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APPENDIX 1  METHODOLOGICAL BACKGROUND 

1.1  X-ray fluorescence spectrometry (XRF)  

1.1.1 Behavior of samples exposed to X-rays 

X-rays, a form of ionising electromagnetic radiation with potential wavelength between 0.005 

and 10nm, were first identified by Röntgen in the late 19th century. X-rays are of the same 

order of magnitude as the binding levels of inner-shell electrons (Jannsens 2002, 131). An x-ray 

hitting a sample can be absorbed by an electron in the innermost K shell of a sample atom, a 

gain in energy sufficient for the electron to be ejected from the shell and the atom to be left in 

an ionised and excited state. This energy can be lost through the filling of the K shell electron 

vacancy with an electron coming from a higher (L) level. An electron undertaking this movement 

loses energy, through the emission of an x-ray of energy which is characteristic of the z number 

of the atom and the transition (L -> K) of the electron. The electron vacancy could also be filled 

by an electron from the M level, giving rise to a slightly different characteristic x-ray. The 

transitioning electrons may leave behind vacancies in their own shells, which in turn require 

filling by electrons falling from further orbits and emitting their own characteristic x-rays.  

These forms of x-ray emission are referred to as fluorescence, as they involve the absorption of 

a specific energy and the emission of a different energy. Only a finite number of electron 

transitions are possible for each element (Jannsens 2002, 137), creating discreet emitted x-rays 

with a finite number of different energies. By detecting, identifying, and measuring the quantity 

of each of these different discreet emitted x-rays, it is possible to calculate the elemental 

composition of a sample. This mechanism forms the basis for all XRF spectrometry. 

1.1.2 Sources of inaccuracy in X-ray spectrometry 

Fluorescent x-ray measurement is not simple, as the actual number of characteristic x-rays 

emitted by a sample when exposed to known x-radiation is always less than expected. This is 

due to a number of factors including the elastic (Rayleigh scattering) and inelastic scattering 

(Compton) scattering of x-rays by bound electrons. Although the generation of characteristic x-

rays involves the innermost shells, and consequently would seem to be unrelated to the state of 

the outermost electrons and any chemical bonds they may be involved in, this is not true for the 

K lines of low Z-elements (4<= Z <=17) and the L or M lines of higher-Z elements (Grieken and 

Markowicz 2002, 16). In these elements the physical state and chemical combination of the 

atoms do affect the characteristic x-rays (Clark, 1955), most often as a result of electrical 
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shielding or screening of these shells by valence electrons involved in a bond. This may result in 

shifting of wavelengths and distortion of the characteristic fluoresced x-ray line shape, as well as 

intensity changes. In addition, scattering of x-rays from the primary beam by the sample surface 

also produces detected x-rays, contributing to the ‘background signal’, which is greatest in low 

mean atomic number samples. Correction for this is particularly necessary for trace element 

analysis. 

There are also limitations on the use of x-ray fluorescence, most notably due to the low 

fluorescent x-ray yields of light elements, which currently make the emissions of elements 

lighter than Na difficult to quantify. Additionally the x-ray fluorescence of light elements are of 

low energy, which makes them vulnerable to attenuation in air, and necessitates the operation 

of a vacuum between the sample and detector for accurate detection. Consequently most 

instruments not specifically intended for fragile or environmental analysis utilize a vacuum 

chamber, and samples must be able to withstand these conditions.   

The geometry between the x-ray tube, the sample and the detector must remain constant. For 

accurate quantitative analysis samples with flat surfaces are used, either produced by milling a 

solid sample or by crushing a sample to powder and pressing that powder with a binding agent 

to create a flat surface. The crushing method has the added benefit of homogenizing the 

sample, ensuring the resulting data are representative. This is particularly important in the 

detection of fluorescence from light elements, which is typically only detectable from the top 

few micrometres of the sample. Whilst a certain thickness of sample is necessary, decreasing 

with the Z number of the sample, this is only of relevance to thin film or layered samples. 

Although the relationship between the fluoresced x-rays and the originating material is 

theoretically simple, quantification of these x-rays is complicated by the physical properties of 

the sample itself and software is usually used to mitigate this. Problems caused by interactions 

between the fluoresced x-rays and the sample itself are often broadly referred to as ‘matrix 

effects’, though this term specifically refers to the effect of elements other than the specimen 

on the signal from the specimen. Of particular significance is the ability for adjacent elements in 

the sample to absorb fluoresced x-rays as they leave the emitting atom, attenuating the 

fluoresced x-rays. In order to calculate the elemental concentration from the observed x-ray 

fluorescence this attenuation must be taken into account. However it is dependent on the 

density of the sample elements, so fluorescence from lighter elements is more quickly absorbed 

in samples containing heavier elements. Whilst it is possible to calculate the absorption, this 

requires knowledge of the composition of the sample, and can only be used as an iterative 

process approaching a solution. It also requires knowledge of the quantity of elements not 
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measured by the XRF, such as the light elements that make up pellet binding wax and the 

presence of oxides. The overall impact of this matrix effect is that lighter elements are less likely 

to be accurately analysed in samples containing significant quantities of heavier elements.  

The overlapping of x-rays fluoresced by different elements is also a common problem in 

complex samples, and although it can be overcome simply by measuring a different x-ray from 

the same element (say that from the k rather than the l-m transition) this is not always possible 

and some correction is necessary. This is the case for sodium, and may cause reduced analytical 

accuracy for this element. In addition scattering of x-rays from the primary beam by the sample 

surface also produces detected x-rays, contributing to the ‘background signal’, and is greatest in 

low mean atomic number samples. Correction for this is necessary for trace element analysis, 

most easily achieved on sequential spectrometers and accounting for their superior quantitative 

accuracy for low (ppm) quantity elements.  

Enhancement of some fluoresced x-rays can occur where the energy of the fluoresced x-rays is 

high enough to stimulate additional fluorescence in adjacent lighter atoms. Whilst corrections 

can be made, this effect can also contribute to inaccuracies in lighter element quantification. 

Perhaps the matrix effect with the most potential to affect analysis in this project are those due 

to physical nature of the sample, in particular a lack of isotropy or homogeneity in crushed 

powder pellets samples, as these can result in absorption effects which cannot be calculated 

from theory. Whilst a correction factor can be generated from standard materials, this is only 

relevant to samples in a close range of compositions and physical conditions and a more useful 

solution is to focus on thorough homogenization and particle size reduction during sample 

preparation. The dilution of the sample using binding wax also has the effect of reducing some 

matrix effects, particularly attenuation of emitted x-rays.  

1.1.3 Analytical machinery 

Two major methodologies for the detection and quantification of fluorescent x-rays are utilized 

commercially; wave-length dispersive (WD-XRF) and energy-dispersive (ED-XRF). The major 

difference is in detection methods; WD-XRF spectrometers utilize single crystals to diffract the 

x-rays and isolate a single narrow wavelength relating to an individual transition energy of a 

single element, whilst ED-XRF spectrometers use an energy-selective detector to isolate a 

narrow energy band (see Jannsens 2002 for full discussion). WD-XRFs were introduced in the 

1950s, with a 2002 estimate of 15,000 units in use (Helsen and Kuczumow 2002, 95). ED-XRFs 

were introduced in the early 1970s with a 2002 estimate of 20,000 units in use (Jannsens 2002, 

167). 
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The WD-XRF machine utilised for this project was a Philips PW2400 sequential model with an 

argon gas-flow detector and scintillation detector. Sequential analysis uses a single detector/s 

and processing electronics system, coupled with a variable-geometry monochromator often 

with a choice of crystals. This allows a much shorter x-ray tube->sample->detector distance 

reducing loss of detected intensity, but with the disadvantage of increased analysis times as the 

equipment moves through programmed sequences selecting the desired x-ray tube voltage, 

appropriate crystal and detector arrangement for each element or group of elements.  However 

the isolation of single wavelengths allows highly sensitive measurement of emissions, 

particularly appropriate for the measurement of trace elements. The spectrometer used in this 

project was fitted with flat crystals identified as LiF 420 (lithium fluoride), LiF 220, LiF200, Ge 

(germanium) 111, InSb (indium antimonide) 111, PE (pentaerythritol) 002, TLAP (thallium 

hydrogen phosphate) 100, PX1, PX3, PX4 PX5 and PX6. It featured three selectable collimators, 

and a scintillation detector, and an end-window rhodium anode x-ray tube, with five primary 

beam filters composed of brass, aluminium or lead, to improve signal-to-background ratio and 

remove interfering lines. An automated sample changer (PW2510) was fitted which allowed a 

maximum capacity of 30 samples for each analytical run. The cabinet ran at a static 

temperature of c.30C +/-5C, and all internal parts operated under a vacuum c.10Pa. Samples 

were spun at c.30rpm to reduce the impact of small heterogeneities on the analysis.  

In contrast ED-XRF spectrometers use a solid-state semi-conductor detector crystal which is 

cooled until absorbed x-rays disrupt electron positioning, the crystal becomes a conductor, and 

a pulse is produced as disrupted electrons move to contact points. This voltage pulse is 

proportional to the energy of the x-ray passing through it, and is picked up by a pulse processor, 

then digitized and passed to a multi-channel analyser which accumulates counts to form a 

digital spectrum. However the amount of disruption occurring to the electrons by the incident 

x-ray fluctuates slightly which, in addition to electronic noise from the amplifiers, means that 

whilst the digital spectrum should be composed of specific lines representing counts of photons 

of particular energy, in reality bell-shaped curves are found as counts are distributed across 

multiple channels. Where lines would be distinct, peaks can start to overlap which presents 

challenges in quantification. This contributes to the perception that ED-XRF suffers from lower 

detection limits than WD-XRF. 

Background radiation from scattered incident x-rays is particularly problematic to ED-XRF 

spectrometers as a result of their reliance on electronic detection equipment, and results in 

lesser detection limits than seen in WD-XRF spectrometers. These limitations can be partially 

mitigated through the use of polarizing radiation to generate fluorescence, usually by scattering 

or diffracting the incident x-rays on a specific target prior to the beam hitting the sample. The X-
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Lab Pro 2000 machine at the Institute of Archaeology, UCL, is one of these. Polarized photons 

are preferentially scattered out of the plane of polarization and consequently away from the 

detector. This prevents background radiation from overwhelming weaker signals, increasing 

detection limits, and allows the intensity of the source radiation to be increased to improve 

intensity of the analyte spectral lines without overwhelming the count-rate of the detection 

electronics. The X-Lab pro employs a highly orientated pyrolithic graphite (HOPG) scatterer in 

combination with a Compton target, an additional Co target exciting elements up to but not 

including iron, and a Barkla scatter aluminium oxide target. The choice and positioning of the Co 

target during the slag-specific analytical methodology was specifically designed to help 

deconvolution of iron-related matrix effects (Veldhuijzen 2003, 110).   

Whilst not strictly speaking a separate form of spectrometer, the unique applications of pXRF 

spectrometers mean some discussion of their structure is appropriate. These relatively small, 

hand-held devices are ED-XRF spectrometers, predominantly relying on x-ray tubes, combined 

with gas proportional, scintillation detectors, or more commonly now silicon-drift detectors. 

Originally available commercially from the 1960s (Speakman et al 2011), improvements in 

computing power and component parts and their relative affordability and ease of use resulted 

in a relatively rapid uptake in the archaeological and art communities from the mid-2000s 

onwards for rapid characterisation of large numbers of samples. The later technological 

development is particularly advantageous as it allows Peltier cooling rather than traditional 

liquid nitrogen cooling, and offers a good energy resolution at high count rates (Jannsens 2002, 

163). Due to the compact nature of many hand-held pXRF spectrometers filters and polarisers 

are not as commonly used and the incident x-ray beam usually falls directly onto the sample 

material.  

The major difference between pXRF and typical ED-XRF spectrometers is in the detection limits 

and sensitivity to light elements. pXRF spectrometers are rarely able to utilize a vacuum within 

the x-ray source-sample-detector path, resulting in much higher attenuation of signal from light 

elements such sodium. The lower-power x-ray tubes offer poorer precision in the detection of 

heavier trace elements including barium (Shackley 2011, 14).  With internal geometric 

limitations and the limited space for filters or polarizers, background noise also remains a 

significant problem and leads to lower detection limits, and this issue is exacerbated by the 

often irregular surface geometry of samples analysed by pXRF to give noticeably higher 

background radiation readings (cf. Shackley 2011, 13). In addition they are often utilized in 

situations where imperfect geometry between x-ray source, sample and detector occurs as a 

result of imperfections and irregularities of sample surface. Although developments in 

computing continue apace, the habit of utilizing small 'onboard' computers to provide almost-
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instant results means that computing power is lower and the software used to deconvolute 

spectra and quantify elements is correspondingly weaker. This is problematic when combined 

with the larger background signal and imperfect geometry. pXRFs can be expected to provide 

data on 10-20 elements, rather than the 20-25 often typical of laboratory based XRF 

spectrometers.  

Some researchers have viewed its use, particularly for identifying the 'sources' of raw materials, 

as inappropriate (e.g. Speakman et al 2012; Shackley 2011), criticising the use of the technique 

by under-prepared researchers with insufficient understanding of the limitations of the 

equipment or the importance of calibration or sample preparation. Certainly pXRF presents 

some problems in application to cultural heritage material, particularly if minimum damage to 

samples is sought, however the use of pressed homogenised pellets within this study sidesteps 

many of the issues over surface preparation and the relatively large size of the analytical beam.  

1.1.4 Quantification 

Both ED and WD XRFs are not able to register every single x-ray event; in both cases there is a 

dead time, a period of time between the x-ray events being processed by the detector, 

amplified and passed to the associated circuits for storage in the attached computer and the 

detector again becoming able to register an event. During this period a second x-ray event will 

not be successfully counted. The length of this varies between equipment but a lower limit is 

quoted by Jannsens (2002, 158) as 200-300ns for WD-XRF systems and 10-30μs for ED-XRFs 

(2002, 163). 

The computational treatment of signal/spectra vary immensely between individual machine 

manufacturers, who tend to produce proprietary software for their own machines. All three 

instruments utilised here utilised material-specific calibration models, developed either by the 

manufacturers or by researchers using standard reference materials of closer chemical 

composition to the analyte under investigation (e.g. ‘slag_fun by Veldhuijzen, 2003). During 

analysis care was taken to perform the routine calibrations as indicated by the manufacturers.  
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1.2 Electron beam microanalysis (EPMA)  

1.2.1 Equipment 

Analysing equipment utilising an electron beam has been around since the end of the 19th 

century AD (Scott et al. 1995, 1), and since then successive scientists worked on not only the 

electron beam and its control and focusing, but also on the spectrometers for detecting 

characteristic x-rays, until the 1940s when Castaing and Guinier in developed the first system 

which we would recognize as an electron probe microanalyser (Flewitt and Wild 2003, 297-8). 

Between 1953 and 1979 Duncumb worked on successive improvements to the Castaing set-up, 

adding an electron microscope and finally, after the 1969 introduction of the energy dispersive 

detector (Flewitt and Wild 2003, 297-8, 304). 

Unlike XRF, where the incident beam is x-rays, EPMAs use a beam of electrons to excite 

characteristic x-rays from the sample material. However whilst both systems excite and 

measure characteristic x-rays, the key applied difference between EPMA and XRF is that the 

beam of the former can be focused down to around 1μm to 0.5nm in size (Small et al , 811) 

dependent on emission source. This allows the EPMA beam to be directed onto small regions of 

a specimen down to the micrometre and submicrometre size, allowing the analysis of individual 

phases or features within a specimen. The incidence of this beam upon the sample produces a 

variety of emissions, including primary electrons backscattered by the sample, secondary 

electrons generated from collisions between electrons in the sample and the beam, 

Bremsstrahlung radiation resulting from deceleration of the beam electrons within the sample 

(see 2.1) and characteristic x-rays. 

The major difference between the EPMA and its close relative, the scanning electron 

microscope (SEM) is not in the analytical beam or the general set-up of the machine, but in the 

intended purpose of the machine; SEMs commonly prioritise imaging over analysis so whilst 

both types of machine have secondary and backscatter electron detectors and energy 

dispersive spectrometers (EDS), only EPMAs typically have the more accurate wavelength 

dispersive spectrometers (WDS). 

In the Institute the available JEOL 8600 superprobe utilises a visible light microscope to ensure 

the sample stage is at the correct height, i.e. in focus, another facility that remains more 

common in EPMAs than SEMs, where focussing is often undertaken using visual detectors. In 

both machines the ability to move the beam is limited, and so the sample stage is moved 

beneath the beam to allow the area of interest to be selected. The electron beam is maintained 

in a vacuum, as is the sample chamber, to minimize contamination and most importantly to 
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reduce the attenuation of the characteristic x-rays between the sample and the detectors. The 

narrow diameter of the electron beam means that area analyses are undertaken by scanning 

across the desired area of a specimen, with the consequence that any instability of the beam 

current during this scan can cause poor picture production and analytical inaccuracies. 

Consequently EPMAs are often fitted with beam stabilisers to automatically maintain a set 

current, unlike SEMs. 

 

Appendix Figure 1-1 Typical electron-probe microanalysis machine (copyright University of Minnesota) 

The requirement for multiple crystals within the WDS detector means that the EPMA is typically 

bulky. In addition the cooling necessary for the detectors, often liquid nitrogen in the case of 

EDS, leads to additional bulk.  Typically in electron probe microanalysis (EPMA) the beam 

current is 10-30 kV, and in the JEOL 8600 the standard analytical current is 20kV. 

1.2.2 Analytical considerations 

1.2.2.1 Basic behaviour 

Electrons from the incident beam can interact with the orbital electrons in the specimen atoms. 

The high energy beam electron strikes the orbital electron, and a transfer of energy allows the 

orbital electron to escape leaving the specimen atom in an excited, or ionized, state. Just as 

occurs when the x-ray beam of an XRF strikes the sample, the resulting adjustments within the 

atom necessary to regain equilibrium may lead to the movement of an orbital electron down 

between energy shells by losing energy as an x-ray which is characteristic of the atom and the 

transition. 

EPMA machines are typically fitted with both EDS and WDS spectrometers, and in principal 

those employed within the EPMA are not mechanically different from those used in XRF. 

Functionally the accuracy of the WDS is once again higher than EDS, as the Bremsstrahlung 

radiation is more problematic to the EDS resulting in wider characteristic x-ray spectral peaks 



422 
 

with a corresponding drop in peak to background ratio, so whilst the WDS can produce accurate 

results down to 100s ppm, the EDS is limited to c.0.1wt%. However due to the use of a single 

detector rather than multiple diffracting crystals, the EDS is significantly faster, and they can be 

more tolerant of variations in specimen height (Scott et al. 1995, 107). 

