively low (56.6wt% expressed as FeO), it 
shows a similar style of stratification to NTH7, with localised 
zones characterised by the content and morphology of 
wustite, magnetite and iscorite. The sample does not, 
however, show the development of a lobate texture or 
internal iron oxide crusts. This sample was somewhat 
different to the other residues from Woodstown that were 
interpreted as from bloom-smithing and was tentatively 
proposed to be from an oxidative decarburising process. 
 
The less strongly reducing environment that can be 
interpreted to have prevailed during the formation of these 
two examples parallels that for NTH7. Such conditions 
might be entirely accidental, but it would appear likely that 
they are the result of a deliberate process (or processes).  
Slags interpreted as bloom-smithing residues may contain 
significant quantities of metallic iron, but these tend have 
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been observed as apparently dissolving into a fayalitic melt 
(e.g. Young 2012a, Clonfad, samples CFD6b and CFD13b). 
Similar textures, with mainly relatively low-iron content slag 
and only a limited development of wustite-rich 
microstructures, surrounding iron particles have been 
observed in poorly consolidated bloom in furnace slags (e.g. 
Young 2012a, Ballykilmore, sample BYK5; Young 2012b, 
bloom fragment, sample D2, Plot 430 of the Brecon to Tirley 
Gas Pipeline; Young 2012c, bloom from Cannop). It is 
possible that the oxidation of a bloom-smithing slag could 
have been produced accidentally, but this seems unlikely 
 
Processes involving remelting of iron in a strong air blast 
might be suitable candidates for providing such an 
environment. Remelting pig iron to decarburise it is the 
basis of the finery process (as well as the refinery, puddling 
and other related processes) and small-scale decarburising 
of cast iron as early as the Saxon period has been 
suggested by Mack et al. (2000). More recently a small 
scale steel-making process described by Aristotle (in 
Meteorologica) involving the opposite of fining, the remelting 
of a low carbon bloomery iron to produce a high carbon 
steel, long assumed to be fanciful, has been rehabilitated 
first, theoretically by Wagner (1990) and later, practically by 
Sauder (2013). This process has been shown to produce 
steel, with a controllable carbon content, and a low 
proportion of slag inclusions. The renewed interest in the 
‘Aristotle process’ has also led to renewed interest in the 
hearth processes described by Ole Evenstad in Norway in 
the late 18th century (Jensen 1968; Wagner 1990). There is 
currently much experimental interest in the ‘Evenstad 
process’ which appears to employ slightly different hearth 
configurations (all with a strong horizontal air-blast into a 
very hot hearth) to first de-phosphorise iron in a first remelt, 
and then increase its carbon content to make steel in a 
second remelt. There is, therefore, now a growing 
recognition that remelting is likely to have played a part in 
many bloom refining and processing traditions alongside the 
more conventional forge-and-fold style of bloom-smithing. 
Unfortunately, there is as yet on published account of the 
residues produced by these different processes, although a 
limited amount of analytical work has now been undertaken 
(author’s unpublished work). It is not yet possible to attribute 
the sorts of residues described here to any particular 
process, beyond the overall observation that NTH7 appears 
to have been formed in a compositional gradient suggesting 
the residue may have formed in contact with metallic iron 
and that the environment. At least on occasion, was 
insufficiently reducing to maintain all the iron oxides as 
wustite. 
 
 
 

Conclusion 
 
The evolution of the smithing residues can be interpreted as 
a two stage process. Firstly loss of material from the wall 
may have taken place in a largely particulate manner, with 
fragments detaching from the wall (although the particles 
themselves may have been very viscously fluid), rather than 
a progressive flow of low viscosity partial melt (although that 
may play a role too). A significant degree of fluxing of the 
wall probably took place in situ, with both wood ash 
(particularly rich in calcium and potassium oxides) and iron 
oxides acting as fluxes. The partially melted particles 
apparently varied greatly in size, perhaps up to about 
10mm, with small stone clasts sometimes being rather 
larger. It is these partially melted clasts that give the iron-
poor slags their ‘gravelly’ appearance.  
 
The compositional difference between the tongue-like 
gravelly slag cakes and the denser iron-rich conventional 
SHCs sheds light on the development of the smithing slags. 
The difference is principally in the proportion of iron they 
contain. In both the present examples and those from 

Ireland (e.g Woodstown, Young 2009), the tongue 
morphology is seen in slag cakes with an iron content 
(expressed as FeO) of less than approximately 45%. In the 
present assemblage NTH2 and NTH3 have the tabular 
tongue morphology whereas NTH5 and NTH6 are more 
classic SHCs. NTH4 is borderline, retaining the blebby 
texture of a tongue, but developing a more roundedly 
convex base. 
 
Both tongues and classic SHCs developed a fayalitic slag. 
The various examples differ in the proportion of fayalitic slag 
(lower in the tongues, higher in the SHCs), but also in the 
composition of the slag. The fayalitic slag of the tabular 
tongues NTH2 and NTH3 was iron poor compared with that 
in the convex-based cakes. NTH4 and NTH6 show slag that 
is slightly more iron-rich on average than that in the 
tongues, but which is very heterogeneous. The 
heterogeneity of these samples appears to be controlled in 
part by iron-rich areas (assimilated iron oxides?), but also 
because of the role of the vesicles in controlling 
composition.  
 
Dominantly sharp margins to the observed ceramic 
inclusions in the slags, and rather gentle compositional 
gradients in the slag away from these margins, suggests 
that the ceramic clasts reacted with the iron slags rather 
quickly and homogenised rapidly. The textures, composition 
and morphology of the ‘gravelly’ slags is thus likely to be 
due to a low rate of iron supply during the formation of the 
slag mass, rather than these cakes representing incipient 
SHCs limited by short work periods. Processes with a low 
rate of iron loss from the workpiece might include simple 
forging tasks (such as nail production) and repair work 
(such as retempering tools). 
 
Sample NTH5 showed slag of a markedly different 
composition (low in aluminium and alkalis), perhaps 
suggesting loss of the interstitial phases during weathering. 
Poor preservation of this specimen prevents certainty as to 
whether this cake was similar to the main suite of smithing 
residues or whether it represented a rather different 
process. 
 
The most iron-rich slag, NTH7, resembles materials on 
other sites where bloom processing is believed to have 
been taking place. It is not clear what process, precisely, 
was responsible for the production of this residue, but it was 
possibly one of the family of remelting techniques (hearth 
remelting processes may be employed for a variety of 
purposes, including adjusting the composition of iron, such 
as for small scale steel-making, and recycling scrap). 
 
 
 

  



GeoArch Report 2013/27: Residues from Neath 
 

8 

References 
 
 

 
 

JENSEN, N.L. 1968. "A treatise on iron ore as found in the 
bogs and swamps of Norway and the process of turning it 
into iron and steel", Abridged translation of Evenstad 1790. 
Bulletin of the Historical Metallurgy Group, 2, 61-65. 
 
LEVIN, E.M., ROBBINS, C.R. & McMURDIE, H.F., 1964. 
Phase Diagrams for Ceramists, Columbus, Ohio, American 
Ceramic Society.  
 
MACK, I., McDONNELL, G., MURPHY, S., ANDREWS, P. 
& WARDLEY, K. 2000. Liquid steel in Anglo-Saxon 
England. Historical Metallurgy, 34, 87-96. 
 
MORTON, G.R. & WINGROVE, J. 1969. Constitution of 
bloomery slags: Part 1: Roman. Journal of the Iron and 
Steel Institute, 207, 1556-1564. 
 
MORTON, G.R. & WINGROVE, J. 1972. Constitution of 
bloomery slags: Part II: Medieval. Journal of the Iron and 
Steel Institute, 210, 478–488. 
 
SAUDER, L. 2013. Making steel in the ‘Aristotle furnace’. In: 
D. Dungworth and R.C.P. Doonan (eds) Accidental and 
Experimental Archaeometallurgy. Historical Metallurgy 
Society, Occasional Publication No. 7. 
 
SCHAIRER, J.F. & YAGI, K. 1952. The system FeO- Al2O3-
SiO2. American Journal of Science (Bowen volume), 471-
512. 
 
TAYLOR, S.R. & McLENNAN, S.M. 1981. The composition 
and evolution of the continental crust: rare earth element 
evidence from sedimentary rocks. Philosophical 
Transactions of the Royal Society, A301, 381-399. 
 
THOMAS, G.R. & YOUNG, T.P. 1999a. A graphical method 
to determine furnace efficiency and lining contribution to 
Romano-British bloomery iron-making slags (Bristol 
Channel Orefield, UK). In: YOUNG, S.M.M., BUDD, P.D., 
IXER, R.A. and POLLARD, A.M. (eds). Metals in Antiquity, 
British Archaeological Reports International Series, 792, 
223-226. Archaeopress, Oxford. 
 
THOMAS G.R. & YOUNG, T.P. 1999b. Bloomery furnace 
mass balance and efficiency. In: POLLARD, A.M. (ed) 
Geoarchaeology: exploration, environments, resources, 
Geological Society of London, Special Publication, 165, 
155-164. 
 

WAGNER, D.B. 1990. Ancient carburisation of iron to 
steel: a comment. Archeomaterials, 4, 111-117. 
 
YOUNG, T.P. 2009. Archaeometallurgical residues from 
Llynfi Vale Ironworks, Maesteg, GeoArch Report 2009/18, 
23 pp. 
 
YOUNG, T.P. 2009. Ferrous archaeometallurgical residues 
from Woodstown 6, GeoArch Report 2009/22, 66 pp. 
 
YOUNG, T.P . 2011a. Archaeometallurgical residues and 
associated materials from the M74 Completion, Glasgow. 
GeoArch Report 2010/22, 274 pp. 
 
YOUNG, T.P. 2011b. Some preliminary observations on 
hammerscale and its implications for understanding 
welding. Historical Metallurgy, 45, 1, 26-41. 
 
YOUNG, T.P., 2011c. Archaeometallurgical residues from 
the N7 Castletown to Nenagh scheme, Camlin 3 (E3580), 
Co. Tipperary. GeoArch Report 2011/23. 62 pp. 
 
YOUNG, T.P. 2012a. Appendix 3 -. Exploiting the bog -: iron 
production and metalworking, pp. A3.1 – A3.60 In: P. 
Stevens & J. Channing, Settlement and Community in the 
Fir Tulach Kingdom. National Roads Authority and 
Westmeath County Council. 
 
YOUNG, T.P. 2012b. Archaeometallurgical residues from 
the Brecon to Tirley gas pipeline. GeoArch Report 2012/18, 
75pp. 
 
YOUNG, T.P. 2012c. Investigation of a bloom fragment from 
Cannop, Forest of Dean (Glos HER 37920). GeoArch 
Report 2012/21, 5pp. 
 
YOUNG, T.P. 2013. Assessment of archaeometallurgical 
residues from Dwr-y-Felin School, Neath (GGAT 677 & 
716). GeoArch Report 2013-11, 31pp. 
 
YOUNG, T.P. in prep. Archaeometallurgical residues from 
Ynysfach Ironworks, Merthyr Tydfil. GeoArch Report 2013-
29, 
 
 
 
 
 
 

  



GeoArch Report 2013/27: Residues from Neath 
 

9 

Figure Captions 
 
 
Figure 1: REE profiles, normalised to Upper Crust 
(normalisation factors after Taylor & McLennan 1980) 
 
Figure 2: BSEM Images NTH2, NTH3 

a. NTH2 SOI1. Scalebar 1mm. 
Typical olivine-rich microstructure. 

b. NTH2 SOI5-6. Scalebar 600µm. 
Abrupt contact of olive-rich slag with the margin of 
a deeply vitrified inclusion. Dark cracked grains 
are quartz, set in a variably grey glass with 
elongate dark crystals of mullite and bright specks 
of Fe-Ti oxides. 

c. NTH2 SOI8. Scalebar 1mm. 
Bloated ceramic clast. Vesicles are black where 
filled by the mounting resin, but pale and smooth-
appearing where unfilled. Quartz grains are mid-
grey in a paler glass. 

d. NTH3 SOI8-11. Scalebar 600µm. 
Complex contact between olivine-rich slag and 
partially melted sandstone clast. Vesicles are 
black where filled by the mounting resin, but pale 
and smooth-appearing where unfilled and white 
where filled by secondary iron oxides. The dark 
grey marginal zone with elongate crystals is 
dominantly feldspar.. 

 
Figure 3: EDS analyses from NTH3, placed in an 
approximate location with respect to the clast:slag interface. 
This demonstrates the compositional gradients present in 
the slag. Solid (upper) symbols are EDS analyses of 
representative analyses of typical areas. Open (lower) 
symbols indicate EDS analyses (points and areas) of the 
interstitial glass between the quartz grains of the clast. The 
patterns of enrichment of CaO and K2O in the interstitial 
glass of the clast suggests their enrichment from fuel ash 
before incorporation into the iron slag. 
 
Figure 4: BSEM Images NTH4, NTH5 

a. NTH4 SOI3. Scalebar 1mm. 
Heterogeneous texture, with large olivine crystals 
(pale), with vesicles (dark) and weathered 
patches (mid grey), surrounding a vesicle with a 
discontinuous leucite rim (dark) and a fill of finer 
olivine in glass (dark grey). 

b. NTH4 SOI4. Scalebar 100µm. 
Detail of (a) showing leucite rim to vesicle (dark), 
overlain by an inward-growing cotectic of leucite 
and wustite-cored fayalite. The main pore filling 
shows wustite (bright), overgrown by olivine (pale 
grey) and minor hercynite (mid-grey) with 
interstitial glass (dark grey).  

c. NTH4 SOI5. Scalebar 1mm. 
Sheaves of olivine (pale) with interstitial glass 
(mid grey) 

d. NTH4 SOI6. Scalebar 1mm. 
Bloated ceramic clast. Vesicles are black where 
filled by the mounting resin, but pale and smooth-
appearing where unfilled. Contact with very fine-
grained slag to right. 

e. NTH5 SOI5. Scalebar 1mm. 
Heterogeneous texture with variable size and 
morphology of olivine (pale). Vesicles partially 
filled by weathering products (dark grey). 

f. NTH5 SOI6 Scalebar 1mm. 
Small vitrified ceramic inclusion with sharp 
margins in heterogeneous slag. 

 

Figure 5: BSEM Images NTH6, NTH7 
a. NTH6 SOI7. Scalebar 1mm. 

minor primary wustite dendrites (bright), with 
wustite scale-like particle in lower left, followed by 
large olivine crystals with complex quenched 
morphology in interstitial glass (dark). 

b. NTH6 SOI3. Scalebar 1mm. 
Rather equant olivine (pale) associated with a 
finer elongate olivine in the interstitial glass (dark). 
Black areas are large porosity. Vesicle partially 
infilled by secondary weathering products at top. 

c. NTH6 SOI9. Scalebar 100µm. 
Detail of an interstitial area, showing the two 
complementary textures – firstly fine late dendritic 
olivine in glass (right) and secondly an olivine-
leucite cotectic (left). 

d. NTH7 SOI7. Scalebar 2mm. 
Densest zone of wustite (bright) showing layering 
and large vesicles, partially filled by a slag with 
fine dendrites of wustite, elongate olivine (mid 
grey) and glass (dark grey). 

e. NTH7 SOI9. Scalebar 300µm. 
Detail of (d) showing margin of vesicle. 

 
Figure 6: Details of sample STH7. 

a) Montage of BSEM images to form a transect 
across the sample. 

b) Montage of BSEM images corresponding to area 
outlined in red in (a). This area covers the change 
from wustite replaced and overgrown by 
magnetite and iscorite towards the base, through 
magnetite replaced elongate wustite dendrites to 
euhedral equant magnetite towards the top above 
the crust of wustite, replaced and overgrown by 
magnetite. 

c) Explanation of (a) with zones and crusts labelled. 
Black areas are vesicles; green areas are early 
vesicles now filled by fayalitic slag. 

 
Figure 7: REE profiles, normalised to ceramic NTH1, using 
analyses recast on an iron-free basis. 
 
Figure 8. Plot of Al2O3 against SiO2 for normalised EDS data 
and XRD bulk analyses. 
 
Figure 9. Plot of total iron expressed as Fe2O3 against SiO2 
for normalised EDS data and XRD bulk analyses. 
 
Figure 10. FeO-SiO2-Al2O3 ternary diagram. Fields 
simplified after Schairer & Yagi 1952. 
 
Figure 11. FeO-SiO2-feldspar pseudo-ternary diagram. 
Feldspar pole constructed from total feldspar based on 
contents of Na, Ca, and K, with available Al distributed 
between them. The fields shown are those of the FeO - 
SiO2 - CaAl2Si2O8  pseudoternary (after Levin et al. 1964) 
and provide only a general guide to field locations; the 
liquidus fields would actually depend on the Na:K:Ca 
proportions. 
 
 
Figure 12: EDS analyses of glass formed by partial melting 
of ceramic clasts and associated materials. All values in 
wt%. 
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Glossary 
 
 
Aristotle process/furnace: a modern name for a 

technique for increasing the carbon content of 
iron to produce steel, by remelting it in a small 
enclosed furnace. The ‘Aristotle Furnace’ is a 
small furnace to produce a small ‘puck’ of steel, 
invented by Skip Williams, following accidental 
steel production in a hearth, inspired by a 
mention of remelting in Aristotle’s Meteorology 
Book 4 (supposed to be of the 4th century BC). 
The tuyère angle and bed depth can be adjusted 
to control the carbon content of the product 
(Sauder 2013).  