In both cases quantitative analysis based on the theory that we can compare the x-ray intensity 

of a given element in our sample to the x-ray intensity of the same element in a standard where 

the elemental composition is known, and the ratio between these is the basis for calculating the 

relative proportion (Scott et al 1995, 19). In practice significant correction of the data is 

necessary when dealing with multi-element samples, as x-ray generation is altered with respect 

to atomic number in three significant ways due to the use of the electron beam to excite the 

target atoms; backscattering, stopping and absorption. Backscattering occurs when incident 

electrons collide elastically with sample nuclei and are able to escape the surface of the sample 

without interacting and generating any characteristic x-rays. The proportion of electrons 

backscattered is related to the atomic number of the specimen; lighter elements produce less 

backscattering and so the proportion of electrons able to cause characteristic x-ray generation 

is higher than for a higher atomic number. Stopping is the term used to refer to the slowing 

down of electrons passing through the sample, and is inversely related to atomic number; the 

rate at which incident electrons lose energy is higher in lower atomic number elements. Most 

significantly, after generation many of the characteristic x-rays must travel through the sample 

before reaching the detector and consequently can be absorbed as they pass through the 

specimen resulting in lower detection than expected. 

As correction of these problems commonly requires knowledge of the concentration of the 

component elements within a sample, the production of quantitative data is an iterative 

process which has benefited significantly from the advance in computer equipment. Further 

discussion is made in 2.15, but the computational treatment of signal/spectra, their correction 

and calibration, varies between individual machine manufacturers. 

Like SEMs, probes are typically fitted with both secondary electron (SE) and backscatter 

electron (BSE) detectors for imaging the sample. For topographical imaging the SE detector is 

used; this detects electrons which escape from the orbitals of specimen atoms as a result of 

collisions with the incident beam electrons. However the energy they gain is low enough that 

only those within the first few nanometres of the sample can escape. Consequently the density 

of these electrons is particularly sensitive to surface topography. The SE detector has a grid with 

a positive potential in order attract the electrons, situated in front of the detector. The 

resolution relates to the operating conditions of the electron beam, but may be up to 100nm. 
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The SE detector therefore functions in a similar manner to an optical microscope, providing a 

topographic view of the sample. In archaeology it can be used to examine edges and use-wear 

marks in microscopic details, or for the identification of fine microfossils or other features, but 

in this project where samples are mounted within polished blocks and polished flat, it is of 

limited use. Here it is particularly useful for identifying voids in the sample to avoid during 

compositional analysis, and for identifying areas of the surface where dust or other particulates 

may be present which should also be avoided. In the JEOL 8600 which holds multiple samples at 

a time, it also facilitates navigation between them.  

When the electrons from the beam hits the sample atoms, a certain proportion collide 

elastically and are scattered off the sample. As the size of the specimen nuclei increases, a 

greater number of electrons are scattered this way, which means that the intensity of the 

scattered electrons is proportional to the atomic number of the specimen. Consequently the 

BSE image is brighter in areas of higher atomic number, creating an image where individual 

phases of differing composition are visually distinct even when similar under conventional 

optical microscopy. This is of particular use for this project where the focus for this technique is 

on identifying and analysing specific phases. The yield of backscatter electrons is also related to 

the incident electron beam energy and intensity, as well as the surface orientation of the 

analyte (Flewitt and Wild 2003, 289). 

1.2.2.2 Sample morphology 

Specimen samples used for quantitative analysis need to be flat on the micro-scale to minimize 

surface irregularities for two major reasons; firstly electron backscattering can be altered by the 

topography of the surface as areas not perpendicular to the beam scatter a larger proportion of 

electrons, and secondly the corrections that deal with the quantification errors resulting from 

the absorption of x-rays within the sample prior to their detection rely on flat surface and will 

be inaccurate where this is not maintained. Raised features can overshadow sunken ones, 

essentially blocking a proportion of x-rays generated when the sunken feature is targeted and 

consequently reducing the detected x-rays; in analysis of areas this can result in the 

underrepresentation of the sunken feature’s composition in the overall quantification of the 

area. Consequently all analyses of iron must take place before etching, so that any leaching of 

the surface, irregularities of surface geometry of formation of films or oxides on the surface is 

avoided and samples are clean and flat. 

Usually specimens are ground and polished flat, however this can also lead to problems. The 

use of paste/combined paste-lubricant sprays can lead to erosion of the (usually softer than the 

sample) resin at the edge of the sample, leading to a channel or step in the resin, and damage 
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to the edge of the sample. This can only be avoided by minimizing polishing time and careful 

observation of samples during the polishing process. These precautions are also important 

when polishing heterogeneous samples, such as slag or iron, as these can contain phases of 

varying hardness which can result in a specimen containing phases which standing proud of 

others, and to channels forming at the interfaces between phases. 

With soft specimens polishing particles can become embedded if polishing is done with 

insufficient care or lubricant, and with all forms of samples particles can become entrapped in 

pores or voids. Sufficient cleaning is very important, particularly between polishing steps, to 

reduce contamination of the specimen. One advantage of using diamond polishing compounds 

is their composition is largely undetectable to standard EDS/WDS analysis and, whilst still 

disruptive to x-ray and electron paths, does not cause compositional contamination. Vacuum 

impregnation of the sample can reduce porosity and friability in samples such as poorly sintered 

ceramics, but it must be done carefully not to shatter samples which contain gas trapped in 

internal voids.   

The use of both silicate samples and resin-mounting within this project means that the majority 

of samples are not conductive; even where iron metal is examine it is within a non-conductive 

resin mount. This presents problems for electron beam microanalysis as a non-conductive 

surface does not allow the charge which builds up on the surface of a sample as a result of 

exposure to the charged beam to dissipate, and this can cause current instability. In order to 

counteract this, the surface of the sample is coated with a fine layer of a conducting material, 

usually carbon or gold. For this project carbon is used, as it is thin and composed of a light 

element which minimizes interference between characteristic x-rays of this layer and the 

specimen. In order to promote dissipation of charge an area of each of sample's surface was 

also covered with a carbon tape which was additionally attached to the metal sample holder. 

1.2.2.3 Beam interaction volume and the depth of generated x-rays 

The area of the specimen with which the electron beam interacts is not limited to the surface; 

the beam penetrates below the surface and it is important to note that whilst secondary 

electrons are limited to the immediate incident surface backscattered electrons and 

characteristic x-rays are not. In particular characteristic x-rays originate from a volume 

significantly wider than the beam diameter. The size of this volume is a function of the sample 

composition and the energy of the incident electron beam, and extends below the surface of 

the sample in a bulb shape.  
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Appendix Figure 1-2 Broad interaction volume for electron beam  

(Copyright Technical University of Vienna)  

Consequently it is worth noting that whilst it is possible to discern features down to 3-5nm, it is 

not possible to sample an area below 1-2 microns in diameter at best. Samples or areas of 

samples that are heterogeneous at dimensions below this x-ray resolution cannot be reliably 

analysed, particularly where the extent of the feature below the surface is in doubt. 

There is the additional problem of fluorescence. Characteristic x-rays can be of a suitable energy 

to themselves interact with lighter specimen atoms, and cause the emission of another 

characteristic x-ray (see Appendix 1.1.1). The length that characteristic x-rays can travel prior to 

being absorbed is much greater than that of secondary electrons (Scott et al 1995, 39) and they 

travel within the sample in a range of directions, so fluoresced characteristic x-rays may be 

produced far outside the original interaction volume of the electron beam. The detector cannot 

distinguish between original characteristic x-rays generated by electron beam interaction and 

secondary, fluoresced characteristic x-rays. Thus it is possible to indirectly cause the emission of 

characteristic x-rays from a much larger sample area than the calculated interaction volume of 

the electron beam. Whilst the intensity of such fluoresced x-rays is usually much lower than the 

primary x-rays, and they can usually be corrected for, if the size of the features being examined 

is smaller than the area of secondary fluoresced x-ray generation this can lead to inaccuracy in 

the analytical results as adjacent features are partially sampled. 

Whilst the interaction volume can be minimised by reducing the voltage of the incident beam, 

this makes analysis more difficult as only a fraction of the beam interactions result in 

characteristic x-ray emission.  



426 
 

1.3 X-ray diffraction (XRD) 

As early as 1919 A W Hull identified that every crystalline substance gives a specific pattern 

when exposed to x-rays, and that within a mixture each crystalline substance still produced its 

own pattern independent of the others. This is because incident x-rays are scattered by the 

orbital electrons of target atoms, and where the wavelength of the x-rays is of a similar distance 

to the inter-lattice spacing of the crystals the incident x-rays at certain angles of incidence are 

reflected both constructive and destructively, i.e. diffracted, according to Bragg’s law. The 

angles of diffraction are determined by the orientation of the crystal and its average inter-

lattice spacings, so the identity of crystalline solids can be judged by examining the unique 

diffraction patterns that they produce. 

1.3.1 XRD equipment  

The machine used was a Rigaku MiniFlex 600 X-ray diffractometer, a powder-diffractometer 

utilising a 600W x-ray generator with a copper target to produce an incident beam of Cu Kα x-

rays at 8KeV with a focal spot size of 10mm x 1mm. The powder diffractometer is for 

polycrystalline materials, and utilises a primary beam of x-rays which is monochromatic. This is 

generated by using a tungsten filament to generate x-rays in vacuum which are accelerated by 

an anode and then targeted at a water-cooled metal target such as chromium, iron, 

molybdenum, cobalt, or most commonly copper. The x-ray beam causes the fluorescence of 

characteristic x-rays in the target one of which (usually the kα line in copper x-ray tubes, as used 

in the Institute’s machine) is then selected using filters. Then a series of parallel plates called 

soller slits are used to create a beam in which the x-rays are approximately parallel. 

The use of a powder relies on the assumption that the crystalline particles will all be at a 

random orientation, so that the resulting diffracted beams form continuous cones. In early 

powder XRD machines these were captured by photographic film or later by cameras. 

In modern XRDs a detector is used to detect x-rays, rotated around the sample in a wide circle 

of set distance to detect all of the constructive interference peaks whilst the sample is also 

rotated. This produces a spectrum of x-ray peaks against diffraction angle. Each individual 

crystal form (shape and chemical composition) produces a set of characteristic peaks of varying 

x-ray intensity at certain specific angles, which can be displayed in a similar manner to spectra 

but are usually referred to as diffractograms. By comparing analysed difractogram of unknown 

samples with the diffractograms of known samples it is possible to identifying the crystals 

present and their relative proportions. Multiple iterations of the rotations can take place at 
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different speeds, allowing for an initial quick identification of the position of x-ray lines and a 

second, slower sweep to firmly identify the angle and clearly resolve lines.  

  

Appendix Figure 1-3 Cone shape of x-rays diffracted from a powdered sample (copyright P.Moeck)  

Whilst a variety of detectors can be used in XRD systems, scintillation counters remain common 

due to their ease of use, low cost and durability and are used in the Institute’s machine. 

 

Appendix Figure 1-4 outline of optical geometry of the Miniflex 600 XRD (copyright Rigaku)  

Diffraction patterns of materials were first catalogued extensively by Hanawalt, Rinn and Fevel 

at the Dow Chemical Company in the 1930s, after which several societies and eventually the 

International Centre for Diffraction Data took over the continuing efforts to catalogue the 

diffraction patterns of materials and compounds. The software used to process, manage and 

identify the diffraction data from XRD machines is usually proprietary to the manufacturer of 

the XRD, and often utilise different databases of diffraction data, but in the case of the Institute 

we use PDXL software which includes an automated search function to match analysed 
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diffraction data against an online open access database of crystallography data (see Grazulis et 

al 2009). 

The shape and position of the spectral peaks can also be indicative of additional information, 

such as the particle size and the presence of strain within the crystal lattices. In addition XRD 

can be used to understand changes in crystal structure, internal spacing and strain in response 

to exposure to conditions such as increased temperature. However the identification of phases 

remains one of the most common uses of XRD.  

1.3.2 Analytical considerations 

The size of specimen particles used in the powder XRD needs to be between 0.1μm and 40μm 

in diameter, preferably less than 10μm; small particles can lead to peak broadening whilst less 

diffraction occurs with the larger particles. The assumption is that the specimen is mounted so 

that the particles are randomly orientated, and that it has been pressed to give a smooth plane 

surface. However manual sample mounting can lead to problems as the pressing of sample 

powders such as clays, where the particles may be in specific shapes, onto the sample plate can 

cause preferential packing and orientation and consequently the particles may align in a 

preferred orientation. This can significantly distort the recorded intensity ratios of a sample 

away from that recorded for random orientation, with some peaks being reinforced and others 

entirely absent (Eberhart 1991, 195). 

In samples where the material is poorly crystallised then diffraction peaks can be ill-defined, 

making identification difficult, although this is unlikely to affect the study of ore minerals. 

However mixtures of more than two or three species within the specimen can lead to 

difficulties in confirming identifications (Eberhart 1991, 195). Just as with the electron probe, 

the incident beam does not just interact with the surface of the specimen, but penetrates into 

the subsurface area; in the case of XRF to around 10μm (Flewitt and Wild 2003, 114). This 

means that the diffracted x-rays may have to travel through part of the specimen before they 

can reach the detector means that they can be adsorbed by the specimen. Whilst this is usually 

corrected for when the data is processed, it can be problematic when the sample has an overall 

high atomic number, as the x-ray intensity peaks associated with any lighter fraction of the 

specimen will be smaller than expected due to the overall higher absorption of the specimen. 

This may occur within iron ore minerals, resulting in a lower sensitivity for lighter minerals and 

the potential that low levels of such minerals will not be detected. Detection limits for 

identifying proportions in a multi-crystalline sample are c.3wt% and accuracy error can be as 

low as 5% (Eberhart 1991, 196) but functionally this relies on high quality comparable data and 

it is unclear whether this is achieved using the open access database.  
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1.4 Optical microscopy 

The optical microscope remains one of the most useful, easily applied and accessible 

instruments for examining the microstructure of specimens and has the potential to resolve 

features down to about 250nm in size. The contrast between features visible under the optical 

microscope is the result of the different scattering and reflection characteristics of the phases. 

This can be emphasised through etching which preferentially attacks one or more phases to 

remove material, resulting in differing quantities of light being reflected into the microscope 

objective based on the orientation of the crystal planes within the phase; i.e. normal surfaces 

appear bright, and sloped surfaces appear dark. Polished blocks of select slag, ceramic and ore 

samples produced as per the protocol laid out in 1.5.2 were examined via vertical illumination in 

order to identify the phases present, their size, abundance and distribution, and to assess the 

presence and degree of any corrosion to the slag samples.  

Each slag phase has a distinct appearance and colour, allowing it to be identified via microscopy, 

although the exact chemical composition of each slag phase tends to have limited effect on 

these attributes. When small the usually euhedral olivine phases can look feathery, but in 

massive formations it can be distinctly blocky, often forming in chains or ‘skeletal’ structures. In 

contrast wüstite forms in rounded shapes, at its smallest as round drops and at its largest long 

rounded dendrites. The glassy groundmass contains many phases which are often unresolvable 

under optical microscopy, but which in slow-cooled slag occasionally grow to visible fine 

feathery phases.  

1.5 Sample preparation protocol  

All samples were photographed and described prior to sampling to accurately record size, 

morphology and diagnostic features. They were broadly divided into the following categories: 

iron/corroded iron fragments, tap slag, failed bloom masses, ore pieces, ceramic furnace linings, 

amorphous slag (incorporating possible furnace slag, smithing slag etc.). Samples were 

sectioned using a water-cooled diamond-impregnated abrasive wheel and internal faces 

examined macroscopically for voids, layers, internal structures. 

1.5.1 Homogenised pellets for bulk analysis 

All forms of XRF analysis suffer from 'matrix effects', i.e. errors or complications in analysis 

usually to the fact that the intensity of the measured fluoresced x-ray from any given atom 

within a multi-element samples is affected by the presence of other elements. Commonly this is 

due to absorption of some of the fluoresced x-rays by the adjacent elements, but the texture 
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and size of the particles making up the sample may also influence measured x-ray intensity 

(Janssens 2004, 185). Solutions to the latter problem are to melt the sample into a 

homogeneous bead, a technique not available at the UCL Institute of Archaeology, to polish the 

surface of the sample or to mill the sample to a fine grain size.  

In order to avoid segregation of particles within the ground specimen due to varying size, shape 

or gravity during analysis the analytical powder was combined with a wax powder and pressed 

into a pellet prior to analysis. The addition of wax also lowers the density of high-z elements 

which contribute to absorption of fluoresced x-rays, and consequently can reduce matrix 

effects. Pelletizing the powder also reduces surface effects and yields better precision than 

loose powders (Schmeling and Van Grieken 2002; 934, 942) as the rough surface texture of 

powders produces inconsistent scattering effects which are detrimental to the determination of 

light elements. 15 tonnes of pressure, generally considered standard (Schmeling and Van 

Grieken 2002, 934), was used to press the powder within a supporting aluminium cup using 

steel pieces. Calculations of XRF beam penetration depth for speculative compositions of 

samples indicates that all of the samples were thick enough at c. 3-4mm that the analytical 

beam did not penetrate to the supporting aluminium cup. 

Whilst contamination can occur at any step of the preparation process, the samples were most 

susceptible to contamination during crushing and grinding. In order to limit cross contamination 

between samples all crushing equipment was cleaned before and between samples using IMS, 

and any impact to the faces of equipment visible also subject to abrasion with rotatory steel 

wire brush. All grinding equipment was washed with IMS before and between each load of the 

planetary mill, and between each analytical sample an equivalent mass of pure quartz sand was 

also subject to a comparable grinding protocol to remove any remaining deposit of specimen 

upon the grinding surfaces. 

In order to limit contamination of samples from grinding equipment, agate milling equipment 

was utilised for grinding of SiO2-dominated materials (i.e. ceramics/furnace walls). Due to the 

fragile nature of these samples no other initial crushing was required, and for the highly friable 

samples of charcoal and un-sintered clay an agate pestle and mortar were used to produce 

powders by hand. Although agate is known to introduce trace SiO2, MgO and CaO to samples 

(Schmeling and Van Grieken 2002, 939) this is not considered to be problematic for the SiO2 

dominated materials within this project, and the soft nature of the charcoal samples makes the 

release of detectable levels of contaminants during hand grinding unlikely.  

FeO-dominated materials (i.e. slag and ore) were crushed using steel crushers. Although this 

equipment is potentially capable of introducing trace iron to samples, this is unlikely to be 
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detectable or detrimental for the analysis of the FeO-dominated material. These samples were 

then ground within the planetary mill using tungsten carbide balls, which is likely to introduce 

trace tungsten to the samples in trace amounts, and potentially very trace levels of cobalt which 

is used as a sintering agent. This contamination will affect the accurate analysis of this element’s 

abundance in the archaeological sample, and depending on quantities of tungsten has the 

potential to interfere with accurate assessment of elements with Z numbers between 28 and 35 

(Schmeling and Van Grieken 2002, 939). As agate equipment is not tough enough to effectively 

grind slag samples, and is prone to FeO contamination, the use of tungsten equipment is 

unavoidable. The extent of contamination from the equipment was examined in Appendix 2.5.  