 
Blacksmithing: the working of iron and steel. Usually 

restricted to the secondary smithing – i.e. the 
smithing of iron to produce or repair artefacts, as 
opposed to the smithing involved in the 
production of billets or bar iron from raw iron 
blooms. 

 
Bleb: a small rounded particle or textural component, 

often a droplet or prill. 
 
Bloom: The raw block of iron produced during smelting 

in the bloomery process. Blooms require further 
compaction and reworking (bloomsmithing) in 
order to remove voids, charcoal and most of the 
slag entrained in the raw bloom. The remaining 
slag forms elongate inclusions in the iron, which 
gives bloomery iron its toughness. Many of the 
objects described as blooms have undergone at 
least some compaction. Fully compacted blooms 
(but not yet worked down to usable bar iron) are 
termed billets. 

 
Bloomery: a furnace for smelting iron from ore in which 

iron is produced as a solid material. The 
bloomery process was employed mainly prior to 
the introduction of the later blast furnace from 
the late 15th century. 

 
Bloom-refining: Either (1) an alternative term for 

bloomsmithing, or (2) bloom processing 
techniques other than physical working (such as 
re-melting). 

 
Bloomsmithing: The process of reworking a raw bloom, 

through repeated reheating and hammering, to 
reduce its content of slag, to remove unwanted 
inclusions and to draw out the remaining slag 
into elongate inclusions. The end product may 
be a bar or billet. 

 
Blowhole: A hole through a furnace or hearth wall 

through which air is blown. 
 
Burr: the zone of interaction between slag and the 

hearth or furnace wall just below the 
tuyère/blowhole. Typically seen as a dense 
lunate slag, with attached highly indurated 
ceramic, forming a protuberance on the margin 
of an SHC or FB. 

 
Cotectic: crystallisation of a liquid to produce two 

phases at the same time. 
 
Dendrite: a branched crystal form, often associated 

with rapid growth. 
 

End-member: The limits of solid solution in a mineral 
system. Used in cases where all the possible 
sites which a particular element can occupy in a 
crystal are occupied by atoms of the element. An 
example would be fayalite, Fe2SiO4 being the 
iron end-member of the olivine group, whereas 
forsterite, Mg2SiO4 is the magnesium end-
member. 

 
Evenstad process/hearth: a modern name for a 

process involving remelting iron in an open 
hearth, with a strong horizontal air blast. The 
technique was described by Evenstad in 1790 in 
his account of traditional ironmaking in Norway 
(Jensen 1968; Wagner 1990). Evenstad’s 
account is not without problems, but seems to 
imply that iron smelted in a bloomery could be 
remelted twice with the hearth in different 
configurations. Modern commentators have 
generally assumed the first remelt was to control 
(reduce) the phosphorus content and the second 
to make carbon steel. Modern experimentalists 
and smiths use variants of the process to make 
‘hearth steel’ (c.f. the Aristotle process) and as a 
means of recycling iron-rich debris from 
bloomery smelting. 

 
Euhedral: a crystal shape in which the crystal has 

developed its faces, indicating its growth was 
unobstructed by previously formed phases.  

 
Fayalite: the iron-rich end member of the olivine group, 

Fe2SiO4.  
 
Forging: the process of hot-forming a metal by beating 

it. 
 
Forsterite: the magnesium-rich end member of the 

olivine group, Mg2SiO4. 
 
Hercynite: an iron-aluminium member of the spinel 

group of minerals: FeAl2O4 

 
Interstitial space or interstice: the space between the 

main generation of crystals in a material. On 
cooling the main phase of crystals will solidify 
whilst the interstitial spaces are still occupied by 
molten material, which will solidify at a lower 
temperature. 

 
Iscorite: the informal name for a phase (artificial 

mineral) to date only observed in metallurgical 
slags. The chemical composition is 
Fe2+5Fe3+2SiO10. The mineral is typically 
encountered in contexts where wustite is 
oxidised in the presence of fayalite. 

 
Leucite: a potassium-bearing mineral KAlSi2O6 

 
Magnetite: an iron oxide member of the spinel group, 

Fe3O4. 
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Olivine: a group of silicate minerals of the form 
(M2+)2SiO4 where M can commonly be iron, 
magnesium, calcium (up to half the M2+ ions) or 
manganese. Includes the end-members fayalite 
(Fe2SiO4), forsterite (Mg2SiO4), tephroite 
(Mn2SiO4), kirschsteinite (CaFeSiO4) and 
monticellite (CaMgSiO4). The complex 
substitutions are described in this report by using 
the convention of describing the Fe-Mg as the 
fayalite-forsterite proportion (for instance 
Fa95Fo5, where Mg is 5% of the total of Mg+Fe) 
and then describing the Ca and Mn 
concentrations as percentage substitutions of the 
forsterite-fayalite. 

 
Prill: a small aggregate of a material, either a 

spheroidal droplet or a runnel, formed from a 
melted liquid and either occurring as a discrete 
particle or as an inclusion within another 
material. 

 
Quench: to cool rapidly from high temperature. 
 
Remelting: a group of techniques (including those now 

commonly known as the Aristotle and Evenstad 
techniques) in which iron is melted in a small 
hearth or furnace to adjust its chemical 
composition, or to recycle small fragments into a 
fresh bloom. 

 
Smithing: the activity involved in forming a metal 

object, including, but not limited to, forging metal 
and joining metal by welding. 

 
Smithing hearth cake (SHC): the slag cake formed in a 

smithing hearth by reaction of iron oxides lost 
from the workpiece with silicate material from 
hearth ceramic and/or fuel, below and in front of 
the tuyère/blowhole. They are very variable in 
form, but are typically plano-convex in shape 
(although concavo-convex and biconvex forms 
are common), frequently with a dense lower 
crust and a less well consolidated upper part. In 
some cases the top is formed of glassy slag. 

 
Spinel: a mineral group with the general formula 

X2+Y3+2O4, which includes, amongst many others, 
the minerals hercynite and magnetite. 

 
Tap slag (or tapped slag, sometimes tapslag): slag that 

has been tapped from a furnace as a liquid to 
solidify outside the furnace. 

 
Tapping: the process or act of allowing a liquid to flow 

from a furnace. In the bloomery process it is the 
slag that may be tapped; in a blast furnace both 
slag and iron are tapped.  

 
Tongue: a slag mass that formed in a similar manner 

to a smithing hearth cake, but with a tabular 
form, typical silica rich and often glassy above, 
with pendent more iron-rich prills below. 

 
Valency: a measure of the number of bonds formed by 

an atom of a given element 
 
Vesicle: a void or pore, usually rounded and formed as 

a preserved gas bubble in a solidified melt.  
 
Wustite: an iron II oxide FeO. 
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Table 1: Details of samples selected for further analysis. 
 

Sample Context Wt of 
Spec. 

Specimen description Subsample notes 

     

NTH1 1502 22g hearth lining Bulk chemistry subsample: unvitrified section of wall 
 

NTH2 1502 130g maroon-surfaced gravelly tongue attached to vitrified lining SEM subsample: dense slag with edge of lining material,  
Bulk chemistry subsample: bulk tongue 
 

NTH3 1502 218g curved gravelly sheet-like tongue with pale glass SEM subsample: clast/slag boundary,  
Bulk chemistry subsample: bulk 
 

NTH4 1502 106g well-formed tongue (or incipient SHC) with dark glassy top, 
rusty base 

SEM subsample: grey slag,  
Bulk chemistry subsample: bulk 
 

NTH5 1502 270g pale green glassy-topped SHC, rusty hemispherical base, 
minor explosion from iron corrosion, fuel dimples in top. Hollow. 

SEM subsample: lower crust 
Bulk chemistry subsample: bulk 
 

NTH6 1502 200g part of pale dense SHC with possible basal tool marks SEM subsample from lower part – does not include the pale lining-influenced material on top,  
Bulk chemistry subsample: bulk 
 

NTH7 1676 56g dense angular slag fragment Bulk chemistry subsample: bulk 
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Table 2: Major element analyses of samples by XRF, expressed in oxide wt%. LOI = loss on ignition 
 

 SiO2 Al2O3 Fe2O3 Mn3O4 MgO CaO Na2O K2O TiO2 P2O5 SO3 LOI Total 

 wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% 

              

NTH1 66.60 9.13 16.97 0.25 0.72 1.34 0.78 2.43 0.77 0.262 0.041 0.44 99.86 

NTH2 61.40 6.56 25.30 0.14 0.62 1.42 0.83 2.88 0.50 0.295 0.040 -1.40 100.08 

NTH3 42.61 5.84 45.96 0.22 0.47 1.11 0.55 1.90 0.50 0.320 0.067 -2.84 99.71 

NTH4 38.90 5.21 51.50 0.21 0.49 1.02 0.49 1.85 0.46 0.445 0.062 -3.36 100.73 

NTH5 16.18 2.07 79.01 0.09 0.15 0.05 0.05 0.18 0.24 0.164 0.123 1.44 99.81 

NTH6 29.99 3.75 61.69 0.15 0.45 0.90 0.34 1.28 0.33 0.297 0.112 -4.11 99.37 

NTH7 7.68 0.97 88.94 0.20 0.54 1.37 0.09 0.37 0.10 0.280 0.039 -6.16 100.63 
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Table 3:Trace elements analysed by ICP-MS, expressed in ppm. 
 

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

 ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

                  

NTH1 7.8 81.2 47.8 75.5 34.2 265.7 101.1 11.1 54.7 131.1 19.9 313.2 10.37 3.19 3.31 2.48 324.9 

NTH2 5.0 76.1 541.2 120.7 835.9 270.5 220.4 5.7 50.2 128.9 13.9 261.7 7.53 4.02 4.93 1.79 273.4 

NTH3 6.2 79.8 46.2 249.5 34.1 416.2 280.8 6.7 35.8 128.7 16.9 292.6 7.39 6.05 5.04 1.46 215.2 

NTH4 5.9 75.4 34.8 281.7 27.7 362.4 83.6 8.3 41.8 121.2 14.7 234.1 6.46 2.62 1.46 1.55 250.0 

NTH5 2.8 39.8 97.5 442.9 250.1 518.6 106.5 6.7 5.4 23.0 5.6 139.1 2.21 36.20 1.14 0.29 57.4 

NTH6 5.0 70.6 1220.9 331.7 2708.5 522.6 281.2 7.6 27.4 103.0 10.5 211.0 5.77 5.46 2.68 1.10 248.9 

NTH7 2.0 39.6 17.8 504.5 43.6 589.9 131.4 4.7 4.3 53.1 4.6 95.6 1.70 9.61 0.85 0.15 118.4 

 
 
 

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

 ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

                    

NTH1 21.57 42.96 5.26 17.78 3.51 0.82 2.77 0.50 3.30 0.59 1.75 0.30 1.97 0.29 7.08 2.28 13.84 6.49 2.11 

NTH2 13.65 26.19 3.27 11.01 2.01 0.50 1.43 0.32 2.04 0.38 1.03 0.19 1.17 0.18 5.11 1.49 20.29 4.40 1.30 

NTH3 14.34 28.69 3.48 12.37 2.23 0.61 1.74 0.35 2.29 0.42 1.19 0.23 1.41 0.20 5.28 1.62 337.47 4.03 1.56 

NTH4 16.80 33.19 4.05 14.19 2.69 0.66 2.23 0.40 2.68 0.50 1.48 0.25 1.67 0.25 5.94 1.75 17.36 5.04 1.71 

NTH5 5.32 10.37 1.28 4.42 0.81 0.19 0.66 0.15 0.88 0.17 0.51 0.10 0.66 0.09 3.10 0.44 3.75 2.17 0.66 

NTH6 11.98 23.31 2.88 10.04 1.91 0.50 1.51 0.29 1.88 0.34 1.00 0.18 1.14 0.16 4.73 0.89 30.74 3.18 1.19 

NTH7 3.88 6.54 0.87 3.17 0.71 0.19 0.49 0.12 0.78 0.12 0.40 0.07 0.39 0.06 2.05 0.68 58.22 1.01 2.58 
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Table 4. Major element analyses (by XRF) normalised on an iron-free basis. 
 

  SiO2 Al2O3 Mn3O4 MgO CaO Na2O K2O TiO2 P2O5 SO3 

  wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% 

           
NTH1 80.9 11.1 0.3 0.9 1.6 0.9 3.0 0.9 0.3 0.0 

NTH2 82.2 8.8 0.2 0.8 1.9 1.1 3.9 0.7 0.4 0.1 

NTH3 79.5 10.9 0.4 0.9 2.1 1.0 3.5 0.9 0.6 0.1 

NTH4 79.2 10.6 0.4 1.0 2.1 1.0 3.8 0.9 0.9 0.1 

NTH5 83.8 10.7 0.5 0.8 0.3 0.3 0.9 1.2 0.8 0.6 

NTH6 79.8 10.0 0.4 1.2 2.4 0.9 3.4 0.9 0.8 0.3 

NTH7 66.0 8.3 1.7 4.6 11.8 0.8 3.2 0.9 2.4 0.3 
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Table 5: Hearth ceramic and entrained clast compositions. Analyses expressed in wt% oxide and normalised to 100%, with all iron expressed as Fe2O3. < = below detection 
 

Sample Area # Type Nature  Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 Mn3O4 Fe2O3 

               

NTH1 bulk  XRF bulk analysis of NTH1 0.79 0.73 9.19 67.10 0.26 2.45 1.35 0.77 0.25 17.10 

               

NTH2 SOI6 1 EDS area bloated ceramic 0.49 1.07 12.90 74.88 0.27 3.14 0.32 0.80 < 6.13 

NTH2 SOI8 1 EDS area bloated ceramic 0.85 0.88 11.23 78.66 < 2.37 < 0.78 < 5.23 

NTH2 SOI9 1 EDS area bloated ceramic 0.68 0.67 10.24 80.87 < 2.34 < 0.62 < 4.59 

NTH4 SOI6 1 EDS area bloated ceramic 0.90 0.58 12.40 71.88 0.86 1.49 0.00 0.83 < 11.07 

NTH5 SOI6 1 EDS area bloated ceramic 0.84 0.54 10.89 74.46 0.00 3.81 0.52 0.68 < 8.27 

               

NTH3 SOI4 1 EDS area bloated/vitrified sandstone 0.55 0.30 9.93 81.08 < 0.96 0.17 0.43 < 6.59 

NTH3 SOI4 2 EDS area bloated/vitrified sandstone 0.54 0.20 10.96 81.87 0.26 0.95 0.00 0.39 < 4.82 
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Table 6: Composition of interstitial glass in entrained clasts. Analyses by EDS, expressed in wt% oxide and normalised to 100%, with all iron expressed as Fe2O3. < = below detection. 
 

Sample SOI # Type  Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 Mn3O4 Fe2O3 

               

NTH2 SOI6 2 area glass with mullite? 0.71 1.59 20.34 61.95 0.31 4.03 0.57 1.16 < 9.35 

NTH2 SOI6 3 area glass with Fe-Ti oxides? 0.69 1.79 19.65 58.99 0.40 3.59 0.53 1.21 < 13.15 

NTH2 SOI8 2 area ‘bright’ glass 1.14 2.58 12.63 61.90 1.00 3.06 1.21 0.91 < 15.57 

NTH2 SOI8 3 area ‘medium’ glass 1.17 1.54 20.23 66.36 0.30 3.01 0.00 1.08 < 6.30 

NTH2 SOI9 2 area ‘bright’ glass 1.15 1.25 8.74 58.37 0.75 3.60 3.69 0.60 0.25 21.58 

               

NTH3 SOI6 5 area glass 1.98 1.16 17.13 55.61 0.45 6.25 1.39 1.03 < 15.01 

NTH3 SOI6 7 point glass 1.74 0.59 15.22 54.27 0.00 5.07 1.21 0.78 0.20 20.91 

NTH3 SOI11 1 area glass 1.70 1.18 16.76 55.23 0.41 5.78 2.16 1.08 0.30 15.38 

NTH3 SOI11 4 area glass 1.72 0.36 14.18 53.47 0.38 4.69 1.56 0.71 < 22.92 

NTH3 SOI11 5 area glass 1.54 0.76 12.77 57.90 0.41 5.34 2.00 0.72 0.17 18.39 

NTH3 SOI11 6 area glass 1.37 0.64 14.03 55.67 0.48 5.51 1.76 0.72 < 19.82 

               

NTH4 SOI6 3 point glass near margin of clast 0.88 1.10 16.51 65.34 0.69 2.88 < 1.34 < 11.25 

NTH4 SOI6 5 point glass 0.83 1.27 13.88 70.60 0.68 2.82 0.25 1.62 < 8.04 
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APPENDIX A: 
 
 
Other bulk analyses
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Table A1: Trace element analyses of samples by XRF, expressed in oxide wt%. 
 