There is some evidence that pressed pellets may 'age' over time, developing surface cracks 

(Novosel-Radovic and Malijkovic, 1993), though it is unclear if this could affect the pellets 

produced for this project due to differing binding agents and pressing techniques used. In order 

to mitigate any ‘ageing’ all the pellets were produced over a relatively short period of time, and 

whilst multiple analytical campaigns were undertaken, each campaign analysed all pellets over a 

short period of time. Thus any changes to pellet morphology, and consequent increase in matrix 

effects and reduction in accuracy, should be consistent across all samples within each analytical 

campaign and should not cause inconsistencies within the dataset nor adversely affect 

between-site comparisons within this project. 

Standard preparation procedure (slag and ore): 

An abrasive-bladed circular saw was used to cut material weighing at least 20g to ensure sample 

homogenization. The material was cut to c.1cm3 pieces, and original surfaces ablated to a 

depth of c.5-10mm to remove any superficial corrosion. Using a manual steel crusher these 

pieces were then reduced to a size of c.0.2cm3 or below. This material was then milled using a 

planetary ball mill fitted with tungsten carbide cups and 1cm diameter balls. The milling 

protocol lasted seven minutes, featuring bursts of 30 second milling activity interspersed with 

five second break periods to reduce smearing and facilitate homogeneous milling. The powders 

produced by this method were then dried for at least 24hrs at 110°C. Ore samples were roasted 

as per the laboratory protocol outlined in (Main Volume 2.2.3.1) in order to convert any 

carbonates or hydroxides present to oxides. This reduced the undetectable fraction of the 

sample and increased analytical totals and analytical accuracy. Analytical pellets were produced 

from these homogenized, powdered, dried samples by combining 8.0000 +/- 0.0005g of sample 

with 0.9 +/- 0.0005g of Hoechst wax C micropowder (C38H76N2O2), giving a dilution factor of 

0.1125, in an aluminium cup and applying 15 tonnes of pressure for 2.5 minutes. 
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Standard preparation procedure (ceramic): 

Material weighing at least 20g was broken from the sample by hand or with tile clippers to avoid 

exposing the porous sample to water. Only material from unvitrified areas was selected, and 

preferential selection of red/orange material over grey/black/potentially slag contaminated 

material was made. The friable nature of this material meant that manual crushing was not 

necessary, and the material was added directly to the planetary ball mill fitted with agate cups 

and 1.5cm diameter balls. The milling protocol lasted five minutes, incorporating 30 second 

bursts of milling interspersed with five second break periods to reduce smearing and facilitate 

homogenous milling. The powders produced by this method were then dried for at least 24hrs 

at 110°C. Analytical pellets were produced from these powders by combining 4.0000 +/- 

0.0005g of sample with 0.9 +/- 0.0005g of Hoechst wax C micropowder (C38H76N2O2), giving a 

dilution factor of 0.225, in an aluminium cup and applying 15 tonnes of pressure for 2.5 

minutes. 

Appendix Table 1-1 Certified reference materials prepared as pressed pellets for this project  

Issuing 

authority 

Identifying code Description Used with method 

ECRM 676-1 Iron ore sinter slag_fun 

 680-1 Iron ore slag_fun 

 681-1 Iron ore slag_fun 

 682-1 Iron ore slag_fun 

BCS 176/2 Manganese ore slag_fun 

 301/1 Lincolnshire iron ore slag_fun 

 381 Basic slag slag_fun 

CCRMP Fer-1  slag_fun 

 Fer-2  slag_fun 

 SL-1 Blast furnace slag slag_fun 

 SCH-1 Garnet Mica/Iron ore slag_fun 

USGS BHVO-2 Basalt Hawaiian Volcanic slag_fun 
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New certified reference material pellet procedure: 

Twelve pellets of certified reference materials were produced from commercial powders using 

the standard pellet procedure above, though with a dilution factor of 0.225. In most cases 4 +/- 

0.0006g of reference material were utilized, but in a small number of cases less reference 

material was available. Reference materials used are listed above. 

Existing certified and agreed reference material: 

In addition to those listed above, a small number of pellets of standard materials were added to 

the above list to improve the spread of compositions available during the examination of the 

accuracy and precision of the analytical machinery. These were not produced specifically for this 

project and in some cases the production technique and dilution factors were unknown. 

In addition to the certified reference materials, one homogenized standard material was used 

for some analyses. Referred to as the ‘Swedish slag standard’ this material has not been 

formally certified, it has been analysed by a number of laboratories and as a result the 

composition is known and agreed (Kresten and Hjarthner-Holdar, 2001).  

Appendix Table 1-2 Certified reference materials already available as pressed pellets  

Issuing 

authority 

Identifying 

code 

Description Used with 

method 

USGS Nod-A1 Manganese nodule slag_fun 

CCRMP SO-1 Champlain sea clay slag_fun and 

turbo-quant 

 Fer-4  slag_fun 

USGS GSP-2 Silver plum 

granodiorite 

turbo-quant 

MINTEK SARM 69 Iron age African 

clay pot sherd 

turbo-quant 

NBS 679 Brick clay turbo-quant 

ECRM 776-1 Firebrick turbo-quant 

BCS-RM 201a Nepheline syenite turbo-quant 

USGS AGV-2 Andesite turbo-quant 
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1.5.2 Resin-mounted polished blocks for phase analysis 

Specimens small enough to be resin mounted using available equipment (i.e. below 2.5cms 

diameter) were excised from the samples using a water-lubricated diamond impregnated 

abrasive saw blade, air dried over-night and mounted using two-part epoxy resin. After 

decanting these blocks were then rough-polished using a sequence of silicon carbide abrasive 

papers (120, 320, 600, 1200 and 2400 grit), before being polished with rotary cloths and 

diamond paste. . Slag, furnace lining and ore sample blocks were polished using 1μm and 

0.25μm diamond pastes, whilst iron samples received an intermediate 3μm diamond paste 

polish before progressing to 1μm and 0.25μm. After optical and electron microscopy, iron 

samples were re-polished at 0.25μm and then etched with 2% nital for 15 seconds for further 

photography. Washing with water between abrasive discs was replaced by ultrasonic baths of 

IMS and washing with IMS when samples were progressed to polishing cloth and diamond paste 

stages.  

Some problems of slag samples cracking during grinding and polishing were encountered. 

Microscope examination indicated that this was not the result of corrosion, as all phases 

including the most prone to loss, the glassy matrix, were visibly present. Cracking appeared to 

result of the use of relatively large pieces of porous slag sample within small resin cups, creating 

an environment in which pressure during polishing/grinding allowed cracks to occur due to both 

movement of the sample and failure of slag overlying pores within the sample. Several 

mitigating solutions were tried, including reduced pressure during grinding/polishing and low 

pressure impregnation of samples with resin prior/during setting within cups, but these did not 

produce a reduction in cracking commensurate with the increased time and effort required. As 

the majority of cracks remained minor and did not appear to significantly alter the surface 

morphology, they were tolerated though some measure of reduced pressure during 

grinding/polishing remained in use. 

Some areas of corrosion or select phase loss were visible on the external surfaces of slag 

samples, usually limited to areas less than 5mm from the external surface. In order to prevent 

this selective corrosion from affecting bulk chemical compositional analyses, those pieces from 

which samples were selected for XRF analysis had their surfaces removed prior to 

homogenization. 
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1.5.3 Homogenised powder for XRD analysis 

The XRD equipment available at the Institute is a powder-diffractometer which requires a finely 

ground power with a particle size for the powders ideally between 0.1μm and 40μm in 

diameter, preferably less than 10μm. Ore specimen powders for this were produced in the 

same way as those produced for the XRF (Appendix 1.5.1), with the exception that the ore 

specimens were not roasted at any point. A specimen of clay from the Semlach-Eisner site was 

prepared by hand grinding in an agate pestle and mortar. 
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APPENDIX 2 RESEARCH DATA 

2.1  Sample lists 

2.1.1 Clatworthy 

Sample numbers are derived from a combination of the context of origin, sampling campaign 

and number. 

Appendix Table 2-1 Clatworthy ceramic samples 

Context Sample number Description Bulk 
analysis 

Weight 

5 Con5Camp2Sam2 Fragment of highly vitrified material showing 
slagged surface, and cracked and bloated 
internal surfaces. Black vitrification through to 
red stained ceramic mass.  

 

222.48 

 Con5Camp2Sam12 Small fragment with some evidence of bloating 
and vitrification, highly sand tempered, black-
brown in colour. 

 
14.39 

 Con5Camp2Sam13 Small fragment of grainy, highly sand tempered 
ceramic, black-brown in colouration, some traces 
of tiny rock fragments (slate?). No surfaces. 

Yes 
22.07 

 Con5Camp2Sam14 Very small, amorphous lump, grainy texture from 
heavy sand tempering, black-brown colour. 

 
15.39 

 Con5Camp2Sam15 Small amorphous lump with grainy texture from 
heavy sand tempering. Black-brown with some 
reddish-brown areas. 

 
14.92 

 Con5Camp2Sam16 Small fragment of grainy, highly tempered 
ceramic with substantial sand, colour red-brown 
through to black.  

 
10.71 

 Con5Camp2Sam17 Very small fragment of amorphous ceramic, 
some evidence of rock inclusions in addition to 
substantial sand, predominantly light brown to 
grey 

 

5.65 

 Con5Camp2Sam18 Very small amorphous lump of ceramic, grainy 
with sand temper, grey-black to red-brown.  

 
7.68 

 Con5Camp2Sam19 Small angular fragment of highly vitrified 
material, probably ceramic, showing 
predominantly solid vitrified mass with limited 
bubbling and some graininess on one surface 

Yes 

14.36 

 Con5Camp2Sam20 Small amorphous piece of grey-brown ceramic, 
highly tempered with sand and friable. At least 
one large (c.10mm?) length piece of slate 
embedded in.  

Yes 

29.81 

 Con5Camp2Sam22 Small piece of grey-brown ceramic, heavily 
tempered with one heavily fired, possibly slag 
contaminated edge with vesicle-like bloating or 
holes. Piece of furnace wall/lining that retains an 
inside edge.  

 

98.67 

 Con5Camp2Sam23 Small piece of grey-brown ceramic, highly 
tempered with sand and poorly fired.  

 
37.14 
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Context Sample number Description Bulk 
analysis 

Weight 

 Con5Camp2Sam24 Small piece of grey-brown ceramic, highly 
tempered with sand and poorly fired. Slate 
fragment inclusions, c.3mm in length. No edges, 
rounded.  

 

17.11 

 Con5Camp2Sam25 Small amorphous piece of grey-brown ceramic, 
highly tempered with sand and poorly fired. 
Some evidence for small slate fragments 
(c.2/3mm length). 

 

12.96 

 Con5Camp2Sam26 Small piece of grey-brown ceramic, highly 
tempered with sand and poorly fired.  

 
25.62 

 Con5Camp2Sam27 Small amorphous piece of grey-brown ceramic, 
highly tempered with sand and poorly fired. 
Small (c.2/3mm length) slate fragments also 
tempering. Randomly orientated. 

 

15.27 

 Con5Camp2Sam28 One surface shows heavy vitrification/slagging 
with dark black colouration transitioning to white 
and then to red/brown/grey ceramic with visible 
sand temper. 

 

60.12 

5 Con5Camp2Sam29 Small amorphous piece of grey-brown ceramic, 
highly tempered with sand. Evidence of slate 
fragments tempering, as well as one small area 
of vitrification/slagging suggesting high 
temperature exposure.  

 

21.96 

 Con5Camp2Sam30 Small amorphous piece of grey-brown ceramic, 
highly tempered with sand and poorly fired.  No 
other inclusions visible.  

 
21.22 

 Con5Camp2Sam31 A wedge-shaped piece of heavily 
vitrified/slagged ceramic showing porosity. 
Cream coloured in places moving to burnt brown 
and grey-black.  

 

18.59 

 Con5Camp2Sam32 Small reddish piece of ceramic with sand temper. 
Slate inclusions. Amorphous. 

Yes 
25.14 

 Con5Camp2Sam33 Small amorphous piece of grey-brown ceramic, 
highly tempered with sand and poorly fired. 
Unclear if any other temper present but does not 
seem likely.  

 

8.35 

 Con5Camp2Sam34 Small amorphous piece of grey-brown ceramic, 
highly tempered with sand and poorly fired.  
Some small fragments of slate tempering.  

 
9.05 

 Con5Camp2Sam35 Small amorphous piece of grey-brown ceramic, 
highly tempered with sand and poorly fired.  No 
other inclusions visible.  

 
14.51 

 Con5Camp2Sam4 Very heavily vitrified surface showing slag-like 
surface skin and quite homogenised subsurface 
material suggestive of complete melting and 
internal porosity which transitions through to 
less homogeneous, more irregular vitrification 
and finally to grainy ceramic. 

 

64.42 

 Con5Camp2Sam6 Heavy vitrified surface, though smooth, 
transitioning through to grainy ceramic.  

 
68.75 

 Con5Camp2Sam8 Slag and large part of adhering furnace lining. 
Some red, most unfired grey. Discernible top and 
bottom so tap slag?  

 
339 

 Con5Camp2Sam9 Large piece of what appears to be part of the 
furnace wall with adhering furnace slag. 

 
562.71 
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Context Sample number Description Bulk 
analysis 

Weight 

8 Con8Camp2Sam1 Relatively large piece of ceramic with strange, 
rounded shape with heavy vitrification on the 
upper surface and what the appearance of badly 
combined ceramic masses on the underside.  

 

526.86 

 Con8Camp2Sam12 Amorphous piece of grey-brown ceramic, highly 
tempered with sand and poorly fired. Unclear if 
any other slate or other temper present.  

Yes 
35.27 

 Con8Camp2Sam13 Small amorphous piece of grey-brown ceramic, 
highly tempered with sand and poorly fired. 
Some possible vitrification. 

 
24.4 

 Con8Camp2Sam15 Small piece of grey-brown ceramic, highly 
tempered with sand and poorly fired. No 
evidence of original edges.  

 
24.38 

 Con8Camp2Sam16 Small amorphous piece of grey-brown ceramic, 
highly tempered with sand and poorly fired. Also 
contains small c.3mm length pieces of slate. 

 
11.16 

 Con8Camp2Sam17 Small piece of grey-brown ceramic, highly 
tempered with sand and wedge shaped.  

Yes 
23.66 

8 con8Camp2Sam19 Small amorphous piece of grey-brown ceramic, 
highly tempered with sand and poorly fired. 
Small number of slate inclusions 

Yes 
12.09 

 Con8Camp2Sam20 Large piece of grey-brown ceramic, highly 
tempered with sand and poorly fired. Some 
evidence of the odd amorphous granular 
inclusions, along with small numbers of slate 
fragments.  

Yes 

74.6 

 Con8Camp2Sam21 Small amorphous piece of grey-brown ceramic, 
highly tempered with sand and poorly fired. 
Possible small area of vitrification, though very 
hard to tell.  

 

15.13 

 Con8Camp2Sam24 Large piece of ceramic with one surface heavily 
vitrified transitioning over considerable depth to 
less heat affected ceramic, moving through 
redder to darker black/grey ceramic with sand 
temper. No evidence of slate.  

 

114.63 

 Con8Camp2Sam25 Large complex piece with concave shape. Top 
surface is slagged and dark, underside is green-
grey and ceramic showing the sand temper and 
not homogenised. Cracks in the underside give 
the appearance of poorly applied ceramic, as if a 
patch of other layer. 

 

331.55 

 Con8Camp2Sam26 Very large and quite dense piece of ceramic with 
sand temper of black to red/brown in colour and 
some grey. Some evidence of a possible 
inner/more vitrified surface but heat clearly 
penetrated quite significantly here, though was 
not intense enough to cause the extensive 
slagging/vitrification seen elsewhere.  

 

434.7 

 Con8Camp2Sam5 Small fragment of heavily vitrified ceramic, with 
black surfaces and some pale fracture.  

 
57.4 

 Con8Camp2Sam9 Small piece of highly vitrified ceramic showing 
black and relatively homogenised surfaces 
transitioning to a granular ceramic. 

 
351.87 

16 Con16Camp2sam14 Small piece of very red ceramic fragment.   5.82 

 Con16Camp2Sam4 Irregular amorphous piece of some complexity 
showing possible vitrification. 

 
129.59 
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Context Sample number Description Bulk 
analysis 

Weight 

16 Con16Camp2Sam8 Small amorphous piece of grey-brown ceramic, 
highly tempered with sand and poorly fired.  

Yes 
31.5 

19 Con19Camp2Sam4 Large wedge shaped piece of the inner vitrified 
surface ceramic which appears to be slagged. 
Back surface cracked and clearly ceramic sand 
tempered, heat having penetrated only a short 
depth on this sample. Considerable slate 
inclusions visible on back surface.  

 

131.13 

24 Con24Camp2Sam1 Large piece of heavily vitrified/slagged ceramic 
that has an irregular black slag-like surface, and 
some remaining burnt red/brown/orange 
ceramic areas showing heavy silica grain temper. 

Yes 

1273.7 

 Con24Camp2Sam11 Small piece of highly vitrified ceramic showing a 
heat homogenised inner surface transitioning to 
a granular ceramic. 

 
8.27 

 Con24Camp2Sam17 Complex piece of with slag with heavily vitrified 
and irregular surface transitioning to a red-
brown granular sand tempered ceramic. 

 
91.96 

24 Con24Camp2Sam6 Small piece of heavily vitrified ceramic with an 
irregular slagged surface and a back edge 
showing more temper likely to represent the 
remains of the outside where most ceramic has 
been lost. This back wall shows fine granular 
temper likely to be sand.  

 

18.53 
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2.2 XRD Data 

2.2.1 Identifying phases 

Although a full analysis of the replicability of analyses was not undertaken, two analyses of the 

sample 105 were made using different presentations of the specimen powder and considerable 

variation in the minor phase identification and quantification noted, indicating the semi-

quantitative nature of the analyses. 

Identifying the correct minerals for some peaks on the difractograms proved quite tricky. The 

manganese bearing mineral(s) was not easy to identify, with the automatic identification 

function failing to supply a suitable match. The mineral ‘bixbyite’ was chosen manually from the 

available minerals, but is not a firm identification; more common minerals including the 

manganese oxide pyrolusite gave poor matches to the analysed peaks and considering the 

intimate mixture of iron and manganese seen in the ore samples when examined via EPMA-EDS 

some form of iron-manganese oxide seems likely.  

The automatic identification function available within the WD-XRF software failed to identify the 

presence of muscovite within the Semlach-Eisner ores automatically, although it was visible to 

the naked eye in many of the ore samples at variable levels. As can be seen in some of the 

difractograms in 2.2.2, the match between recorded peaks and analytical data is relatively 

strong, although some of the reported abundances (up to 13wt%) are unlikely to be accurate 

and underline the limitations of this machine, which is not reliable for calculating the 

abundance of minerals beyond the dominant two. 

Identifying the minerals within the clay sample proved even more difficult for the automatic 

matching function of the XRD software, which failed to identify any clay minerals from the 

diffractogram. In part this is due to some peak shifting for the major kaolinite peaks. Peak 

shifting is a known problem with clays which have been prepared as this one was, by hand 

pressing a powder onto the sample-holding slide, as this is likely to introduce some preferential 

distribution of particles. The need to manually match peaks for this sample, and the strong 

similarities between the XRD peaks of different minerals of the same broad type of clay, mean 

that the minerals identified for this sample are broad and refer to all clay minerals within that 

group (i.e. Illite group, kaolin group).  
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Appendix Figure 2-1 XRD diffractogram showing analytical (red) and identified phase data  

2.2.2 Ore samples 

2.2.2.1 Clatworthy 

Appendix Table 2-7 XRD of Clatworthy ore sample con2c2sam3 

 Hematite (Fe2O3) wt% Quartz (SiO2) 

Con2c2sam3 90 10 

 

2.2.2.2 Semlach-Eisner 

Appendix Table 2-8 XRD analyses of Semlach-Eisner ore samples (semi-quantitative) 

 
Goethite Hematite Bixbyite Quartz Muscovite 

 (Fe H O2) (Fe2O3) wt% (Fe,Mn)2O3 (SiO3) KAls(AlSi3O10)(F,OH)2 

Semlach 050 40 36 6 14 3 

Semlach 051 62 22 2 7 7 

Semlach 054 53 40 1 1 5 

Semlach 105 3 71 4 14 9 

Semlach 163 29 61 4 1 6 

Semlach 165 68 9 0 10 13 
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2.2.2.3 Identifying roasted from un-roasted ores 

The width of iron oxide XRD peaks is effected by the crystalline form of the mineral; highly 

crystalline minerals such as those found in primary geological sources produce sharp XRD peaks 

whilst poorly crystalline minerals such as those found in samples of hematite or magnetite 

oxidised through thermal processes from goethite tend to have a wider peak. As a result of this, 

Onoratini and Périnet (1985) claimed that it was possible to distinguish samples of hematite 

created by intentional human dehydration of goethite from ‘natural’ hematite samples. 

However this fails to take into account natural geological processes including weathering and 

biodegrading which can lead to ‘disordered’ hematite with similar broad peaks (de Faria and 

Lopes 2007). Additionally it has been demonstrated that roasting of goethite at higher 

temperatures produced hematite with progressively narrower XRD peaks (Pomiès et al 1999, 

277), so high temperature roasting of hydroxide ores is likely to produce oxides with narrow 

XRD peaks similar to that of ‘natural’ oxide ores. Thus XRD peak width alone is insufficient to 

prove an anthropogenic origin for the oxide. 

Examination of the peaks of a sample thought to have been roasted (Appendix Figure 2-3) 

against one form a sample not thought to have been roasted (Appendix Figure 2-2) suggests 

some broadening of peaks associated with hematite (two peaks between 30 and 40 °2θ) but 

this is highly subjective and difficult to compare visually. This suggests that the mineral was 

oxidised from another form, but whether this is the result of roasting or weathering cannot be 

judged. 

 

Appendix Figure 2-1 Difractogram of Semlach-Eisner Sample 50 (visual id: not roasted), hematite peaks 

highlighted 
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Appendix Figure 2-3 Difractogram of Semlach-Eisner 163 (visual id: roasted), hematite peaks 

highlighted 

Pomiès et al considered that the presence of maghemite was indicative of man-made hematite 

(ϒ-Fe2O3), referring to its formation in soil when goethite is in contact with organic matter 

(1999, 280), i.e. when present directly on or near the fire without container (1999, 284), the 

same conditions as ore roasting. However no evidence for either was found in the XRD of the 

selected samples. 

2.2.3 Clay sample 

Sample 123, Semlach-Eisner, Austria 

Appendix Table 2-9 XRD analyses of Semlach-Eisner clay sample (semi-quantitative) 

 Illite 

Al4KO12Si2 

Kaolinite 

Al2H4O9Si2 

Quartz 

SiO2 

Semlach 123 46 44 10 
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Appendix Figure 2-4 XRD diffractogram of Semlach-Eisner Sample 123 

 

 

Appendix Figure 2-5 XRD difractogram of Semlach-Eisner clay Sample 123, overlain with phase data  

2.3 (p)ED-XRF 

Before and during analysis of the samples extensive and ongoing investigation of the machine's 

performance was undertaken using certified and agreed reference materials (1.5.1). For 

quantitative analyses occurring over time it is imperative that the accuracy and precision of the 

analytical machinery be checked regularly in order that drift in the quality of results can be 

identified. Whilst the basic approach is to include one certified reference material (CRM) in 

every analytical cycle, the lack of a single CRM with a good chemical compositional match to the 

archaeological material required three CRMs to be used in this project. In addition repeated 
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analysis of a larger group of up to twelve CRMs was used to produce a comprehensive 

understanding of the behaviour of the machine (below). Analyses of CRM 301, 381, 676 and the 

Swedish slag standard were undertaken periodically between January 2011 and April 2012. 

Analyses of all of the CRMs excluding 680 were undertaken on the 23rd of April 2012, with 

repeated analyses of Swedish slag, 381, and 301 occurring between the 17th and 24th April 

2012.  

2.3.1 Precision for FeO-rich materials 

2.3.1.1 Within-cycle precision errors 

The three analyses of each sample, which occur during a single analytical cycle of the (p)ED-XRF, 

were examined to reveal the precision of the single analytical cycle for major and minor oxides 

(Appendix Table 2-2) and trace oxides (Appendix Table 2-1; Figure 2-1).  

The precision error (relative standard deviation, RSD) for major and minor oxides calculated 

from the three measurements taken of all of the CRMs in single analytical cycle is very low; 

frequently below 1%. Higher errors from 3% to 30% are seen in measurements of Na2O, and do 

not appear to have a simple relationship with oxide abundance. MgO errors are also high in 

places, up to 21%, but these do relate to oxide abundance: very low levels of the oxide clearly 

result in higher precision errors. Limited precision errors c.1% can be seen in measurements of 

P2O5, V2O5 and Cr2O3, though these oxides appear less prone to variations than MgO, probably 

as a result of their higher atomic number and more accurate detection and quantification.  

In the majority of trace oxides precision errors drop below 5% at a relatively low oxide 

abundance, though Co3O4 has a very high threshold for accurate measurement (above 

4000ppm). High errors are present at low oxide abundance for trace oxides, followed by a drop 

in error as abundance increases, likely related to reduced sensitivity at low abundance. A RSD of 

5% is reached as oxide abundance reaches c.75ppm for As2O3, c.100ppm for BaO, c.50ppm for 

CuO, c.175ppm for NiO, c.50ppm for SrO, c.75ppm for ZnO and c. 500ppm for PbO. These 

represent acceptable levels, though in cases such as PbO and NiO greater precision would be 

desirable. 
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Appendix Figure 2-6 Analytical mean and within-cycle precision (RSD %) for (p)ED-XRF measurements of 

trace oxides in standard materials 

Table 2-10 Analytical mean (ppm) and within-cycle precision (RSD) figures for (p)ED-XRF analysis of 

trace oxides in standard materials, precision error given as RSD.  

Standard Figure Co3O4 NiO CuO ZnO As2O3 SrO BaO PbO 

176 Normalised mean  1109 505 762 697 348 1435 14 

 σ  28 1 9 66 4 2 1 

 Precision error (%)  3 <1 1 13 1 <1 9 

301 Normalised mean  130 21 254 244 490 89 24 

 σ  9 4 4 2 1 2 1 

 Precision error (%)  11 32 2 1 <1 4 7 

381 Normalised mean   14 15  458 286  

 σ   1 2  3 2  

 Precision error (%)   9 20  1 1  

BHVO-2 Normalised mean 163 144 203 129 3 683 140 2 

 σ 32 3 6 2 1 1 3 <1 

 Precision error (%) 30 3 4 2 46 <1 3 31 

676 Normalised mean 235 95 125 473 255 492 94 18 

 σ 53 11 19 13 7 1 3 6 

 Precision error (%) 23 12 16 3 3 <1 3 33 

681 Normalised mean  176 11 517 165 1684 141  

 σ  6 3 6 6 8 2  

 Precision error (%)  5 41 2 5 1 2  

682 Normalised mean   24 25 11 19 46  

 σ   6 8 2 2 4  

 Precision error (%)   24 32 24 11 10  

FER-2 Normalised mean   68 43 8 96 169  

 σ   2 2 2 2 6  

 Precision error (%)   4 6 32 2 4  
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Standard Figure Co3O4 NiO CuO ZnO As2O3 SrO BaO PbO 

FER-4 Normalised mean   18 27 6 102 22  

 σ   8 1 2 1 4  

 Precision error (%)   52 6 33 2 21  

Fer-1 Normalised mean   123 4255  124 606 3377 

 σ   10 53  5 9 11 

 Precision error (%)   9 1  4 2 <1 

Nod-A1 Normalised mean 4827 9447 1892 837 282 2858 1401 1012 

 σ 30 85 37 15 55 26 19 12 

 Precision error (%) 1 1 3 3 31 1 2 2 

SCH-1 Normalised mean 318  26  72 36 82  

 σ 95  7  2 2 8  

 Precision error (%) 37  32  3 6 13  

SL-1 Normalised mean 17 4 6 15  751 726 6 

 σ 12 <1 1 1  5 6 <1 

 Precision error (%) 94 8 34 8  1 1 6 

SO-1 Normalised mean 121 115 95 181 4 570 1001 19 

 σ 25 3 2 1  2 2 1 

 Precision error (%) 32 4 3 1  <1 <1 6 

Swedish Normalised mean   18 21  135 623  

 σ   1 3  1 8  

 Precision error (%)   9 14  1 2  
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Appendix Table 2-12 
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2.3.1.2 Between-cycle precision errors  

Swedish slag, 381, and 301 CRMs were subject to multiple analysis cycles over a week to 

generate between-cycle precision data (Appendix Table 2-12). Precision errors are very low 

across the suite of major and minor oxides, with the majority below 1%. Patterns of occasionally 

raised precision errors in P2O5 measurements, and poor precision in Na2O measurements, are 

seen here. Whilst measurements of trace oxides are limited, overall there is a very low precision 

error and a low oxide abundance threshold necessary for high precision measurements.  

2.3.2 Accuracy and detection limits for FeO-rich materials 

Each single analytical cycle occurred on one day, and included three repeated analyses of each 

pellet, with the measurement calculated from the mean of these analyses (Appendix Table 2-

14), and a  summary of accuracy percentage errors for major and minor oxides is given in 

Appendix Table 2-13. Detection of Na2O was erratic at the levels present in these standards, 

which were too low for the threshold of accurate measurement to be established. MnO 

measurement appeared to be reliable, with accuracy error below c.10% where MnO content 

was above 0.2wt%.  

Appendix Table 2-13 Analytical error (%) for (p)ED-XRF measurement of major and minor oxides in 

standard materials  

Standard Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 V2O5 Cr2O3 MnO FeO 

176  466 43 58 2 306 10 173 71   15 49 

301  47 24 33 34 55 7 5 17   9 13 

381   32 28 28 4  12 1 2 4 5 10 

BHVO-2  39 12 16 9  30 42 24 62 32 13 35 

676  47 32 25 19 35 2 22 3 6  7 5 

681  39 3 24 17 6 2 24 6 25 34 11 10 

682   75 49 24 89   28 601  525 <1 

FER-4 766 10 49 10 42 32 35 65 <1   4 5 

Nod-A1  39 29 29 85  9 12 31   <1 24 

SCH-1 582 155 73 21 17 342 19 90 17   29 1 

SL-1 46 26 13 20  10 42 29 30   14 28 

SO-1 32 4 3 7 18  22 36 25   15 29 

Swedish 26 40 17 29 16  10 32 17   11 14 

 

The accuracy errors (%) of measurements of those oxides anticipated to be major components 

of the archaeological material are displayed in Appendix Figure 2-7, plotted against the content 

of that oxide in the standard material. This gives a clear illustration of the elevated accuracy 

errors associated with SiO2 measurements across the selection of standard materials, and 

shows that accuracy error does not fall below 10% until SiO2 content rises above c.50wt%.  
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Appendix Figure 2-8 illustrates similar data for minor oxides, showing erratic behaviour in MgO 

and TiO2 detection. MgO is not consistently detectable with any accuracy, though there is some 

indication that accuracy errors below 10% are possible at low levels of TiO2. However for other 

oxides illustrated, including CaO, accuracy errors remain high.  

 

Appendix Figure 2-7 Accuracy errors (%) by oxide content (%) for (p)ED -XRF measurements of major 

oxides in standard materials. Horizontal line represents 10% error mark.  

Examination of the behaviour of data from the three CRMs most comparable with 

archaeological material, 676, Swedish slag, and 681 can be seen in Appendix Figure 2-9, 

Appendix Figure 2-10 and Appendix Figure 2-11 respectively. Accuracy errors in 676 reflect the 

generally high errors seen across the dataset, indicating that these are likely to accurately 

reflect the accuracy we can expect to see in examination of the archaeological material. 

Relatively low accuracy errors are reported in the heavier oxides, excluding CaO, and do not 

seem to be directly correlated with increased presence of these oxides. This pattern is also seen 

in CRM 681, and although not clearly present in the Swedish slag CRM the content of this CRM 

is only agreed rather than formally certified.  

In Appendix Figure 2-7 we can see that accuracy errors for measurements of FeO approach and 

in some cases fall below the 10% level, but show considerable fluctuation. Examination of 

Appendix Figure 2-9, Appendix Figure 2-10 and Appendix Figure 2-11 indicate that these 

fluctuations in accuracy cannot be dismissed as irrelevant as they occur in those standards most 

compositionally comparable to the archaeological material. FeO is likely to be the dominant one 

in much of the archaeological material and an accuracy error that is both stable and low, below 

10% and preferably below 5%, is very important to the quality of this data. 
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Appendix Figure 2-8 Accuracy errors (%) by oxide (%) for (p)ED-XRF measurements of minor oxides in 

standard materials  

 
Appendix Figure 2-9 Accuracy error (%) of (p)ED-XRF measurements (bars) and certified oxide content 

(wt%) (line) for each oxide in standard material 676  
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Appendix Figure 2-10 Accuracy measurement (%) of (p)ED-XRF measurements (bars) and agreed oxide 

content (wt%) (line) of standard for 'Swedish slag' standard material  

 

 

Appendix Figure 2-11 Analytical error (%) and certified oxide content (wt%) for (p)ED -XRF measurement 

of oxides in standard reference material '681'  

Analytical mean, certified standard and accuracy data for trace oxide measurements of selected 

CRMs are presented in Appendix Table 2-15, and illustrated in Appendix Figure 2-12. Detection 

limits were low with measurements obtained for all trace oxides above c.50 ppm, however the 

threshold of accurate measurement as high on all trace oxides where relative abundance was 

certified. 

An accurate measurement for Co3O4 was not possible at the highest certified abundance 

(62ppm). All other trace oxide measurements showed very erratic accuracy errors, with a 
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general pattern of some very low errors recorded at low oxide abundance followed by sharp 

increases in error as abundance increased, then a slow drop off in error. Broadly speaking 

accuracy errors for trace elements are very high and do not appear to diminish significantly 

even at high (above 1000ppm) levels as might be expected. 

 

Appendix Figure 2-12 Accuracy errors (%) for (p)ED-XRF measurements of trace oxides in selected 

standard materials  
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2.3.3 Analysis and manual correction for ceramic material 

Due to lab equipment failure a number of ceramic samples could not be processed into pellets 

until after the WD-XRF analysis had taken place, and had to be analysed with the X-Lab Pro 2000 

(p)ED-XRF. Seven ceramic CRMs were selected for analysis; although not made specifically for 

this analysis, and as a consequence their exact dilution was not known in all cases, the 

production methodology outlined in Appendix 1.5.1 is likely to have been broadly followed. 

Analyses were undertaken on the 10th and 11th of December 2012 using the factory 

Turbo_quant method, with accuracy figures calculated from data produced on the 11th.   

2.3.3.1 Precision for ceramic materials 

2.3.3.1.1 WITHIN CYCLE 

Precision errors for measurements taken within the same cycle are low for major and minor 

oxides (Appendix Table 2-18), rarely reaching above 1%. Exceptions to this are seen in the low 

abundance oxides MnO, P2O5, V2O5 and Cr2O3 etc., where a slight rise in precision errors are 

likely to reflect relative abundances approaching the detection limits of the machine. SO3 was 

detected in only one reference material, and here the precision error is unsurprisingly high due 

to the difficulty in detecting this light element. 

Trace oxides show a greater range of precision errors (Appendix Table 2-16), though SrO, BaO 

and As2O3 rarely rise above 1% despite their low abundances in some standards. PbO and ZnO 

precision errors are around 3% for abundances above 20ppm and 98ppm respectively, rising as 

the abundance falls below this point. Co3O4 precision fluctuates erratically and does not appear 

to be linked to abundance, a pattern also seen to a lesser extent in the prevision figures for NiO. 

Whilst not as low as desired for a single analytical cycle they remain acceptably low in most 

cases. 

Appendix Table 2-16 Mean (ppm) and precision figures (RSD) for trace oxides from ED -XRF analyses of 

certified reference materials on the 10th December 2012  

 Trace Co3O4 NiO CuO ZnO As2O3 SrO BaO PbO 

AGV-2 Normalised mean 73 17 73 120  851 742 18 

 σ 17 2 3 2  3 18 1 

 Precision error (%) 23 12 5 2  <1 2 8 

BCS 201a  Normalised mean 3 9 2 11  4537 2127 9 

 σ <1 3 1 1  5 21 1 

 Precision error (%) 4 34 30 10  <1 1 8 

ECRM 776-1 Normalised mean 36 44 40 98 3 230 1059 121 

 σ 2 2 3 2 2 <1 15 2 

 Precision error (%) 7 5 6 2  <1 1 1 
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 Trace Co3O4 NiO CuO ZnO As2O3 SrO BaO PbO 

NBS 679 Normalised mean 178 52 51 161 16 95 307 24 

 σ 24 3 6 4 1 1 10 1 

 Precision error (%) 14 6 11 3  1 3 3 

SARM 69 Normalised mean 116 63 76 98 5 149 370 20 

 σ 16 1 4 1 2 1 8 2 

 Precision error 14 2 6 1  1 2 10 

SO-1 Normalised mean  125 114 89 200 4 434 617 21 

 σ 10 2 2 3 1 2 8 1 

 Precision error  8 2 2 2  1 1 3 

USGS GSP-2 Normalised mean 60 18 64 173  296 882 58 

 σ 8 1 4 2  1 18 2 

 Precision error 13 4 6 1  <1 2 3 

 

2.3.3.1.2 BETWEEN CYCLE 

The data analysed here are limited to only two cycles, but they can be considered indicative and 

show a low major and minor oxide precision error (Appendix Table 2-19) around 1% across most 

oxides, with errors for some oxides more consistent and lower than seen in the within-cycle 

analysis. Again Cr2O3 has elevated and fluctuating precision errors, likely as a result of the low 

abundance approaching limits of consistent detection. Trace element precision errors 

(Appendix Table 2-17) are also broadly lower those seen within the individual analytical cycle, 

with many not rising above 1 or 2%. Whilst only indicative, these results suggest that during a 

short time frame analyses are highly repeatable.  