 V2O5 Cr2O3 SrO ZrO2 BaO NiO CuO ZnO PbO HfO2 

 wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% 

           

NTH1 0.011 0.005 0.005 0.065 0.021 <0.002 <0.002 0.016 0.003 0.005 

NTH2 0.003 <0.004 0.011 0.055 0.014 <0.002 <0.002 0.009 0.007 <0.004 

NTH3 0.006 0.006 0.010 0.052 0.008 <0.003 <0.002 0.010 0.063 0.004 

NTH4 0.008 <0.004 0.013 0.051 <0.006 <0.003 <0.002 0.010 0.005 0.006 

NTH5 <0.003 <0.004 0.007 0.034 <0.006 <0.004 0.003 0.009 0.009 0.010 

NTH6 0.004 <0.004 0.019 0.039 0.011 <0.003 <0.002 0.012 0.010 <0.005 

NTH7 <0.003 <0.004 0.012 0.027 <0.006 <0.004 <0.003 0.007 0.013 <0.005 
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Table A2: Major element analyses of samples by ICP-MS, expressed in oxide wt%. 
 

 SiO2 MnO Fe2O3 TiO2 P2O5 

 wt% wt% wt% wt% wt% 

      

NTH1 44.38 0.17 15.16 0.64 0.28 

NTH2 46.73 0.10 24.71 0.44 0.33 

NTH3 42.48 0.19 49.80 0.52 0.36 

NTH4 30.12 0.18 56.44 0.46 0.53 

NTH5 9.65 0.06 87.34 0.24 0.19 

NTH6 21.14 0.12 68.19 0.35 0.36 

NTH7 2.48 0.18 96.04 0.11 0.33 
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APPENDIX B: 
 
 
EDS Microanalyses
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Table B1: EDS microanalyses expressed in elemental wt%. < = below detection 
 

Sample SOI # Area/ 
point 

 O Na Mg Al Si P S Cl K Ca Ti Cr Mn Fe Cu Zr Ba Total 

                       

NTH2 1 1 area typical 31.50 0.66 0.28 3.05 15.76 0.23 < < 1.38 1.46 0.17   38.54    93.02 

                       

NTH2 2 1 point ol mid 29.86  0.78 < 13.78     0.17    53.15    97.75 

NTH2 2 2 point ol inner 29.89  0.91 0.11 13.60     0.18    53.03    97.72 

NTH2 2 3 point ol inner 29.41  0.78 < 13.49 0.13    0.18    53.26    97.25 

NTH2 2 4 point ol mid 29.75  0.79 0.14 13.58     0.21    53.33    97.81 

NTH2 2 5 point ol outer 29.06  0.48 0.19 13.35     0.24    53.15    96.48 

NTH2 2 6 point late ol mix 29.46 < 0.19 0.58 13.75 0.17   0.29 0.42 <   51.07    95.93 

NTH2 2 7 point late ol mix 29.95 < 0.28 0.43 13.90    0.33 0.43 <   52.05    97.36 

NTH2 2 8 point late ol mix 32.52 0.40 0.20 2.45 16.12 0.17   0.72 1.06 <   47.80    101.43 

NTH2 2 9 point glass 38.41 1.15  8.31 20.43 0.48 0.10  2.87 5.16 0.69   18.11    95.70 

NTH2 2 10 point ol margin 31.18 0.42 0.34 1.63 15.73 0.11   0.80 0.58 <   48.04    98.84 

                       

NTH2 3 1 area typical 36.02 0.74 0.41 3.58 20.43 0.22 0.09  1.86 1.76 0.26  < 34.63    10< 

                       

NTH2 4 1 area typical 34.11 0.69 0.34 3.42 18.04 0.19   1.61 1.70 0.16   37.21    97.49 

                       

NTH2 5 1 area typical 33.34 0.75 0.40 3.54 18.21 0.21 <  1.70 1.57 0.26   31.68    91.68 

NTH2 5 2 area typical 47.62 0.27 0.27 3.02 39.36  <  1.56 0.15 0.19   2.24    94.68 

NTH2 5 3 area typical 30.12 0.61 0.34 3.18 16.23 0.19 0.07  1.53 1.43 0.18   28.59    82.47 

NTH2 5 4 area typical 30.31 0.71 0.28 3.28 16.84 0.15 <  1.61 1.42 0.20  < 30.46    85.27 

NTH2 5 5 area typical 33.68 0.64 0.29 3.70 18.54 0.23   1.89 1.52 0.22   30.96    91.66 

NTH2 5 6 point bright grain in clast 22.97   0.15 0.63 1.39 0.23  0.10 0.40   2.08 50.62    78.56 

                       

NTH2 6 1 area typical 43.46 0.33 0.59 6.20 31.80 0.11 <  2.37 0.21 0.44   3.90    89.38 

NTH2 6 2 area glass with mullite? 42.44 0.49 0.90 10.05 27.05 0.13   3.12 0.38 0.65   6.11    91.32 

NTH2 6 3 area glass with Fe-Ti? 43.20 0.51 1.07 10.25 27.19 0.17   2.94 0.37 0.72   9.07    95.48 

                       

NTH2 8 1 area typical 35.87 0.43 0.37 4.09 25.34    1.35  0.32   2.52    70.30 

NTH2 8 2 area bright glass 34.01 0.63 1.17 5.01 21.68 0.33   1.90 0.65 0.41   8.16    73.95 

NTH2 8 3 area medium glass 44.33 0.81 0.87 9.99 28.96 0.12 <  2.33  0.60   4.11    92.13 
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Sample SOI # Area/ 
point 

 O Na Mg Al Si P S Cl K Ca Ti Cr Mn Fe Cu Zr Ba Total 

                       

NTH2 9 1 area typical 27.94 0.27 0.21 2.89 20.14    1.04 < 0.20  < 1.71    54.39 

NTH2 9 2 area bright glass 46.70 0.96 0.85 5.17 30.50 0.37 <  3.34 2.95 0.40  0.20 16.87    108.30 

                       

NTH3 1 1 area typical 35.88 0.53 0.33 3.68 19.05 0.19 <  1.61 1.26 0.27  0.30 37.19    100.30 

                       

NTH3 2 1 area dendritic clot 38.84 0.56 0.16 4.05 21.05 0.17 <  2.18 1.19 0.43  0.16 31.65    100.45 

NTH3 2 2 point dendritic clot 39.18 0.68 0.13 4.14 21.24 0.20 <  2.40 1.24 0.37   30.23    99.81 

NTH3 2 3 point elongate dendrites 36.65 0.72 0.40 3.82 19.92 0.17 <  1.68 1.26 0.21  0.19 35.77    100.77 

NTH3 2 4 area elongate dendrites 36.89 0.73 0.39 3.97 20.19 0.19 <  1.85 1.33 0.27  0.19 34.06    100.06 

NTH3 2 5 point i/s 37.80 0.57 0.44 3.68 20.15 0.21 <  1.53 1.45 0.22  0.20 36.79    103.01 

                       

NTH3 3 1 area typical  36.75 0.68 0.31 3.62 19.67  <  1.51 1.08 0.28  0.17 37.06    101.14 

NTH3 3 2 area c400um from clast 34.12 0.56 0.23 3.39 18.16 0.16 <  1.41 1.06 0.22  0.17 35.32    94.81 

NTH3 3 3 area c300um from clast 34.75 0.58 0.29 3.36 18.47 0.19 <  1.41 1.03 0.21  0.14 35.40    95.84 

NTH3 3 4 area c200um from clast 35.01 0.66 0.22 3.43 19.50 0.09 <  1.58 1.00 0.26  0.24 33.45    95.47 

NTH3 3 5 area c100um from clast 36.65 0.64 0.25 3.58 20.55 0.12 <  1.90 0.97 0.31  0.13 30.61    95.71 

                       

NTH3 4 1 area c500um inside clast 26.17 0.20 0.09 2.59 18.72 < <  0.39 0.06 0.13   2.28    50.63 

NTH3 4 2 area c1000um inside clast 40.83 0.31 0.09 4.57 30.16 0.09 < < 0.62 < 0.19  < 2.66    79.53 

                       

NTH3 5 1 area typical 30.44 0.74 0.19 3.38 15.08 0.16 <  1.37 0.97 0.21  < 34.79    87.33 

                       

NTH3 6 1 area typical fine dendrites 34.28 0.71 0.31 3.80 18.75 0.19 <  1.66 0.99 0.29  0.28 33.40    94.65 

NTH3 6 2 area fine with dendritic clots 38.65 0.82 0.39 4.19 21.44 0.20 <  1.83 1.08 0.33  0.22 32.04    101.20 

NTH3 6 3 area inner bright dendrites 42.74 0.88 0.34 5.29 23.89 0.18 <  2.55 1.18 0.45   30.63    108.14 

NTH3 6 4 area dark dendrites 46.25 1.07  7.25 27.69 0.17 <  4.08 1.64 0.64   11.61    100.38 

NTH3 6 5 area glass in clast 44.40 1.49 0.71 9.21 26.42 0.20   5.28 1.01 0.63   10.67    100.02 

NTH3 6 6 point bright bleb 36.98   0.11 16.05         0.90  53.72  107.76 

NTH3 6 7 point glass in clast 43.89 1.35 0.37 8.42 26.52  <  4.40 0.90 0.49  0.15 15.29    101.79 

NTH3 6 8 point dark dendrites 36.08 0.83 < 6.91 23.84 0.24 <  4.01 1.07 0.73  < 14.14    87.83 

NTH3 6 9 point dark dendrites 42.45 0.85  7.08 25.18 0.18 <  3.45 1.27 0.61  < 13.18    94.25 

NTH3 6 10 point dark dendrites 46.72 0.79  7.35 28.11 0.21 < 0.11 3.41 2.00 0.69   12.03    101.42 

NTH3 6 11 area 250um from clast 32.98 0.66 0.29 3.56 17.64 0.16 0.10  1.51 1.11 0.28  0.19 32.65    91.14 

NTH3 6 12 area 150um from clast 33.85 0.78 0.32 3.73 18.35 0.20 <  1.77 1.05 0.25  < 32.44    92.74 
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Sample SOI # Area/ 
point 

 O Na Mg Al Si P S Cl K Ca Ti Cr Mn Fe Cu Zr Ba Total 

                       

NTH3 6 13 area 50µm from clast 35.40 0.74 0.44 4.17 2< 0.14 <  2.31 1.10 0.23  < 29.58    94.10 

                       

NTH3 7 1 point dark dendrite 34.75 0.60 0.09 6.35 24.29 0.19 < 0.20 3.15 1.34 0.44  < 8.87    80.26 

NTH3 7 2 point dark dendrite 35.26 0.71  6.04 23.67 0.15 0.08 0.12 3.40 1.20 0.41   10.32    81.35 

NTH3 7 3 point bright in inner eutectic 40.51 0.73 0.29 4.47 22.75 0.11 <  2.44 0.87 0.30  0.20 32.84    105.52 

NTH3 7 4 point dark in inner eutectic 42.92 1.11 < 6.90 26.85 0.15 0.11  3.52 1.88 0.54  < 13.31    97.30 

NTH3 7 5 point in separate eutectic bleb 43.13 0.69 < 4.86 23.61 0.12 <  2.53 0.78 0.38   28.08    104.18 

NTH3 7 6 area inner bright eutectic 41.71 1.22 0.27 5.78 25.51 0.10 <  3.48 1.04 0.35  0.21 21.18    100.83 

NTH3 7 7 area in outer dark dendrites 37.36 0.83  6.15 23.84 0.19 < < 3.26 1.17 0.46  < 10.53    83.78 

NTH3 7 8 point glass? Between outer dark dendrites 42.73 0.82 0.13 6.89 25.92 0.14 0.12 < 3.13 1.71 0.40   13.39    95.37 

NTH3 7 9 point hole? 17.80 0.41 0.16 4.01 16.82  0.07 0.16 2.81 0.94 0.34  0.17 16.33    60.04 

NTH3 7 10 point dark dendrite 34.94 0.67 < 6.34 22.95 0.21 < 0.14 3.21 1.18 0.45  < 11.67    81.78 

                       

NTH3 10 1 area typical 35.02 0.64 0.29 3.52 18.21 0.21 <  1.33 1.14 0.23  < 36.64    97.22 

NTH3 10 2 area 100µm from clast 36.93 0.75 0.25 3.88 19.51 0.17 <  1.73 1.12 0.34  < 36.66    101.34 

NTH3 10 3 area 300µm from clast 34.17 0.52 0.22 3.49 17.21 0.15 <  1.35 1.07 0.20  0.24 39.58    98.20 

NTH3 10 4 area 100µm from clast 41.43 0.61 0.32 4.21 21.94 0.18 <  1.65 1.16 0.31   39.38    111.20 

NTH3 10 5 area 500µm from clast 32.88 0.40 0.25 3.45 17.12 0.18 <  1.49 1.05 0.21  0.15 35.68    92.84 

NTH3 10 6 point vesicle fill 38.73    7.74     0.13    52.41    99.01 

NTH3 10 7 point vesicle fill 36.72    7.34     0.15    51.21    95.41 

                       

NTH3 11 1 area glass in clast 42.62 1.25 0.70 8.74 25.43 0.18   4.73 1.52 0.64  0.21 10.60    96.62 

NTH3 11 2 area outer bright 48.31 0.76 < 6.00 23.53 0.38 < 0.09 2.58 1.46 0.48   22.86 <   106.46 

NTH3 11 3 area outer medium 43.38 0.97 0.43 5.17 24.59 0.22 <  2.31 1.32 0.43  0.26 32.71 <   111.77 

NTH3 11 4 area glass in clast 43.63 1.33 0.23 7.80 25.98 0.17 <  4.05 1.16 0.44  < 16.66    101.46 

NTH3 11 5 area glass in clast 46.90 1.23 0.49 7.26 29.09 0.19 <  4.76 1.54 0.46  0.13 13.82    105.87 

NTH3 11 6 area glass in clast 43.30 1.00 0.38 7.34 25.75 0.21 <  4.53 1.25 0.43  < 13.71    97.90 

                       

NTH4 1 1 area inner dendritic 29.76 0.61 0.16 2.94 10.85 0.39 <  1.03 0.89 0.12  < 47.36    94.12 

NTH4 1 2 area inner dendritic with W 34.61 0.62 0.28 3.56 14.65 0.33   1.52 0.85 0.18  < 47.19    103.79 

NTH4 1 3 area outer dendritic 25.73 0.51 0.11 2.79 10.24 0.33   1.11 0.85 0.10   34.26    76.04 

                       

NTH4 2 1 area typical mixed 33.97 0.61 0.15 3.24 13.21 0.29   1.24 0.96 0.22   43.88    97.77 
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Sample SOI # Area/ 
point 

 O Na Mg Al Si P S Cl K Ca Ti Cr Mn Fe Cu Zr Ba Total 

                       

NTH4 4 1 point main ol outer 28.54  0.32 0.24 12.30     0.17   0.18 50.84    92.59 

NTH4 4 2 point main ol outer 29.34  0.28 0.18 12.52     0.17    51.95    94.44 

NTH4 4 3 point bright bleb in pore lining 23.78   1.15 0.24      1.00   71.33    97.49 

NTH4 4 4 point outer ol in pore lining 30.51 0.18 < 0.34 12.50 0.26   0.09 0.52    53.02    97.43 

NTH4 4 5 point late olivine core 31.29  0.30 0.19 13.22 0.17    0.17    53.85    99.19 

NTH4 4 6 point late olivine outer 30.05  0.20 0.27 12.70 0.17    0.34    53.28    97.02 

NTH4 4 7 point o/g on w dendrite in pore 31.94   4.85 7.31     0.59 2.31   52.46    99.46 

NTH4 4 8 point bright in pore lining 23.90   0.94 0.33    0.12  0.31   73.04    98.64 

NTH4 4 9 point late on W in pore 31.29 1.26  15.61 4.39 0.36   0.32 1.86 1.48   39.36    95.92 

NTH4 4 10 point granular on late ol 31.73 <  19.60 0.27     0.17 1.83   40.91    94.50 

NTH4 4 11 point medium in pore lining 32.18   16.73 0.60     0.15 2.95   44.99    97.60 

NTH4 4 12 point bright bleb in main ol 22.15   0.33 0.41      0.41   70.95    94.25 

NTH4 4 13 point glass in pore 39.42 3.38  7.64 17.91 1.57 0.31  2.12 7.73 0.22   16.45    96.75 

NTH4 4 14 point glass in pore 40.57 3.79  8.40 18.42 1.70 0.27  2.72 7.21 0.28   15.14    98.51 

NTH4 4 15 point granular on late ol 34.98   17.92 1.65    0.22 0.79 2.25   41.67    99.48 

NTH4 4 16 point o/g on w dendrite in pore 31.35   6.45 7.56 0.20    0.65 1.38   51.51    99.11 

NTH4 4 17 point Intergrown with leucite 31.14   15.48 0.36    0.13  2.45   45.95    95.52 

                       

NTH4 5 1 area typical 31.02 0.59 0.19 3.45 13.95 0.25 <  1.40 0.86 0.27  < 41.38    93.36 

                       

NTH4 6 1 area typical clast 35.00 0.44 0.23 4.31 22.10 0.25   0.81  0.33   5.09    68.56 