Appendix Table 2-17 Mean (ppm) and precision (RSD, %) figures for ED-XRF analyses of trace oxides in 

certified standard materials on the 10th and 11th of December 2012  

 Trace oxides Co3O4 NiO CuO ZnO As2O3 SrO BaO PbO 

AGV-2 Normalised mean 81 17 73 122  853 741 18 

 σ 11 1 <1 3  2 1 <1 

 Precision error (%) 14 5 <1 3  <1 <1 <1 

BCS 201a  Normalised mean 5 10 3 10  4540 2126 9 

 σ 2 1 1 <1  4 2 <1 

 Precision error (%) 47 12 34 2  <1 <1 1 

ECRM 776-1 Normalised mean 36 43 39 97  229 1059 122 

 σ 1 2 2 1  <1 1 1 

 Precision error (%) 3 4 6 1  <1 <1 1 

NBS 679 Normalised mean 177 52 51 159 16 95 309 23 

 σ 2 <1 1 2 1 1 3 <1 

 Precision error (%) 1 <1 1 1 5 1 1 2 

Sarm 69 Normalised mean 114 63 75 96 5 149 367 20 

 σ 3 <1 2 2 1 <1 3 <1 

 Precision error (%) 2 <1 2 2 12 <1 1 1 
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 Trace oxides Co3O4 NiO CuO ZnO As2O3 SrO BaO PbO 

SO-1 Normalised mean 121 111 89 201 4 434 614 21 

 σ 6 3 <1 1 1 <1 5 1 

 Precision error (%) 5 3 <1 1 15 <1 1 5 

USGS GSP-2 Normalised mean 64 17 66 176  320 978 60 

 σ 5 1 2 4  33 135 2 

 Precision error (%) 9 8 3 2  10 14 4 
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2.3.3.2 Accuracy for ceramic materials 

Analytical, standard and accuracy data for major and minor elements are presented in Appendix 

Table 2-20. Accuracy of V2O5 and Cr2O3 measurements cannot be assessed as these are barely 

present in the certified reference materials. Despite certified Na2O content varying widely, 

between 0.2 and 7.5wt%, with some of these representing relatively large quantities, no Na2O 

was detected in the analyses. Similar problems were encountered with the analysis of MgO, 

although certified values were widely spread between 0.025 and 4wt%. As a result the analyses 

are compromised, and it is not possible to present any assessment of the accuracy or limits of 

Na2O or MgO detection. If we examine historical analyses of certified standard NBS 679 

produced irregularly between April and December 2012 in Appendix Table 2-21, we can see that 

Na2O and MgO detection have dropped over time, with analytical errors increasing until both 

oxides are no longer detected at all. Whilst it is known that several people were working on the 

calibration of the machine during this period, it is surprising that the detection of these light 

elements has fluctuated so much. One possible reason for the complete lack of MgO and Na2O 

detection during November and December may be the incorrect selection of detector window 

film. Too thick a film, even in terms of microns, has the potential to severely attenuate photon 

emission by light elements.  

Measurements of CaO were subject to highly variable but very large accuracy errors, and in 

terms of other major elements, detection of SiO2 is good with analytical errors below 5% for the 

majority of standards, and below 10% for Al2O3 and K2O excluding one outlier. Detection of FeO 

is very poor, and despite relative abundances of up to 13wt% analytical errors are between 10 

and 40%. Minor oxides P2O5, TiO2, MnO, and CaO show very high analytical errors, even when 

present at several wt%. The majority of trace oxides for which certified reference values are 

available show high analytical errors (Appendix Table 2-23). Co3O4 is present in low enough 

levels that high accuracy errors area likely to be the result of approaching the detection limits, 

but even where oxides are present at several thousand parts per million, as with BaO, analytical 

errors remain high.  

  



486 
 

Appendix Table 2-23 Mean and accuracy figures for ED-XRF analyses of trace oxides in certified 

standard materials on the 10th and 11th of December 2012  

  Co3O4 NiO CuO ZnO SrO BaO PbO 

USGS  

GSP-2 

Normalised standard 7 22 55 152 289 1522 44 

Normalised analytical 53 15 57 153 262 781 51 

 Analytical error (absolute) 45 7 2 1 26 741 7 

 Analytical error (%) 611 30 4 1 9 49 17 

SARM 69 Normalised standard 29 70 60 88 135 604 15 

 Normalised analytical 153 83 100 129 196 488 26 

 Analytical error (absolute) 124 13 40 40 61 116 11 

 Analytical error (%) 425 18 67 46 46 19 75 

ECRM  

776-1 

Normalised standard      1228  

Normalised analytical      1234  

 Analytical error (absolute)      6  

 Analytical error (%)      <1  

BCS-RM  

201a 

Normalised standard     4328 3724  

Normalised analytical     5912 2764  

 Analytical error (absolute)     1585 960  

 Analytical error (%)     37 26  

AGV-2 Normalised standard 16 19 68 109 793 1297 136 

 Normalised analytical 114 21 93 159 1094 949 23 

 Analytical error (absolute) 98 1 26 50 302 348 113 

 Analytical error (%) 600 7 38 46 38 27 83 

SO-1 Normalised standard     3767   

 Normalised analytical     576   

 Analytical error (absolute)     3191   

 Analytical error (%)     85   

 

2.3.3.3 Manual corrections for improved accuracy 

In order to explore whether the analytical errors were systematic and data accuracy could be 

improved by simple linear calibration factors, graphs of the normalised CRM values against the 

normalised analytical values were produced and a selection presented in Appendix Figure 2-13. 

All of the graphs illustrated indicate a good level of fit for trend lines and strong linear 

relationships between the analytical and certified values. Correction factors for each oxide were 

calculated using measurements for all 15 CRMs, however application of these corrections 

factors did not produce clear reductions in accuracy errors in all oxides. Alternative correction 

factors generated from a smaller selection of CRMs were therefore calculated for comparison, 

utilizing those standards closest in composition to the archaeological data, producing the 

highest analytical totals and matching the overall linear relationship between certified values 

and analytical values most closely. In addition a correction factor calculated from only a single 

CRM, the Swedish Slag, was also calculated for comparison. These three correction factors are 
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presented in Appendix Table 2-24. To judge the effectiveness of these calibrations they were 

applied to the analytical data, and the resulting accuracy errors compared with the accuracy 

errors from the original analytical data (Appendix Figure 2-15). From this it was clear that a 

simple correction factor based on all of the standards was the most effective.  

  

 

 

Appendix Figure 2-13 Selection of graphs for simple manual correction of analysed oxide values for ED -

XRF of ceramic material  
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Appendix Figure 2-14 Comparison of accuracy errors for various forms of correction methods applied 

to (p)ED-XRF data 

Examining the application of this simple correction factor on a number of oxides (Appendix 

Figure 2-15) It is clear from both that, excluding occasional examples, the data are 

predominantly improved by applying the calibration factors. The low number of certified values 

for trace oxides compromises the effectiveness of these calibrations, and consequently the 

accuracy errors for many trace oxides have not improved, significantly though BaO is an 

exception with marked improvement. Other trace oxide measurements must be considered 

semi-quantitative at best.  
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Appendix Figure 2-15 Accuracy errors for select oxides from ED-XRF analysis before and after manual 

correction 
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2.4 WD-XRF Data 

2.4.1 Precision 

Precision statistics and the mean analytical value for three CRMs are presented in Appendix 

Table 2-25. These are generated from the repeated analyses of these CRMs over a single week 

in September 2012. Unfortunately the Swedish slag material, which was used in precision 

figures for the pXRF and ED-XRF discussion above, was not available. CRM 676 was substituted, 

though it contains markedly higher CaO content then is expected in any of the archaeological 

material. This CRM was analysed a total of five times for the data presented here; CRM 301 and 

381 were analysed three times.  

The precision errors for SiO2 and FeO are extremely low, in all cases below 1%, and as these 

represent the major components of the archaeological material this is extremely promising. 

Errors for MnO and Al2O3, significant minor oxides, are also around or below 1%. Precision 

errors for P2O5, SO3, and MgO are also frequently around 1%, despite low abundances. Higher 

precision errors are seen in Na2O content, but this is likely to relate to the low relative 

abundance of that oxide in these standard materials, and errors do drop to around 2% as Na2O 

abundance increases to 0.2wt%. Compared to the precision errors for Na2O seen in the 

examination of the ED-XRF data, this is a much lower compositional threshold for precise 

measurement.  

If we compare the analytical behaviour of the WD-XRF with that of the ED-XRF, we do see 

higher precision errors in the WD-XRF measurement of TiO2, V2O5 and Cr2O3. However these 

remain no higher than around 5%, which considering the low relative abundance of these 

oxides is considered acceptable. Precision errors for trace elements are higher at lower relative 

oxide abundances for WD-XRF measurements compared to ED-XRF measurements. Whilst they 

tend to fall below 5% for trace oxides present in quantities above c.200ppm, below this 

precision errors rise significantly. In addition, precision errors remain around 10% for 

measurements of BaO, even where the oxide is present in several hundred ppm.  

Precision errors for the WD-XRF measurements of the standard materials are acceptable, being 

below 1% for major and most minor oxides, and even below 10% for the light oxide Na2O. Trace 

element precision errors were higher, though dropping to below 10% where estimated 

abundances were above c.200ppm. Whilst higher precision would be desirable, these levels of 

error were acceptable and the below 1% precision errors associated with SiO2 and FeO were 

reassuring.  
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2.4.2 Accuracy, and correction of TiO2 

Major and minor oxide accuracy data are presented in Appendix Table 2-27. Analytical totals are 

slightly lower than would be expected, but are consistent across multiple analyses of these 

pellets during this analytical campaign. Comparable low analytical totals are also seen in 

multiple analyses of different pellets of the same reference materials undertaken on this 

machine by others (P. Venunan 2014, pers.comm.), whilst analysis of the slag samples produced 

using the same protocol produced consistently high analytical totals (Main Volume, Table 5-11). 

It is therefore unlikely that analytical errors could have effected only the reference material 

pellets, and the same issue across multiple pellets produced by two different analysts argues 

against sample preparation errors. Having eliminated these options, it seems likely that the low 

analytical totals are an artefact of the machine calibration, and appear to affect only the 

reference materials due to the relatively higher proportion of light oxides within them 

compared to the archaeological slag samples.  

Accuracy errors for major oxides FeO and SiO2 are good, falling broadly below or around 5%. 

Although there is some variation in the Al2O3 errors, for abundances comparable with those 

likely to be found in the archaeological material accuracy errors are around 5%, rising slightly as 

abundance falls. Accuracy errors for CaO measurements are also low, but these have been 

measured for much higher abundances of CaO then is expected in the archaeological material, 

so this is of limited relevance. Errors for WD-XRF measurements of Na2O, P2O5 and K2O are 

below 10%, which is markedly better than those produced by the ED-XRF. Limited certified 

figures for V2O5 and Cr2O3 values are available, but where the abundance is above c.0.1wt% 

accuracy errors for these measurements also appear to be below 10%. Overall accuracy errors 

for major and minor oxides are good, and significantly better than those of the ED-XRF 

measurements, though TiO2 measurements were disappointingly inaccurate with errors of 30-

40%. However these were systematic underestimation errors (Appendix Figure 2-16), for which 

a simple correction factor was calculated (analytical value / 0.6256), reducing the errors to 

c.10% with no detrimental effect on the accuracy of other oxides. 
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Appendix Figure 2-16 Analysed mean analyses of major and minor oxides against normalised standard 

values for WD-XRF analyses of TiO2 in reference materials  

Trace oxide accuracy figures can be seen in Appendix Table 2-26, where due to a lack of CRMs 

matching the archaeological material additional data from two CRMs Fer-1 and Fer-2 are 

provided. Unfortunately this remains a small dataset with limited utility in examining the trace 

oxide accuracy behaviour, which can fluctuate considerably with relation to the target oxide’s 

abundance. Broadly speaking we can see a trend towards accuracy errors of around 15% or 

better for abundances above 100ppm, however errors in Co3O4 measurement for these 

standard pre-packaged powders are so significant that this oxide should not be included in any 

interpretation or further analysis of the measurements from archaeological data.  

Appendix Table 2-26 Accuracy figures and mean analytical values for select trace oxides of certified 

standard materials by WD-XRF, after correction of TiO2. 

   Co3O4   NiO     CuO     ZnO     SrO     BaO    PbO 

BHVO-2 Normalised standard (ppm) 62 153 160 129 464 146  

 Normalised mean  (ppm) 183 140 178 144 567 274  

 Analytical error (absolute) 121 13 17 15 104 127  

 Analytical error (%) 196 9 11 11 22 87  

Fer-2 Normalised standard (ppm) 10  58 55 71 276 12 

 Normalised mean  (ppm) 238  35 54 82 326 22 

 Analytical error (absolute) 228  23 1 11 50 10 

 Analytical error (%) 2280  39 1 15 18 87 

Fer-1 Normalised standard (ppm) 17  134 4648 114 1192 5701 

 Normalised mean  (ppm) 423  117 5666 111 1168 5006 

 Analytical error (absolute) 405  17 1018 2 24 695 

 Analytical error (%) 2325  13 22 2 2 12 
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2.4.3 Comparison of standard grinding methods with extended hand-grinding method 

Concerns about the possibility of high variation in particle size of the powders produced by 

grinding in the planetary mill were raised by the laboratory manager during the preparation of 

samples for WD-XRF. It was suggested that milling iron-rich material in the planetary mill might 

produce a product with high variation in particle size due to the potential for smeared fine 

particles on the steel grinding surfaces to interfere with the breaking of larger particles. It was 

hypothesised that t short period of hand-grinding in an agate pestle and mortar after milling 

might improve analytical results by reducing the variance in particle size and consequently 

reducing matrix effects during XRF analysis resulting in improved analytical totals and accuracy 

of quantitative analysis. 

2.4.3.1 Methodology 

Tap slag samples from the Semlach-Eisner site were used as the analytical material, and the 

analysis conducted over a single four-day period. The standard powder preparation procedure 

was used (1.5.1), after which samples were either made directly into a pellet as outlined, or 

subject first to hand-grinding in an agate pestle and mortar for five minutes prior to pressing 

into a pellet; these are henceforth referred to as ‘unground’ and ‘ground’ respectively.  

Considering the relatively large quantity of powder from each archaeological sample available, 

both grinding and non-grinding methods could be applied to each sample, which allowed a 

within-group experimental design. This approach, combined with a large population size, is ideal 

as it facilitates the direct comparison between the two methods and statistically stronger 

conclusions. However this approach caused a number of concerns, particularly the significant 

burden in preparation time and the doubling of the intended analytical time on a machine for 

which access was already circumscribed. Consequently the decision was taken to perform this 

approach on only a small number (4) of samples, and the majority of the samples (74) instead 

formed into a between-group analysis by splitting them between the two preparation 

techniques. This allowed sufficient samples to be exposed to both techniques whilst minimising 

the analytical time necessary to test the hypothesis. The data from both approaches is 

presented below.  

2.4.3.2 Comparing within-group variation with precision 

Chemical composition data for the within-group set is presented in Appendix Table 2-29, 

although measurements below 100ppm are at the qualitative limit and should be considered 

indicative rather than quantitative. Five repeated analyses of the CRM ECSB Euro-Standard 676-

1 and relevant precision statistics are presented in Appendix Table 2-30 for comparison. RSD is 

included for these tables as it allows comparison of the relative uncertainty between individual 
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oxides despite their different absolute values. RSDs are between 1-4% for major and minor 

oxides excluding Cl and Na2O, rising in trace oxides to around 7% in those of <500ppm and 

continuing to rise significantly as trace oxide abundance drops below 100ppm. These results are 

in line with the expected limitations of the analytical technique. 

In order to identify potentially meaningful differences in analytical results between ground and 

unground methodologies, the quantitative differences in the chemical compositions for each 

oxide are compared with precision figures in Appendix Table 2-31. The precision figures 

represent a threshold figure below which any variation caused by the preparation methods is 

indistinguishable from natural variation resulting from the analytical technique. Appendix Table 

2-31 shows that the absolute variation between analytical results for ground and unground 

material is more than the two standard deviations calculated from the certified reference 

material for a number of oxides. This suggests that there may be high enough variation between 

the two methods to be discernible above the background analytical uncertainty. However 

caution is required as the precision figures are derived from a CRM which was supplied in 

powder form, rather than ground using the same protocols as the experimental material, and 

hence smaller particle sizes and consequently smaller matrix errors and smaller precision errors 

than might be seen in experimental material are possible. 

2.4.3.3 Comparing means between ground and unground methods in the within -

group data 

In Appendix Figure 2-18 the mean normalised wt% for each oxide is compared between the 

unground and ground methods, and illustrated with a 95% confidence interval. In this figure and 

other similar ones using the within-group data, the data have been adjusted by normalising the 

sample means to ensure that all the samples have the same means across both groups1. This 

technique is designed to take advantage of the reduced unsystematic variance in the within-

group model, which otherwise would be ignored by this visualisation. It assumes that because 

the two techniques have been applied to the same samples, the variation between samples 

within the same technique is not relevant to our analysis, and eliminates it through 

normalisation (Loftus and Masson 1994, 481; Masson and Loftus 2003). This leaves the 

remaining two sources of variation within the plots - the differences resulting from the change 

in technique and the inherent errors in the analytical process - unchanged and makes it 

substantially easier to compare the patterns of means across techniques. This form of visual 

comparison, which allows confidence intervals and system error to be considered, provides a 

                                                           
1 Technique first suggested in Loftus and Masson, 1994 
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more interpretive way of comparing means than undertaken in traditional binary hypothesis-

testing statistical analyses such as ANOVA, with which is shares fundamental similarities.   

For many of the oxides such as TiO2, SrO and ZnO the data are comparable, with considerable 

overlap in error bars. This is in part an inevitable result of the small sample size, which does not 

allow much confidence in the overall population mean. However the lack of overlap in the MgO 

graph suggests that there may be a meaningful difference between ground and unground data. 

Other oxides such as Fe2O3, MnO and CaO and are harder to interpret, with some separation 

visible but with error bars still overlapping, indicating that we cannot be confident there is 

meaningful difference between the two methods for these oxides. In order to explore this the 

paired-samples t-test, a univariate statistical test which can be applied to each oxide in turn, 

was used to test the significance of the difference in the means between the two preparation 

techniques (Appendix Table 2-28).  

Appendix Table 2-28 Significance figures for dependant t -test of selected oxide pairs from within-group 

dataset 

Variable MgO Na2O Al2O3 SiO2 CaO TiO2 MnO Fe2O3 Co2O3 ZnO SrO 

2-tailed 

significance 

0.05 0.62 0.55 0.14 0.10 0.76 0.20 0.15 0.62 0.38 0.82 

  

Only MgO shows a statistically significant (p=0.05) difference between the analytical results for 

ground and unground materials. The small population size of this dataset, and the fact that the 

normalised data are bounded rather than strictly continuous, limits the relevance of this test 

and consequently supporting data are required before a definitive interpretation can be made.  

2.4.3.4 Comparing means between ground and unground methods in the between -

group dataset 

Initial examination of the 79 samples of the between-group dataset resulted in the removal of 

two outlier samples, and the final dataset was comprised of thirty-eight samples pellets 

produced without grinding and thirty-nine produced with grinding. Slag samples were 

considered to have been randomly assigned to each of these groups and compositionally 

representative of the wider body of slag samples. Whilst this experimental method is not as 

sensitive as the within-group method, the dataset is significantly larger and therefore more 

resilient to preparation and analytical errors.  

A visual comparison of compositional means for each oxide between ground and unground 

groups was performed, and selected graphs are illustrated in Appendix Figure 2-19. Excluding 

WO3, this evidence suggested that there are unlikely to be any statistically significant 



499 
 

differences in the chemical composition by oxide, a conclusion which was supported by 

independent t-tests, which found no significant difference between ground and unground 

groups in any of the analysed oxides.  

The difference in mean WO3 content between ground and unground groups was visually 

distinctive and confirmed as significant by independent t-test (two-tailed, p=0.013). The 

presence of tungsten in the analytical powders is very likely an artefact of the use of tungsten 

carbide balls in the milling process, rather than an original component of the archaeological 

slag. The variation in tungsten content within the analytical powders is therefore likely to relate 

to variations in the milling process. No such difference in mean Co3O4 or Cr2O3 content was 

found between the groups, despite cobalt being present in the balls used within the milling cups 

and chromium within the cup lids (0), suggesting that detectable contamination of the sample 

with these oxides was not consistently found within the analysed powders.  

Observation suggests that there is a tendency for the analyst to select smaller sample sizes for 

milling as familiarity with the milling procedure increases. In addition the ground material 

pellets were all produced after the unground material, and would have been produced from 

material milled later than the material used for unground material. If we assume that the 

quantity of tungsten lost by balls is constant for procedures of identical rpm and duration no 

matter how great the mass of sample material being ground is, then we would expect to see 

higher concentrations of tungsten in those powders ground in smaller quantities. Consequently 

I believe that higher quantities of tungsten in the ground samples are likely to reflect 

practitioner bias in the selection of quantities of material for milling, rather than a meaningful 

difference resulting from the use of hand grinding in pellet preparation.  

2.4.3.5 Comparing mean analytical totals between ground and unground methods in 

both datasets 

Visual comparison of the mean and confidence interval for analytical totals in the two groups 

(Appendix Figure 2-17) suggests no significant difference in the small within-group set, but a 

clear difference in the larger between-group set. The behaviour is much easier to distinguish in 

the larger set in part due to the fact that, unlike the oxide data, the spread in analytical totals is 

similar to the smaller dataset but the much larger number of samples brings down the standard 

error on which the confidence interval is based. This allows us to see much more clearly the 

difference between the ground and unground means within the larger between-group dataset. 

An independent t-test (df 75, t=-4.554) confirmed that there was a statistically significant 

(p<0.01) difference in analytical totals between the ground (M=97.89, SE=0.141) and unground 

(M=96.98, SE=0.140) groups. An initial interpretation of this evidence suggests that this, like the 
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WO3 behaviour, might be the result of a smaller material mass selected for milling in the later 

samples. This could have produced a finer powder, which when pressed and analysed by WD-

XRF resulted in reduced porosity and/or matrix effects and consequently improved analytical 

total.  

However if this model were accurate we would expect WO3 content to be very strongly related 

to analytical total as they would both rise together. Yet parametric and non-parametric tests 

indicate that there is no significant correlation between analytical totals and WO3 content, 

arguing against this interpretation. Instead it seems likely that the significant increase in mean 

analytical total between the unground and ground groups of almost 1wt% is in fact a result of 

the additional hand-grinding process.  

 

Appendix Figure 2-17 Comparison of error-bar graphs showing means and 95% confidence intervals for 

analytical totals in both sets of data  

The analyses discussed above were carried out on a WD-XRF at the University of Fribourg, 

Switzerland, so the conclusion that the hand-grinding does affect the analysis is specific to that 

machine. However examination of the precision of the XRF utilised in the Institute, illustrated in 

Appendix Table 2-30, shows that precision errors for this machine are comparably low, and 

consequently the effect of hand-grinding is still likely to be visible within data generated by this 

analytical technique and other machines of comparable precision. 
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2.4.3.6 Conclusion 

Despite testing the behaviour of ground and unground powders with both between and within-

group experimental designs there was no significant differences in the chemical compositions 

that could be firmly attributed to hand-grinding. There was strong evidence for a mean increase 

of c.1wt% in analytical total in the hand-ground group of the between-group experiment. This 

suggests that hand-grinding the analytical powders creates either a powder of more 

homogeneous particle size, or a general reduction in powder size, either of which could result in 

a reduction in matrix effects.  

Whilst analytical total is often judged as a benchmark indication of analytical accuracy, the lack 

of clear difference in oxide behaviour between the two methods makes it difficult to confirm 

that there is any functional improvement in analytical accuracy between methods despite some 

improvement in analytical total. Unfortunately this is likely to be linked to the nature of the 

dataset, which is normalised and therefore constrained, and which contains variables which are 

no longer strictly continuous, thus meaning that any change to individual oxides necessarily 

affects the values of other oxides. This structure may obscure the effects of any increased 

accuracy in hand-ground analyses, and the highly correlated nature of many of the variables 

means that multivariate analysis of variance is unlikely to cast further light on the matter.  

Given a significant investment in time it might be possible to de-correlate the variables, but it is 

unclear if a multivariate analysis of the datasets would provide significant additional 

information. Oxide behaviour would be more profitably examined if the chemical composition 

of the archaeological material used in these experiments could be identified using an alternative 

technique of greater accuracy and precision. This would allow the XRF data discussed here to be 

compared with a ‘known’ composition and assessment made of whether analysis of hand-

ground material produced a more accurate composition. 

Whilst the behaviour of tungsten has clearly demonstrated the importance of consistent 

technique and randomisation of sample choice in the production of pellets for XRF, the 

advantage of hand-grinding is less clear. The addition of hand-grinding to the production 

process adds to sample preparation time, and in most cases the burden of this is likely to 

outweigh the small benefit of increased analytical total where there remains no clear evidence 

that there is also increased analytical accuracy.  
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2.5 pXRF 

2.5.1 Precision  

Three repeat measurements using the two-beam mining method to analyse major and minor 

oxides were conducted on each certified reference material without moving or otherwise 

altering the set-up. The standard deviation (σ) and relative standard deviation (rsd) for 

measurements of major and minor oxides were calculated for each material and are presented 

in Appendix Table 2-35 with the normalised analytical mean for comparison. Dilution of the 

analytical material with Hoechst wax made it difficult to accurately calculate the penetration of 

the incident x-rays, but it is clear from the under-reporting of Al2O3 in those samples with low 

FeO content that the incident x-rays are not penetrating as far as the aluminium cup which 

supports the sample material.  

Relatively low RSD figures were seen across most of the oxides, with almost all falling below 

20% for both major and minor oxides and the majority below 10%. High RSD figures were seen 

for MgO measurements, which is likely to reflect the erratic nature of these measurements 

discussed above. The RSD of P2O5 measurements was a little elevated, but this is likely to be a 

factor of the low abundance of this oxide in all CRMs. CRM 676, the closest compositional 

match to the archaeological slag, shows RSD figures c.10% except P2O5 and Al2O3, the latter an 

artefact of analyses of materials with high FeO content. 

The soil method was used to analyse trace oxides, and the standard deviation (σ) and relative 

standard deviation (RSD) for measurements of trace elements are presented in Appendix Table 

2-33, with corrected analytical means for comparison. RSD figures around or below 10% for 

most elements can be seen, even at ppm levels below that necessary to reduce accuracy errors 

to 10%.  

Precision figures were predominantly acceptable, with the RSD in many cases falling around or 

below 10%, though an RSD of 5% or less would be more appropriate for analytical data. 

Accuracy is more problematic as errors below 5% for major elements and below 10% for minor 

and trace elements are desirable, though for pXRF acceptance of 10% error for major elements 

in analyses of archaeological material has been seen in published literature (e.g. Forster et al 

2011; Eliyahu-Behar et al 2008). However accuracy errors rarely fell below 10% for any of the 

measured oxides/elements, and there were notably high detection limits for a number of the 

trace elements. The measurements of Sr, an element often used to discriminate between raw 

material sources in the discussion of iron production, feature high accuracy, precision and low 

detection limits. However the lack of consistent and accurate Ba measurement, even at high 
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trace levels, presents a significant roadblock to using pXRF on iron production material as this 

element is often relied on in discussions of ore origin and use in iron production.  

Appendix Table 2-33 Corrected analytical mean (ppm) and precision error (RSD %) figures for pXRF of 

trace elements in CMRs 

  Co Ni Cu Zn As Sr Ba Pb 

SL-1 Analytical mean   7 7  430 869 11 

 σ   3 3  6 39 2 

 Precision error (%)   44 36  1 5 18 

381 Analytical mean  43  4 7 309 10948  

 σ  17  3 1 5 79  

 Precision error (%)  40  56 8 2 1  

682 Analytical mean      16  1875 

 σ      4  81 

 Precision error (%)      23  4 

680 Analytical mean   97 1205  51 1084 4044 

 σ   19 4  3 69 27 

 Precision error (%)   20 <1  5 6 1 

681 Analytical mean 2127   266 32 912 2728 129 

 σ 596   7 7 12 91 11 

 Precision error (%) 28   3 21 1 3 9 

301 Analytical mean    96 127 250 1497 61 

 σ    4 5 2 101 9 

 Precision error (%)    4 4 1 7 14 

BHVO Analytical mean 753  92 83 1 387 1080  

 σ 147  5 4 0.00 3 125  

 Precision error (%) 20  5 5 <1 1 12  

176/2 Analytical mean  3474 42 524 1346 225 7177 130 

 σ  69 24 16 28 5 418 9 

 Precision error (%)  2 57 3 2 2 6 7 

Fer-1 Analytical mean 2695   4132  96 121 5282 

 σ 764   34  5 82 37 

 Precision error (%) 28   1  4 68 1 

676 Analytical mean    339 148 367 1077 142 

 σ    15 8 9 109 2 

 Precision error (%)    4 6 2 10 1 

SCH-1 Analytical mean      22  1298 

 σ      5  65 

 Precision error (%)      24  5 

Fer-2 Analytical mean 2519     65  25 

 σ 334     4  7 

 Precision error (%) 13     6  26 
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2.5.2 Accuracy and detection limits 

Twelve CRMs covering a broad range of compositions, selected primarily for their ability to 

cover the spectrum of FeO contents expected in the archaeological materials, were analysed by 

the two-beam method for major and minor oxides. Normalised pXRF measurements and 

accuracy calculations for all twelve CRMs can be seen in Appendix Table 2-36. CRM 676, which 

represents the closest compositional match to the expected composition of archaeological 

material, is highlighted in Appendix Table 2-36. It shows very high errors in the measurement of 

Al2O3, which are correlated with high levels of FeO in the standard. This pattern is seen across 

the standards, where high levels of FeO (>c.70wt%) in the reference material produce extreme 

levels of inaccuracy in Al2O3 content, illustrated in Appendix Figure 2-20.  

  

Appendix Figure 2-20 Analytical error (%) of Al2O3 with respect to FeO content  

The analytical error was generally high across the CRMs for all the oxides, rarely falling below 

10%. MgO was frequently not detected, and where measurements were made analytical errors 

were very high. Examining the data in Appendix Table 2-36 it is clear that MgO measurements 

are entirely erroneous, and the existence of MgO measurements is entirely related to FeO 
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content rather than actual MgO content. The high errors in Al2O3 and MgO measurements in 

materials with above c.30wt% FeO have the additional knock-on effect of contributing to very 

high analytical totals.  

Seven CRMs with certified or suggested trace oxide content were analysed by the soils method. 

Measurements produced using this method were corrected to account for dilution resulting 

from the use of the binding wax to form the pellets by multiplying the data with the dilution 

factor, and are presented with accuracy calculations in Appendix Table 2-34. Certified values for 

trace elements were only available for seven of the CRMs, and some of these are considered 

indicative rather than certified. Overall accuracy and the minimum ppm at which a 10% error in 

measurement of Sr occurs, is excellent with only a 12% error on the measurement of a standard 

containing 58ppm Sr. Accuracy of Cu measurement is poor even at the 630ppm, the maximum 

level available in these standards. For Pb the minimum ppm at which a 10% error occurs lies 

somewhere between 3000-5000ppm, which is disappointingly high. For Ba this limit appears to 

be above the levels in the available standards (1701ppm) and accuracy for Co is poor until high 

levels above 1000ppm are reached. It is notable that detection limits for Ni lie appear above 

that present in the available standards (119ppm). The detection limit for As appears to lie 

somewhere between 570ppm and 1666ppm, and for Cu lie somewhere between 100-127ppm. 

Aside from individual issues with elements/oxides, the most troubling issue with these pXRF 

data are the erratic analytical figures across the suite of elements when analysing mid-high FeO 

content materials. As can clearly be seen the accuracy of measurement of MgO and Al2O3 is 

strongly affected by the presence of FeO. This and the addition of consistently poor accuracy in 

K2O and other oxides argues against attempting to correct the data by manually calculating 

correction factors for the dataset as a whole, or individual oxides. As a consequence of these 

issues, whilst the present software and calibrations allow qualitative examination of low-mid 

FeO material, without the development of specific calibrations and/or the use of third-party 

software for converting spectra to qualitative values (i.e. as Heginbotham et al 2011 do) this 

instrument is unlikely to produce quantitative data suitable for comparison and not just 

‘internally consistent’.   
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2.5.3 Analysis of crushing and grinding equipment  

In order to identify possible sources of contamination during sample preparation, and to 

contextualise some of the oxide patterns identified in the analysis of grinding methodologies 

(2.4.3) semi-quantitative analysis of the milling and crushing fittings was undertaken with the 

pXRF alloys methodology. As can clearly be seen (Error! Reference source not found.) 

substantial chromium was identified within the milling fittings. However analysis of the powders 

produced using this equipment suggests that contamination was not substantial (2.4.3).  
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2.6 EPMA-EDS Data 

For clarity, missing values are used for oxides below detection limits.  

2.6.1 Accuracy and precision data 

The accuracy and precision of the JEOL 8600 were examined using the USGS geostandards BCR-

2, BIR-1 and BHVO-2. These had been sintered using lithium borate, embedded in resin, and 

polished using a protocol similar to that discussed in 1.5.2. Note that ‘trace’ within the Appendix 

Table 2-38 indicates that some of the analyses which contributed to the mean value reported 

here detected the oxide in question, but that some did not. 

Appendix Table 2-38 Analytical accuracy and precision figures for EPMA-EDS analysis on the JOEL 8600 

 Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3 

Total 

Standard published value  

(wt%) 

BCR-2 3.2 3.6 13.5 54.3 0.4 1.8 7.1 2.3 trace 13.8 

BIR-1 1.8 9.7 15.5 48.0 <0.0  13.3 1.0 0.2 11.3 

BHVO-2 2.2 7.2 13.5 49.9 0.3 0.5 11.4 2.7 trace 12.3 

           

Analytical precision  

(RSD, %) 

BCR-2 1.3 2.7 1.8 0.5 18.4 4.4 1.1 3.1 nd 2.5 

BIR-1 3.4 1.7 0.2 0.1 nd  1.0 4.7 nd 0.8 

BHVO-2 6.3 2.3 1.2 0.7 nd 9.5 1.3 4.9 nd 2.3 

           

Analytical accuracy  

(Difference between analytical mean and standard, as % of standard value) 

BCR-2 1.3 2.0 2.1 1.6 22.8 1.4 2.5 9.0 nd 8.7 

BIR-1 1.5 1.1 2.3 <0.0 nd  2.6 7.1 nd 0.7 

BHVO-2 3.4 0.9 3.3 0.3 nd 5.2 1.6 3.9 nd 1.5 

 

Analytical accuracy was good, and the error was typically below two standard deviations as 

reported in the standard certificates, except in those cases detailed in bold in Appendix Table 2-

38. There was consistent mild overestimation in TiO2 and underestimation of Al2O3, which does 

not appear to be the result of low elemental concentrations in the standard. Analytical precision 

was good, with RSD below 2.5% for major elements and below 7% for minor elements, rising 

where levels approached detection limits (c.0.4wt %).  
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2.6.2 Ore Samples 

Composition of internal structures within ore samples from Semlach-Eisner were examined via 

EPMA and analysed quantitatively using the EDS detector. The manganese rich areas all have 

very low analytical totals; it is unclear whether this is due to these regions being softer and 

consequently preferentially worn down during polishing, to the increased presence of 

hydroxides/carbonates in these regions compared to others, or both. 

2.6.2.1 Ore matrices 

2.6.2.1.1 SAMPLE 186 SITE: AREAS 1, 2, 3, AND 6 

Figure 2-21 1 BSE micrograph indicating areas of sample 186 site: area 1 analysed by EDS (left) and 

sample 186 site: area 3 (right)  

The specimen areas analysed under the names Area 1, 2, 3 and 6 are all very similar to that 

illustrated above. This region of the specimen was composed of rounded formations of very FeO 

rich minerals which showed large visible cracks. Between these rounded areas were an irregular 

mineral formation which might have been platey, but was beyond the resolution of the EPMA. 

Analysis indicated that this mineral ‘fill’ contained very variable levels of MnO content, from 

6.8wt% to 85.6wt%. Even within very close areas the variation in MnO was high. 
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Appendix Table 2-39 EDS analysis of regions of sample 186: areas 1, 2, 3 and 6  

Site Spectrum Al2O3 SiO2 CaO MnO FeO BaO 
Analytical 

Total 

         

Area 1 Ore area 1  0.4  1.0 98.7  81.3 

 Ore area 2  0.6   99.4  84.9 

 Ore area 3  0.5  0.7 98.8  84.6 

 Mean ore  0.5  trace 98.98  83.6 

         

Area 1 Fill area 1  0.8 0.6 75.2 22.7  40.5 

 Fill area 2 0.6  0.8 64.3 32.9  38.6 

 Mean fill trace trace 0.7 69.8 27.8  39.5 

         

Area 2 Fill area 1 0.3 0.7 1.1 78.0 12.8 1.1 54.7 

 Fill area 2   0.7 81.2 16.7 1.0 55.4 

 Fill area 3 0.7 0.3 0.5 77.6 17.2 1.0 49.2 

 Fill area 4  0.5 0.5 84.2 14.0  35.1 

 Mean fill trace trace 0.7 80.2 15.2 trace 48.6 

         

Area 3 Fill area 1 0.5 0.4 0.8 76.0 18.3 0.7 40.0 

 Fill area 2 0.05 0.7 0.6 70.1 27.1 0.9 40.0 

 Mean fill 0.3 0.5 0.7 73.1 22.7 0.8 40.0 

         

Area 3 Ore area 1  0.5  1.6 97.5 0.4 84.5 

 Ore area 2 0.2 0.4   0.9 98.5   84.0 

 Mean ore trace 0.49 trace 1.3 98.0 trace 84.3 

         

Area 6 Fill area 1  0.9 0.2 6.5 92.4  65.9 

 Fill area 4 0.2 0.7 0.1 7.1 91.4  66.7 

 Mean fill 1 Trace 0.80 0.2 6.8 91.9  66.3 

         

Area 6 Fill area 2 0.3 0.7 0.8 85.6 10.5 1.2 49.2 

 Fill area 3 0.2 0.3 0.6 85.6 8.5 0.8 57.1 

 Mean fill 2 0.2 0.5 0.7 85.6 9.5 1.0 53.1 
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2.6.2.1.2 SAMPLE 186 SITE: AREA 5 

  

Figure 2-22 BSE micrograph indicating areas of sample 186 site: area 5 analysed by EDS 

The region of Sample 186: Area 5 appeared slightly different, but the same pattern of MnO rich 

fill between rounded masses of FeO rich mineral was seen. 