NTH4 6 2 area adjacent slag 25.25 0.50 0.17 3.07 13.88 0.09   0.88 0.55 0.25   18.89    63.52 

NTH4 6 3 point glass near margin of clast 36.76 0.51 0.52 6.80 23.76 0.24   1.86  0.63   6.12    77.18 

NTH4 6 4 point marginal v fine zone 29.99 0.63 0.22 4.06 17.65 0.09 <  1.37 0.61 0.28   17.48    72.38 

NTH4 6 5 point glass in clast 48.31 0.61 0.76 7.30 32.79 0.30 <  2.33 0.18 0.97   5.59    99.13 

                       

NTH4 7 1 area matrix to rusty part 29.04    1.06         45.34    75.44 

NTH4 7 2 area dense clast in rusty part 33.58 0.21  0.12 1.09 0.37       0.21 51.15    86.73 

NTH4 7 3 area glassy clast 38.80 0.39 0.20 2.32 28.42 0.19   2.13 0.91 0.19   6.85    80.40 

NTH4 7 4 area glassy clast 50.53 0.85 0.70 3.94 33.02 0.27   4.12 2.72 0.38   11.45    107.98 

NTH4 7 5 area rusty pore fill 31.71  < 1.35 16.52 0.20 0.09 0.20 < 0.45    24.72    75.24 

NTH4 7 6 area adjacent slag 26.80 0.55 0.26 3.17 14.16 0.23   1.37 0.84 0.25  0.21 25.91    73.75 

                       

NTH5 1 1 area typical 31.87 0.40 0.18 2.30 12.56  <  0.62 0.38 0.10   50.80    99.22 
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Sample SOI # Area/ 
point 

 O Na Mg Al Si P S Cl K Ca Ti Cr Mn Fe Cu Zr Ba Total 

                       

NTH5 1 2 area finer ol between v coarse 35.36 0.76 < 4.97 13.39    1.35 0.82 0.32   50.88    107.84 

NTH5 1 3 point ol inner 28.49  0.46 0.17 12.12         49.00    90.24 

NTH5 1 4 point ol outer 28.78  0.45 0.13 12.48     <    49.87    91.70 

NTH5 1 5 point ol margin 28.53  0.38 0.16 12.35         49.15    90.57 

NTH5 1 6 point ol core 28.48  0.40 0.12 12.25     0.09    50.34    91.68 

NTH5 1 7 point ol inner 30.12  0.58 0.16 13.00     0.11    52.12    96.09 

NTH5 1 8 point ol outer 30.71  0.54 0.21 13.32     0.10    53.63    98.52 

NTH5 1 9 point ol margin 31.23  0.53  13.54     0.15    55.29    100.74 

NTH5 1 10 point late ol 35.33  0.15 0.31 15.22     0.15    61.37    112.52 

NTH5 1 11 point late ol 26.21  < 0.42 12.90     0.22 0.12   58.03    97.89 

                       

NTH5 2 1 area typical 35.31 0.32 0.20 2.26 13.82    0.54 0.35 0.21   55.04    108.05 

                       

NTH5 3 1 point bleb inside marginal coarse ol              101.27    101.27 

                       

NTH5 4 1 area typical 28.63   2.54 11.18 0.14    0.32 0.32   48.56    91.67 

NTH5 4 2 area typical 29.36 0.61 < 2.76 11.79    0.76 0.42 0.26   46.02    91.99 

                       

NTH5 5 1 area coarse. Low W 30.91 0.67 < 3.50 12.01    0.94 0.57 0.22   46.47    95.28 

NTH5 5 2 area elongate with W 32.35  0.27 1.56 12.04     0.22 0.17   55.02    101.65 

                       

NTH5 6 1 area ceramic clast 37.13 0.46 0.24 4.29 25.90  <  2.35 0.27 0.30   4.30    75.25 

NTH5 6 2 point bleb 8.80   0.21 3.70         108.25    120.95 

                       

NTH6 1 1 area typical 34.35 0.58 0.21 3.46 15.27 0.13 0.09  1.59 0.98 0.21   39.35    96.22 

                       

NTH6 2 1 area typical 31.26 0.38 0.27 2.02 12.30 < 0.09  0.95 0.63 <  0.16 45.40    93.46 

                       

NTH6 3 1 area typical 32.65 0.71 0.26 3.23 14.21 0.15 <  1.45 0.96 0.17   40.93    94.72 

                       

NTH6 4 1 area typical 37.58 0.87 < 4.39 18.29 0.22 0.09  2.26 1.63 0.32   40.56    106.21 

NTH6 4 2 area weathering 23.09  < 1.53 4.17 0.30 < 0.67  0.36    37.66    67.78 

                       

NTH6 5 1 area typical 33.06 0.66 0.24 3.28 15.95    1.60 1.05 0.28   39.17    95.29 
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Sample SOI # Area/ 
point 

 O Na Mg Al Si P S Cl K Ca Ti Cr Mn Fe Cu Zr Ba Total 

                       

NTH6 5 2 point large ol core 33.41  0.52 0.12 14.82     0.14    56.48    105.49 

NTH6 5 3 point large ol inner 32.44  0.60 0.15 14.44     0.10   0.14 54.57    102.44 

NTH6 5 4 point large ol outer 32.13  0.73 0.11 14.14     <    53.47    100.58 

NTH6 5 5 point large ol core 27.74  0.56 < 12.28     0.13   0.13 47.18    88.02 

NTH6 5 6 point large ol inner 27.70  0.50 0.11 12.13     <    47.09    87.54 

NTH6 5 7 point large ol o/g 29.11 < 0.28 0.57 13.14    0.41 0.37 0.10 < 0.15 46.81    90.94 

NTH6 5 8 point late ol 26.87  0.47 < 11.84     0.16   < 45.83    85.17 

NTH6 5 9 point late ol 33.06  0.49 0.15 14.48     0.13   < 54.33    102.63 

                       

NTH6 9 1 point leucite in cotectic 44.75 0.69 < 11.90 24.70    15.25     1.01    98.30 

NTH6 9 2 point ol in cotectic 33.26   0.33 12.91 0.24    0.57 0.14   48.52    95.97 

NTH6 9 3 point ol in cotectic 31.15   0.18 13.37     0.56    51.32    96.58 

NTH6 9 4 point large ol outer 29.27  0.19 0.12 12.69     0.26    49.30    91.84 

NTH6 9 5 point large ol inner 29.86  0.51 0.18 12.60     0.11    48.97    92.23 

NTH6 9 6 point large ol outer 29.48  < 0.16 12.37     0.30    49.44    91.74 

NTH6 9 7 point large ol outer 30.05  0.12 0.17 12.85     0.28    50.80    94.27 

NTH6 9 8 point large ol inner 30.17  0.54 0.10 12.96     0.08    50.47    94.33 

NTH6 9 9 point large ol outer 30.48   0.32 12.97 0.13    0.29 0.14   49.69    94.01 

NTH6 9 10 point late ol 31.87   0.37 13.51    0.10 0.50 0.14   51.80    98.28 

NTH6 9 11 point glass 41.34 2.57  10.68 20.71 0.40   6.05 3.50 0.51   12.97    98.72 

                       

NTH7 1 1 area euhedral magnetite-rich lobe 1 30.62 < 0.29 0.70 5.58 0.51 < 0.12 < 0.52 <   58.18    96.51 

NTH7 1 2 area dendritic magnetite-rich lobe 2 40.03 0.46 0.37 1.07 9.62    0.87 1.10    72.49    126.02 

                       

NTH7 2 1 area magnetite/iscorite rich lobe 2 31.98 0.51 0.22 0.65 7.11 <   0.81 0.94    60.67    102.88 

NTH7 2 2 area wustite/iscorite lobe 3 30.54 0.55 0.39 1.01 9.50 0.10   1.42 1.62    51.33    96.47 

                       

NTH7 3 1 area wustite/iscorite lobe 3 21.63 0.31 0.20 0.67 5.30    0.76 0.86    41.09    70.81 

NTH7 3 2 area coarse magnetite-iscorite layer in lobe 
3 

17.44 0.19 0.20 0.57 3.40    0.35 0.44    34.55    57.16 

NTH7 3 3 area coarse magnetite-iscorite layer in lobe 
4 

31.62 0.37 0.46 0.94 7.06 <   0.91 1.08   < 63.59    106.02 

NTH7 3 4 area wustite-rich upper part of lobe 3 32.55 0.30 0.42 0.86 6.26    0.65 1.12    69.68    111.84 

NTH7 3 5 area overall 26.52 0.35 0.23 0.77 5.72    0.70 0.89 <   54.33    89.52 
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Sample SOI # Area/ 
point 