Appendix Table 2-40 Composition of features of sample 186 site: area 5 analysed by EDS 

Spectrum Al2O3 SiO2 K2O CaO MnO FeO BaO Total 

         

Ore point 1 0.1 0.7   0.9 98.2  83.8 

Ore point 2  0.8 0.2  4.9 93.8 0.3 83.1 

Ore point 3  0.6 0.2  10.7 88.3 0.3 84.4 

Mean ore  0.7 0.2  5.5 93.4 0.3 83.8 

         

Fill point 1  0.6  0.7 74.8 22.9  32.0 

Fill point 2  1.4  0.8 75.1 20.5 0.4 35.1 

Fill point 3  1.1  0.8 80.6 14.9 0.5 28.0 

Mean fill  1.0  0.8 76.8 19.4 0.4 31.7 
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2.6.2.1.3 SAMPLE 186 SITE: RELICT 1 

  

Figure 2-23 BSE micrograph indicating areas of Sample 186 site: relict 1 analysed by EDS 

This region of the specimen featured angular mineral structures. The internal areas of these 

structures frequently appeared to be empty i.e. they were voids within which minerals may 

have been present prior to some alteration of the sample. There were some examples where 

some mineral was present in these internal areas, and EDS analysis (below) indicated that this 

mineral was manganese rich. 

Appendix Table 2-41 Composition of features of Sample 186 site: relict 1 analysed by EDS 

Spectrum SiO2 MnO FeO Analytical Total 

Ore point 1 0.5 0.7 98.8 83.6 

Ore point 2 0.8 9.5 89.8 80.8 

Mean ore  0.6 5.1 94.3 82.2 

         

Ore small area 1   87.2 12.4 43.3 

Ore small area 2 0.5 73.8 25.2 53.2 

Mean fill  80.5 18.8 48.2 
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2.6.2.1.4 SAMPLE 105 SITE: AREAS 1, 2, ‘INCLUSION’  AREAS 2, 3  

Figure 2-24 BSE micrograph indicating areas of Sample 105 site: area 1 analysed by EDS (left) and 

Sample 105 site: inclusions 3 (right)  

Less internal structure or phase evidence was found in sample 105, though there were some 

similarities with Sample 186 Site: Relict 1, where some regions appeared to have central areas 

comprised either of voids of a mineral rich in MnO.  

Appendix Table 2-42 Composition of features of Sample 105 site: areas 1, 2, inclusions 2 and 3 analysed 

by EDS 

Site Focus SiO2 P2O5 CaO MnO FeO Analytical 
total 

        

Area 2 Fill area 1 1.4 0.9 0.4 11.0 86.4 88.3 

 Fill area 2 1.7  0.3 4.6 92.6 89.2 

 Mean fill 1.5 trace 0.4 7.8 89.5 88.7 

        

Area 1 Ore area 1 1.2  0.2 3.7 94.9 86.9 

 Ore area 2 1.3   2.0 96.7 90.4 

 Ore area 3 1.3  0.3 3.9 95.0 88.3 

 Mean ore 1.3  trace 3.0 95.5 88.5 

        

Inclusions 3 Ore point 1 1.6 0.4 0.3 1.1 96.7 89.3 

 ore point 2 2.4   1.7 95.8 85.7 

 Ore point 3 1.9   1.8 96.3 88.3 

 Mean ore 1.9 trace trace 1.5 96.3 87.8 

        

Inclusions 2 Matrix point 1 1.6  0.1 1.7 96.7 88.7 

 Matrix point 2 1.1 0.2  1.6 97.1 87.8 

 Matrix point 3 1.2 0.3  1.5 97.0 87.6 

 Mean ore 1.3 trace trace 1.6 96.9 88.0 

        

Average all analyses 1.5 trace trace 3.1 95.0 88.2 
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2.6.2.1.5 SAMPLE 51 SITE: ‘INCLUSIONS AREAS’ 2, 3 

 

Figure 2-25 BSE micrograph indicating areas of Sample 51 site: ‘inclusions 2’  

The specimen of sample 51 examined revealed a dense ore body which showed no clear 

internal structures of phases (excluding gangue mineral grains). Unlike the other two samples 

(186, 105) this sample is not thought to have been roasted prior to deposition, and this may 

account for the lack here of the voids and possible ‘relict’ structures which had been noted in 

the other two samples. No manganese rich areas were noted, and analyses of the ore itself 

shows a low but fluctuating MnO content (1.2-5.4 wt%). Analytical totals were broadly low, 

again suggesting the possible presence of hydroxide/carbonate minerals. 

Appendix Table 2-43 EDS analyses of Sample 51 including average ore matrix composition  

Site Focus SiO2 P2O5 CaO MnO FeO Analytical 
Total 

        

Inclusions 2 Ore area 1 1.3 0.6 0.4 1.5 96.2 72.5 

 Ore area 2 1.6 0.7 0.4 1.8 95.5 75.3 

 Mean ore 1.5 0.7 0.4 1.7 95.8 73.9 

        

Inclusions 3 Ore area 1 1.1 1.0 0.4 1.5 95.7 79.7 

 Ore area 2 1.4 0.8 0.3 1.5 96.0 78.5 

 Ore area 3 1.3 0.6 0.4 1.3 96.0 78.8 

 Mean ore 1.3 0.8 0.4 1.5 95.9 79.0 

        

Inclusions 1 Ore area 1 1.6 0.7 0.2 1.5 96.0 79.3 

 Ore area 2 1.7 0.8 0.2 1.2 96.0 78.0 

 Mean ore  1.6 0.8 0.2 1.4 96.0 78.7 
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Site Focus SiO2 P2O5 CaO MnO FeO Analytical 
Total 

Inclusions 1 Ore spot 1 1.0   5.6 93.1 80.1 

 Ore spot 2 1.6   5.2 93.3 80.7 

 Mean ore 1.3   5.4 93.2 80.4 

        

Hexagon inclusion Ore spot 1 1.6 0.7 0.4 1.1 96.2 86.1 

 Ore spot 2 1.6 0.8 0.3 1.0 96.3 86.1 

 Ore spot 3 1.7 0.8 0.3 1.1 96.1 80.8 

 Ore spot 4 0.6  0.5 1.5 97.4 72.3 

 Ore spot 5 1.7 0.7 0.4 1.3 95.9 76.0 

 Ore spot 6 1.5 0.4 0.2 1.2 96.6 83.4 

 Mean ore 1.5 0.7 0.3 1.2 96.4 80.8 

        

Average all analyses 1.4 0.7 0.3 1.9 95.8 79.2 

 

2.6.2.2 Ore surface areas 

2.6.2.2.1 SAMPLE 186 SITE: NEAR SURFACE 1, 2 AND 3 

 

 

Figure 2-26 BSE micrograph indicating areas of sample 186 site: near surface 3 analysed by EDS (left) 

and near surface 2 (right)  

‘Near surface area 1’ was of a similar structure to that seen in the above image of ‘near surface 

3’, in particular the irregular, slightly angular mineral structures visible in the body of the 

sample. ‘Near surface 2’ did not feature the crust area of ‘near surface 3’, though whether it 

had lost this surface during deposition or never had one is unclear. The region just below the 

crust was rich in FeO with some MnO; the crust itself was almost entirely FeO. Again low 

analytical totals suggest the presence of hydroxides/carbonates; particularly in the regions 

immediately below the crust.  
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Appendix Table 2-44 EDS analyses of sample 186 

 Spectrum MgO Al2O3 SiO2 P2O5 K2O CaO MnO FeO BaO 
Analytical 

Total 

            

Near 
surface 3 

Near surface 
area 1 

  0.8    8.4 90.6  62.3 

Near surface 
area 2 

   0.5     0.3 16.2 82.4 0.4 62.4 

 Mean near 
surface 

   0.7   trace 12.3 86.5 trace 62.3 

            

Near 
surface 3 

Crust area 1  0.1 2.3 0.3 0.2 0.3 1.9 94.9  85.7 
Crust area 2  0.1 1.9 0.4 0.3 0.3 3.1 93.7 0.3 85.0 

 Crust area 3  0.2 2.5 0.4   0.2 2.2 94.2   85.9 

 Mean crust 
area 

 0.2 2.2 0.4  trace 0.3 2.4 94.3 trace 85.5 

            

Near 
surface 1 

Area near 
surface 

 0.6 0.2   0.3 12.5 86.2  54.8 

            

Near 
surface 2 

Surface spot 
1 

0.2  0.5  0.1 0.4 39.8 57.8 0.6 89.2 

Surface spot 
2 

0.3  1.2  0.2 1.6 34.8 61.1 0.7 86.7 

 Surface spot 
3 

0.2  0.9  0.3   36.3 61.9 0.5 82.1 

 Mean 
surface  

0.2  0.9  0.2 1.0 36.9 60.3 0.6 86.0 
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2.6.2.4 Identification of gangue mineral inclusions  

During optical and electron microscopy gangue mineral inclusions were identified in specimens 

of Samples 051 and 105. SiO2 grains varying in size from 100μm to 1mm in length were 

recorded, in a number of cases idiomorphic in shape, and their identification confirmed via 

microprobe analysis. In addition thin linear inclusions usually 100-500μm but occasionally up to 

2mm in length were also recorded. Twenty-seven analyses of these small thin inclusions, which 

occurred individually as well as in clusters and in direct contact with SiO2 grains, were 

undertaken across both samples (see below). All of these inclusions were found to share a 

consistent chemical composition, with consistent proportions of elements reported across all of 

the analyses, making it likely that they represent the same mineral. 

Appendix Table 2-46 EPMA-EDS analyses of Semlach-Eisner ores (samples 51, 105), major atomic % 

(oxygen by stoichiometry) 

Sample Area Focus Number 
of 

analyses 

Mg Al Si K O 

51 Inclusion 1 Inclusion 1 1 2 13 19 5 61 

  Inclusion 2 1 0 12 20 3 62 

  Mean Inclusion 4  2 2 13 19 4 62 

 Inclusion 2 Inclusion 3 1 2 12 19 5 61 

 Inclusion 3 Mean inclusion 1  2 1 14 18 4 62 

  Mean inclusion 2  2 2 13 19 4 62 

  Inclusion 3 point 1 1 0 14 18 4 62 

 Inclusion 4 Inclusion 1 point 1 1 2 13 19 4 62 

  Inclusion 3 point 1 1 2 13 19 4 62 

  Inclusion 5 point 1 1 2 12 19 4 62 

105 Area 2 Mean inclusion 1  2 2 13 18 5 61 

  Inclusion 3 point 1 1 1 14 18 4 61 

 Inclusions 2 Mean large mass 2 2 14 18 5 61 

  Linear inclusion point 1 1 2 13 19 4 62 

 Inclusions 3 Inclusion 2 point 1 1 2 12 19 4 62 

 Inclusions 4 Inclusion 1 mean 1 2 13 19 5 61 

  Inclusion 3 area 1 1 2 13 18 5 61 

 Inclusions 6 Inclusion 1 point 1 1 2 13 19 4 62 

  Inclusion 2 point 1 1 2 13 19 5 61 

  Inclusion 3 point 1 1 2 13 19 5 61 

  Inclusion 5 point 1 1 2 12 19 5 61 

 

The aluminium to silicon atomic ratio (1.3 to 1.7, with an average of 1.5) and the silicon to 

oxygen ratio (3.1-3.4, average 3.3) and the rough ratio of 2 K : 6 (Al+Mg) : 8 Si clearly indicate 

that this mineral is likely a mica; these typically take the form  X2 Y4-6 Z8 O20 (OH, F)4, where X 

is K, Na or Ca, Y is Al, Mg or Fe, and Z is usually Si (Deer et al 1992). This would explain the 

appearance of small bright inclusions visible to the naked eye within many of the samples. The 
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dominance of aluminium in the Y position further indicates that this mineral is likely to be the 

muscovite form of mica. 

Additional rare mineral features were also noted. In two cases mica minerals within Sample 105 

were found to have zircon inclusions, whilst in the body of Sample 186 there were several 

examples of an iron-lead phase, probably predominantly iron (III) lead (II) oxide (Fe2PbO4), with 

perhaps some iron (III) lead oxide (Fe2Pb2O5) (see below). 

2.6.2.4.1 SILICA INCLUSIONS 

  

Figure 2-27 BSE micrograph of EDS analyses of Sample 105 area: 'inclusions 5'  

Silica grains, frequently idiomorphic in shape, were relatively common across the ore samples. 

EPMA-EDS analysis confirmed their identity. 
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  Appendix Table 2-47 EDSs analyses of silica grains in Samples 105 and 51  

Sample Site Focus Al2O3 SiO2 FeO Analytical 
Total 

       

105 Inclusions 6 Inclusion 4 point 1 0.01 99.2 0.8 101.5 

       

 Inclusion 5 Inclusion 1 area 1  99.6 0.4 102.7 

       

 Inclusions 4 Inclusion 2 area 1  100.0  101.5 

       

 Area 2 Inclusion 2 point 1 0.1 99.5 0.4 103.3 

  inclusion 2 point 2  99.3 0.8 101.7 

  Mean inclusion trace 99.4 0.6 102.5 

       

 Inclusions 3 Inclusion 1 point 1  99.2 0.8 106.8 

  Inclusion 3 point 1  99.2 0.8 103.5 

       

 Inclusions 2 hexagon 1  98.8 1.2 102.5 

  hexagon 2  99.1 0.9 101.8 

       

51 Inclusion 4 Inclusion 2 point 1  99.1 0.9 104.5 

  Inclusion 4 point 1  98.9 1.1 105.0 

       

 Inclusions 2 Inclusion 1  99.6 0.4 101.8 

  Inclusion 2  99.5 0.5 104.4 

       

 Inclusions 1 inclusion 3  99.3 0.7 101.9 

 

2.6.2.4.2 OTHER INCLUSIONS 

 

Figure 2-28 BSE micrograph of EDS analysis areas on Sample 186 area: 'inclusion 2'  
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2.6.3 Ceramic samples 

Ten area analyses across four samples of ceramic matrix from Clatworthy were analysed by 

EPMA-EDS to examine the composition of the matrix (Appendix Table 2-49). Seventy individual 

features, from thirteen areas on three samples (126, 176, 177) from Semlach-Eisner were 

analysed by point EPMA-EDS analysis to examine components within the matrix. The results are 

presented in normalised oxide wt% with analytical total (Appendix Table 2-50), and as 

normalised atomic % (Appendix Table 2-51). Oxygen in both sets of data is calculated by 

stoichiometry. 

Nineteen individual features, from twelve regions on three Samples (126, 176, 177) of Semlach-

Eisner were analysed by point EPMA-EDS analysis to facilitate the identification of inclusions. 

The results are presented in normalised oxide wt% with analytical total (Appendix Table 2-52). 

Samples 126, 176 and 177, representing the lowest, highest and middle SiO2 content 

respectively were selected for optical and electron microscopy, in addition to nine large 

inclusions of varying shapes and colours from Sample 176. All inclusions were composed of SiO2 

exclusively, including those of grey or bluish-grey colour which likely derive their colour from 

entrapped fluid or gas inclusions  

Analysis indicated the presence of titanium-rich regions in discrete rounded grains of between 

5μm-100μm in Samples 126 and 176, and dispersed features often appearing as outlines 

around other features rich in iron and magnesium (Appendix Figure 2-29) in Sample 126. Whilst 

the titanium rich regions appear to be pure titanium dioxide and therefore probably rutile, the 

mineral identity of the iron-magnesium features is unclear as they contain very little silicon. 

Other small (<10μm) grains containing titanium in combination with iron, silicon and aluminium 

were noted in 126 and 176. The presence of aluminium and silicon may be the result of the 

analytical volume encompassing an area outside the small feature, in which case these features 

may be ilmenite. Linear grains c.50μm in length and rich in chromium, iron, aluminium and 

magnesium were identified in sample 177, and are probably composed of FeCr2O4 (chromite) 

with varying substitution of magnesium for iron (MgCr2O4), and the aluminium for chromium 

(FeAl2O4). Small (50-100μm) zircon grains were also recorded in sample 126, as well as grains 

of iron oxides which may be entrapped detritus from ore processing or naturally occurring iron-

rich nodules. 

The presence of a strong negative correlation between ZrO2 and SiO2 indicates that the zircon 

inclusions identified above have a shared origin in the furnace ceramics with the clay, rather 

than with the quartz grain inclusion 
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Figure 2-29 BSE micrograph of Sample 126 showing sio2 grains in a ceramic matrix with bright areas of 

titanium dioxide, and iron- and magnesium-rich features 
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2.7 Laboratory roasting 

2.7.1 Ores from Semlach-Eisner 

Appendix Table 2-61 Results of roasting protocol for archaeologically recovered ores from Semlach -

Eisner site 

Phase Sample Roasted 
prior to 

deposition 

Sample 
weight 

Weight 
at 
550°C 

Weight 
at 

950°C 

Weight 
loss at 
550°C (g) 

Weight 
loss at 
950°C 
(g) 

Weight 
loss at 
550°C 
(%) 

Weight 
loss at 
950°C 
(%) 

0 103 Yes 13.76 13.73 13.68 0.03 0.05 <1 <1 

 105 Yes 13.49 13.25 13.12 0.24 0.13 2 1 

2-3 186 Yes 16.84 16.80 16.79 0.04 0.01 <1 <1 

3 163 Yes 12.00 11.86 11.79 0.14 0.07 1 1 

4 12 No 13.45 11.99 11.92 1.46 0.07 11 1 

 13 No 13.72 12.34 12.23 1.38 0.11 10 1 

 147 No 13.48 12.04 11.93 1.44 0.11 11 1 

5 14 No 11.91 11.11 11.04 0.80 0.07 7 1 

 50 No 12.59 11.48 11.41 1.11 0.07 9 1 

5-6 172 No 15.64 14.18 14.09 1.46 0.09 9 1 

6 54 No 11.57 10.66 10.61 0.91 0.05 8 <1 

 55 No 12.11 10.92 10.87 1.19 0.05 10 <1 

7 102 Yes 7.25 7.12 7.05 0.13 0.07 2 1 

 111 Yes 11.25 11.04 10.93 0.21 0.11 2 1 

 110 No 12.93 11.68 11.61 1.25 0.07 10 1 

 51 No 12.14 11.11 11.09 1.03 0.02 8 <1 

 

2.7.2 Ore from Clatworthy 

Appendix Table 2-62 Results of roasting protocol for archaeologically recovered ores from the 

Clatworthy site 

Context Sample Roasted 
prior to 

deposition 

Sample 
weight 

Weight 
at 550°C 

Weight 
at 
950°C 

Weight 
loss at 
550°C (g) 

Weight 
loss at 
950°C 
(g) 

Weight 
loss at 
550°C 
(%) 

Weight 
loss at 
950°C 
(%) 

2 Sam3 No 28.74 28.72 28.70 0.02 0.02 <1 <1 

 

Whilst the elemental composition of the ores was known, the mineralogy of the ores was not. 