 O Na Mg Al Si P S Cl K Ca Ti Cr Mn Fe Cu Zr Ba Total 

                       

NTH7 4 1 area wustite-rich 24.95 0.32 0.36 0.72 5.41  0.09 < 0.46 1.21   0.16 50.66    84.33 

                       

NTH7 5 1 area wustite-rich 25.20 < 0.31 0.66 4.31 < <  0.40 1.45    54.79    87.12 

                       

NTH7 6 1 ares dense wustite 19.03  0.32 0.42 2.16    0.24 1.02    46.49    69.68 

                       

NTH7 7 1 area wustite-rich 12.67 0.15 0.29 0.38 2.03 0.09   0.27 1.34    27.72    44.93 

NTH7 7 2 area wustite dense 28.56 < 0.93 0.60 2.41 0.11 <  0.35 1.42 <  0.36 72.44    107.18 

NTH7 7 3 area silicate rich vesicle fill 39.35 1.15 1.06 2.36 15.74 0.74 0.11  3.32 11.36 <  0.35 35.08    110.63 

                       

NTH7 8 1 point weathering crust 34.04  0.54 0.98 15.63 0.40  0.81 0.27 1.54    25.56    79.77 

NTH7 8 2 point ol outer 35.40  1.85  13.84 0.56    18.23   0.46 27.26    97.60 

NTH7 8 3 point weathering 35.27  0.94 0.96 18.38 0.21  0.27 0.33 1.46    22.58    80.39 

NTH7 8 4 point glass 4< 2.71 0.18 4.47 18.82 1.51 0.44  8.46 4.88    17.00   1.18 99.66 

NTH7 8 5 point late ol in i/s 39.02 1.34 0.59 3.76 17.39 0.86   4.67 9.14   0.36 24.91    102.03 

NTH7 8 6 point ol margin 36.78  1.47  14.51 0.17    17.08   0.56 30.99    101.56 

NTH7 8 7 point ol core 36.56 0.26 1.81 0.11 14.35 0.37    18.96  < 0.42 28.40    101.22 

NTH7 8 8 point ol outer 35.81 0.26 1.52 < 13.97 0.49    17.30   0.39 29.08    98.83 

NTH7 8 9 point ol outer 35.39 0.30 1.86  14.06 0.44    18.47   0.48 27.50    98.50 

NTH7 8 10 point ol core 35.72 0.20 2.00  14.10 0.65    18.75   0.45 27.57    99.44 

NTH7 8 11 point ol outer 35.68  1.64  14.27 0.22  <  17.99   0.51 28.98    99.29 

NTH7 8 12 point ol outer 35.96  1.55  14.34 0.29    18.17   0.42 29.92    100.66 

NTH7 8 13 point ol inner 36.47 0.27 1.73 < 14.48 0.55   < 18.30  0.12 0.41 29.15    101.49 

                       

NTH7 14 1 point iscorite 28.35  0.31 0.46 4.35         65.37    98.84 

NTH7 14 2 point magnetite? 28.35  < 0.49 0.41         69.76    99.01 

NTH7 14 3 point wustite 24.41  < 0.14 0.27         73.29    98.10 

NTH7 14 4 point olivine 32.47  0.94 0.12 13.43     1.72   0.19 49.97    98.85 

NTH7 14 5 point olivine 31.25  0.65 0.31 14.72    0.28 1.73   0.22 49.15    98.31 

NTH7 14 6 point olivine 32.50  1.00 < 13.48     0.97   0.25 50.98    99.17 

NTH7 14 7 point olivine 32.60  0.97 < 13.31     0.84   0.16 51.22    99.09 

NTH7 14 8 point hole?/glass 37.58 1.90 < 4.46 19.82 0.39 0.09  6.02 4.11    24.24    98.61 

NTH7 14 9 point magnetite? 27.98  0.15 0.72 0.46         69.40    98.71 

NTH7 14 10 point iscorite 28.11  0.34 0.35 4.11         66.56    99.47 
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Sample SOI # Area/ 
point 

 O Na Mg Al Si P S Cl K Ca Ti Cr Mn Fe Cu Zr Ba Total 

                       

NTH7 14 11 point late ol? 36.25 0.54 < 1.46 13.54 0.24   1.96 5.65    39.78    99.42 

NTH7 14 12 point iscorite 27.80 < 0.37 0.45 4.16         65.19    97.97 

NTH7 14 13 point wustite margin 24.39  < 0.17 0.26         73.37    98.19 
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APPENDIX C: 
 
 
Image Archive
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Plate C1: Sample NTH2 
 
a) NTH2 SOI1. Scalebar 1mm. 
b) NTH2 SOI2. Scalebar 60µm. 
c) NTH2 SOI3 Scalebar 600µm. 
d) NTH2 SOI4 Scalebar 600µm. 
e) NTH2 SOI5 Scalebar 600µm. 
f) NTH2 SOI6 Scalebar 600µm. 
g) NTH2 SOI7 Scalebar 600µm. 
h) NTH2 SOI8 Scalebar 1mm. 
 
 
Plate C2: Sample NTH2 
 
a) NTH2 SOI9. Scalebar 1mm. 
b) NTH2 SOI10. Scalebar 3mm. 
c) NTH2 SOI10. Al element map. Scalebar 600µm. 
d) NTH2 SOI0. Ca element map. Scalebar 600µm. 
e) NTH2 SOI0. Fe element map. Scalebar 600µm. 
f) NTH2 SOI0. K element map. Scalebar 600µm. 
g) NTH2 SOI0. Si element map Scalebar 600µm. 
 
 
Plate C3: Sample NTH3 
 
a) NTH3 SOI1. Scalebar 600µm. 
b) NTH3 SOI2. Scalebar 60µm. 
c) NTH3 SOI3 Scalebar 600µm. 
d) NTH3 SOI4 Scalebar 2mm. 
e) NTH3 SOI5 Scalebar 1mm. 
f) NTH3 SOI6 Scalebar 300µm. 
g) NTH3 SOI7 Scalebar 60µm. 
h) NTH3 SOI8 Scalebar 300µ m. 
 
 
Plate C4: Sample NTH3 
 
a) NTH3 SOI9. Scalebar 600µm. 
b) NTH3 SOI10. Scalebar 600µm. 
c) NTH3 SOI11 Scalebar 600µm. 
 
 
Plate C5: Sample NTH4 
 
a) NTH4 SOI1. Scalebar 1mm. 
b) NTH4 SOI2. Scalebar 1mm. 
c) NTH4 SOI3 Scalebar 1mm. 
d) NTH4 SOI4 Scalebar 100µm. 
e) NTH4 SOI5 Scalebar 1mm. 
f) NTH4 SOI6 Scalebar 1mm. 
g) NTH4 SOI7 Scalebar 2mm. 
 
 
Plate C6: Sample NTH5 
 
a) NTH5 SOI1. Scalebar 1mm. 
b) NTH5 SOI2. Scalebar 1mm. 
c) NTH5 SOI3 Scalebar 90µm. 
d) NTH5 SOI4 Scalebar 1mm. 
e) NTH5 SOI5 Scalebar 1mm. 
f) NTH5 SOI6 Scalebar 1mm. 
 
 
Plate C7: Sample NTH6 
 
a) NTH6 SOI1. Scalebar 1mm. 
b) NTH6 SOI2. Scalebar 1mm. 
c) NTH6 SOI3 Scalebar 1mm. 
d) NTH6 SOI4 Scalebar 1mm. 
e) NTH6 SOI5 Scalebar 1mm. 
f) NTH6 SOI6 Scalebar 1mm. 
g) NTH6 SOI7 Scalebar 1mm. 
h) NTH6 SOI8 Scalebar 1mm. 

 
 
Plate C8: Sample NTH6 
 
a) NTH6 SOI4 Scalebar 100µm. 
 
Plate C9: Sample NTH7 
 
a) NTH7 SOI1. Scalebar 2mm. 
b) NTH7 SOI2. Scalebar 2mm. 
c) NTH7 SOI3 Scalebar 2mm. 
d) NTH7 SOI4 Scalebar 2mm. 
e) NTH7 SOI5 Scalebar 2mm. 
f) NTH7 SOI6 Scalebar 2mm. 
g) NTH7 SOI7 Scalebar 2mm. 
h) NTH7 SOI8 Scalebar 100µm. 
 
 
Plate C10: Sample NTH7 
 
a) NTH7 SOI1. Scalebar 300µm. 
b) NTH7 SOI2. Scalebar 600µm. 
c) NTH7 SOI3 Scalebar 600µm. 
d) NTH7 SOI4 Scalebar 600µm. 
e) NTH7 SOI5 Scalebar 60µm. 
f) NTH7 SOI6 Scalebar 600µm. 
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