As discussed, iron ore from the sites could occur in a variety of oxide, hydroxide and carbonate 

forms, none of which are easily distinguishable by XRF or electron beam microanalysis. A 

method of identifying the form of iron within the ores was required, and initially the available 

method was to expose samples to high temperatures within a laboratory furnace and analyse 

the weight lost at set temperatures. Exposing the ore samples to temperatures approaching 
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1000°C had the additional benefit of altering the majority of iron compounds toFe3+, enabling a 

more accurate result when these samples were then analysed using XRF by increasing analytical 

totals and reducing potential analytical error. 

2.7.3 Critique of the protocol 

Later investigation into the possible mineralogical form of roasting products, in line with some 

XRD discussions, indicated that the chosen temperature stages were inappropriate. The most 

significant dehydration of hydroxides occurs in the 250-300°C range (de Faria and Lopes 2007, 

119), with a c.10wt% loss e.g. goethite to hematite (Appendix Figure 2-30): 

2𝐹𝑒𝑂(𝑂𝐻) → 𝐹𝑒2𝑂3 +  𝐻2𝑂 

Within this temperature band the water that was part of the goethite becomes segregated on a 

nanometre scale, changing the actual crystalline structure of the iron compounds to hematite 

but retaining the water in pores within the crystals (Pomiés et al 1999, 279). As can be seen 

from de Faria and Lopes's graph (2007, 119 fig 4) reproduced below, this means that weight loss 

continues beyond the 300°C and does not complete until c.400°C as higher temperatures are 

needed to achieve the physical release of this water. 

  

Figure 2-30 Change in weight with respect to temperature for natural goethite (via thermogravimetric 

analysis, de Faria and Lopes 2007, fig 4)  
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However the primary carbonate ore siderite, which loses carbon during heating, e.g. to 

hematite ideally:  

2 𝐹𝑒𝐶𝑂3  →   𝐹𝑒2𝑂3 +  𝐶𝑂2 +  𝐶𝑂 

has been demonstrated to decompose primarily in the region of 400°C to 600°C with a c.36% 

weight loss (Pan et al 2000, 789) as demonstrated by Alkaç and Atalay (2008 fig 1) below 

(Appendix Figure 2-31): 

 

Figure 2-31 Change in weight with respect to temperature for siderite ore in air (via thermogravimetric 

analysis, Alkaç and Atalay 2008, fig 1)  

Consequently it is clear that the temperature cut off of 550°C used in the laboratory protocol 

above is completely inappropriate, as at this temperature both hydroxides and carbonates have 

completed the majority of their weight loss, even after only half an hour (Alkaç and Atalay 2008, 

Fig.3). The most appropriate temperature for undertaking weighing, where weight loss 

associated with hydroxide transformation has predominantly completed and weight loss 

associated with carbonate transformation is minimised, is c.400°C. Any repeat of the roasting 

protocol should be adjusted to reflect this. 

The continuing minor weight loss seen in 2.7  between 550°C and 950°C is likely to relate to a 

proportion of carbonate weight loss, as illustrated in Appendix Figure 2-31, continuing at higher 

temperatures. Additionally changes in crystalline structure continue to occur in the hydroxide 

goethite if heating continues up to 1000°C (de Faria and Lopes 2007, 118; Pomiés et al 1999, 

279), so some very minor changes in mass are possible even for pure goethite above 550°C. 

Notably there is also some evidence that hematite can hold hydroxide ions (Goss 1987, 447) so 

some small loss in mass from dehydration could occur even for pure hematite samples. It is also 

expected that some minor weight loss might occur in the 105-150°C region, as the samples 
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were pre-dried only up to 105°C, and again between 530°C and 605°C  where any aluminium 

silicate materials present in the samples would have decomposed (Strezov et al 2010).  

Considering this evidence, the weight data produce during this experiment was of little use in 

distinguishing between hydroxides and carbonates. However it does remain a valuable measure 

of the presence/absence of carbonates and hydroxides combined, and thus provides some 

additional evidence with regards to the possible pre-deposition roasting. Whilst the protocol 

could be adjusted and repeated, the newly available XRD offered a more accurate technique 

with the advantage of providing additional identification of gangue minerals. 

2.7.4 Production of magnetite during roasting 

The presence of magnetite (Fe3O4 or FeO.Fe2O3) in ores roasted for XRF analysis is undesirable 

as the mixed oxidation state reduces the accuracy of the results, which are calculated assuming 

all iron is present in a single FeO or Fe2O3 form. There is some evidence that between c.510°C 

and c.640°C the decomposition products of siderite in air include magnetite (Alkaç and Atalay 

2008, Fig 5 and 127) thus: 

𝐹𝑒𝐶𝑂3  → 𝐹𝑒𝑂 + 𝐶𝑂2 

6 𝐹𝑒𝑂 + 𝑂2  → 2 𝐹𝑒3𝑂4 

but heating above this temperature should transform iron compounds to Fe2O3 (Pan et al 

2000, 789). 

It is unlikely that open bed roasting pits reached temperatures above c.650°C with complete 

consistency, and consequently magnetite may be present in siderite ores which were roasted 

prior to deposition. Additionally there is evidence that heating of siderite in the presence of 

water at 300°C can also produce magnetite if done for extended periods of time (i.e. 48hrs) 

(McCollom 2003); although roasting periods this long are unlikely to have been used in the past, 

it presents a mechanism by which magnetite may occur and underlines the potential for this 

mineral to be present in roasted ores. However whilst this might appear promising, magnetite 

presence cannot be considered as indicative of anthropogenic roasting as the same mechanism 

may also be action in subsurface geological deposits (McCollom 2003). 

There is some reference to the conversion of goethite to magnetite at temperatures just over 

700°C (Goss 1987, 442). However de Faria and Lopes' experiments indicate that false spectral 

bands can be formed during roasting of goethite to hematite that appear to represent 

magnetite in samples where no magnetite is present (2007, 11). Consequently there is little 

likelihood that magnetite was produced during laboratory roasting using the above protocol. 
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Archaeologically, small quantities of magnetite could be formed by structural changes due to 

the release of water during roasting, but are likely to be very limited in quantity and should not 

significantly affect analytical totals. 

2.8 Chemical variation within slag layers  

2.8.1 Introduction 

Whilst the variation within slag blocks produced in non-tapping furnaces has been examined 

(Humphris et al 2009), there is little discussion of the variability between and within individual 

taps of slag produced by slag tapping furnaces. The focus of published analysis is primarily on 

‘characteristic’ types of slag, particularly tap slag, although many publications are unclear which 

areas or layers of individual tap slag pieces are analysed. It is assumed that the samples which 

are selected from sites are representative of production, and that the specimens extracted for 

analysis, often of indeterminate size, remain representative. There remains little explicit 

discussion of the potential intra-sample heterogeneity despite the micro- and macroscopically 

visible layering within many slag samples, nor a critical examination of the chemical 

compositional representativeness of small specimens despite the visible heterogeneity of 

microscopic phases visible in many samples. The evidence for potentially significant variation in 

temperature and reducing conditions within furnaces during a smelt (summarised by Humphris 

et al 2009, 359), suggests that these differences might reflect fluctuations in raw material use 

and furnace operation and consequently a better understanding of the existence and extent of 

variation between and within layers could be technologically meaningful. 

Variation between layers of tap slag in individual samples, and within these layers is examined 

below. Ideally both of these schemes of analysis would have utilised WD-XRF, however the 

significant differences in morphology between the tap slag of the two sites meant that 

specimens of Semlach-Eisner tap slag of specific taps could not be separated in sufficient 

quantity. The importance of producing an analysis which was directly relevant to the wider 

project, i.e. one using data produced using the same methodology as the slag analyses, WD-XRF, 

led to the decision to adopt this for the analysis of Clatworthy material, even though the 

Semlach-Eisner material would require EPMA-EDS analysis.  
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2.8.2 Variation within Clatworthy slag samples using WD-XRF 

2.8.2.1 Variation within layers  

In order to investigate chemical compositional variation within single layers of slag multiple 

samples were taken from single tap layers from Clatworthy as per the XRF pellet methodology 

outlined in (1.5.1), and analyses and summary statistics presented with relevant precision 

statistics for CRMs in 2.4.2. All of the slag pieces examined here were selected in part for their 

characteristic tap slag morphology, so any inhomogeneity within single layers of slag is unlikely 

to be due to the slag being incompletely molten prior/during its exit from the furnace.  

For the variation in analysed composition between different samples of the same layer to be 

significant it needs to be higher than the analytical uncertainty, i.e. the RSD between samples to 

be higher than the precision RSD (Appendix Table 2-63, Appendix Table 2-64). In a number of 

cases (e.g. Na2O, MgO, SO3, CaO, Cr2O3, CuO) this was true, however whilst visually the levels of 

variation may appear notable (Appendix Figure 2-32), if we examine the mean oxide weights 

and compare the RSD figures with the known precision for the analytical system it is clear that 

many of the trace and minor oxides levels detected in the layer specimens are at a low enough 

level that they approach the detection limits of the equipment. High variation in these detected 

oxide levels is therefore likely an artefact of reduced precision at this concentration. The lack of 

CRM with comparable low trace/minor oxide abundances to the archaeological material has 

resulted in low levels of precision in detection, obscuring the presence of any meaningful 

variation in these oxides. Where FeO abundances are present in specimens at levels comparable 

to abundances in the CRMs, the RSD values are largely comparable with the precision RSDs, 

indicating that variation in FeO abundance within the slag layers is no higher than that resulting 

from imprecision within the analytical system. However the RSD values for Al2O3, SiO2 and K2O 

and potentially MnO are raised above the imprecision present within the analytical system, and 

may be therefore suggest meaningful fluctuation in these oxides within the smelting system 

between taps.  
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Figure 2-32 RSD(%) by oxide examining variation within layers within single samples of Clatworthy slag 

analysed by WD-XRF 

The analysis of Clatworthy material (see Main Volume 5.4) suggests that rich ores with little 

gangue material were utilised on this site, suggesting that both Al2O3 and SiO2 entered the slag 

primarily from the furnace wall ceramic. In contrast, K2O may originate both from the ceramic 

and the fuel ash and MnO from the ore. The inhomogeneity of these oxides within the slag 

layers may therefore be the result of fluctuating contributions from the ceramic furnace lining, 

perhaps as a result of varying extent of melting within the furnace at any one time. This fits with 

the current understanding of furnace conditions as potentially highly heterogeneous, with those 

areas within and near to the tuyère subject to much higher temperatures. Slag near to those 

higher temperatures areas likely contained higher ceramic furnace wall contribution, and 

although subject to some mixing with slag from other areas of the furnace during tapping was 

likely liquid and moving for insufficient time to fully homogenise. Fuel ash may also have 

contributed to variation in K2O, though again this likely relates to regions of increased 

temperature where fuel was likely being consumed at a higher rate.  

This analysis indicates that low level (1-2wt%) variation in ceramic and fuel ash oxides between 

slag specimens is insufficient to be indicative of meaningful technological differences, but an 

artefact of heterogeneity within the smelting furnace. However it is worth noting that it is 
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unclear whether a lower viscosity slag exposed to significant movement during tapping might be 

sufficiently mixed to negate detectable compositional heterogeneity. 

2.8.2.2 Variation between layers 

In order to investigate variation between layers multiple specimens from different layers of the 

same slag samples were analysed and the analytical results, summary statistics and comparable 

precision statistics are presented in Appendix Table 2-68 and Appendix Table 2-69. It is assumed 

that whilst composed of multiple layers, the pieces of slag sampled were all the product of a 

single smelt; each layer was tapped sequentially during the smelt. Again visually the RSD figures 

appear significant (Appendix Figure 2-33), but the low level of some of the minor/trace oxides, 

approaching the detection limits of the analytical method, again result in raised RSD figures for 

these (Na2O, MgO, SO3, P2O5, V2O5, Cr2O3). In other cases (CaO) the low level of oxide present in 

the CRMs analysed means that a precision figure for such low abundances is not available and it 

is not possible to judge whether the raised RSDs seen in analyses of the specimens are 

meaningful. In analyses of TiO2 the RSD generated from the specimens was no higher than the 

RSD from repeat analysis of standard materials. 

  

Figure 2-33 RSD (%) by oxide examining variation between layers within single samples from Clatworthy 

analysed by WD-XRF 

Whilst the majority of cases therefore showed no meaningful variation, in some samples the 

RSDs of the oxides Al2O3, SiO2 and MnO do appear to be slightly raised above the level that can 

be attributed to precision errors, and in places higher than that seen within layers analysis 

above.  
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Whilst variation in these oxides might relate to variations in ceramic furnace lining and ore 

contributions, there is no clear pattern between the three layers (bottom, middle and top, see 

Appendix Figure 2-34) and no clear pattern of practice is visible. Whilst the evidence is limited, 

this suggests that fluctuations in these oxides between layers does not relate to technologically 

meaningful activities (e.g. fluxing or increase in fuel consumption at specific points during the 

smelt), but either to the heterogeneity of the furnace conditions as discussed above, or to non-

systematic variation in the technological performance.  

  

Figure 2-34 WD-XRF analyses of major oxides (wt%) for layers within select samples  

2.8.2.3 Impact of variation on primary sampling methods 

In a number of cases chemical variation was detectable within and between layers of the same 

piece of slag, although in many cases this was in oxides which approached the detection or 

precision limits of the analytical technique and therefore is not arguably meaningful. Al2O3, SiO2 

and MnO levels do appear to vary between different areas of the same slag layers, and Al2O3, 

SiO2 and K2O between different slag layers, however these remain at low levels and likely to be 

artefacts of heterogeneity of furnace conditions and possibly non-systematic variation in minor 

technological practices (addition of fuel, control or conditions etc.). None of the variation 

detected could be established as technologically meaningful.  

Although minor, the presence of chemical compositional variation between and within layers of 

individual slag samples emphasised the need for a consistent sampling strategy. In response to 

this, specimens incorporating material from each layer were extracted from slag samples and 

thoroughly homogenised. If we compare the chemical composition of these homogenised 

specimens to those from individual layers in in Appendix Table 2-63, we can see that absolute 

difference between the minimum and maximum analytical values is never above 1wt%, 

although the percentage differences between this figure and the mean analytical value is 

higher. This provides an indication that, although there are minor compositional differences as 

discussed above, the differences in chemical composition between layers and homogenised 
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specimens is not problematically high and these homogenised specimens represent a suitable 

‘summary’ of the chemical composition of each slag piece. Whilst the compositions of these 

specimens are therefore artificial averages, and some individual detail is lost in this 

simplification, it remains the most effective way of negating any effect from between and within 

layer variation. 
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2.8.3 Variation within Semlach-Eisner slag samples using EPMA-EDS 

The Semlach-Eisner slag samples were composed of a high density of individual flows of slag 

which had accumulated to form substantial masses. These individual flows were delineated 

within the slag structure by spinel and wüstite rich chill surfaces (Appendix Figure 2-35) which 

occurred between each flow as a result of the oxidation of the surface of the flow after leaving 

the furnace and prior to being covered by the next flow of slag. These individual flows were 

analysed by EPMA-EDS and the results compared.  

 

  Figure 2-35 Specimen of Semlach-Eisner Sample 100 showing internal chill surface (white line, top to 

bottom left) 

2.8.3.1 Variation within individual areas 

Examination focussed on chemical variation within the same region of slag by analysing three or 

more areas of at least 250mm2 (500μm x 500μm) for each region; approaching the maximum 

area that the EPMA-EDS is capable of analysing. Summary statistics from the analysis of eleven 

regions within four slag samples are tabulated below (Appendix Table 2-66). The ‘absolute 

difference’ figure is the absolute difference between maximum and minimum analytical values, 

and the ‘% difference’ is this value expressed as a percentage of the mean analytical value. 

Whilst all the slag samples were selected for their similar morphology, chemical variation within 

the individual slag regions was not consistent across all slag samples. Variation of major oxides 

FeO and SiO2 within the regions of Sample 38 were all relatively low (RSD c. 1%) with maximum 

absolute differences between measurements below 1wt%. As we can see from the precision 

data (2.6.1), this is no higher than can be accounted for by imprecision within the analytical 

method. However in the other three samples (74, 85, 106) variation and absolute differences 
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were significantly higher, with absolute differences between measurements over 3wt% and 

clearly outside that which could be expected to result from imprecision in the analytical 

method. 

These results indicate that there is considerable variation within the individual regions of slag at 

the microscopic level examined here. Examining the microstructures of the analysed areas of 

the slag specimens it is clear that the size, distribution and form of the phases within the slag 

varies much less within Sample 38 (Appendix Figure 2-36), where RSD and absolute wt% 

differences between measurements were low, than within the other slag samples (e.g. 74 

Appendix Figure 2-37 and 106 Appendix Figure 2-38) where differences were higher.  

 

Figure 2-36 BSE images of areas 1 and 2 in region 4 of slag Sample 38  

 

 Figure 2-37 BSE images of areas 1 and 2 of region 3 of slag Sample 74  
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Figure 2-38 BSE images of areas 1 and 2 of region 2 of slag Sample 106  

Whilst the chemical composition of these samples indicates that they share relatively similar 

FeO abundances, there is notable visual variation in the presence/abundance/identity of iron 

oxide phases as illustrated above where images have a field of view c.1-2mm. The areas of 

Sample 38 examined by EPMA-EDS were visually consistent, dominated by primary olivine laths 

with well-developed secondary spinel. In comparison Sample 85 exhibited higher visual 

variation in size and shape of primary olivine phases, as well as variation in the density of the 

very fine secondary spinel phases. Differing areas of the same region in Sample 106 contained 

spinel or primary wüstite, and some areas contained significant hercynite as well as varying 

forms and sizes of olivine phases. Similarly different areas of the same region of Sample 74 

contained spinel or secondary wüstite as well as exhibiting variation in the shape of olivine 

formations.  

Whilst the sample size is relatively small, this evidence confirms that chemical compositional 

heterogeneity within individual regions is correlated with visual variation in the abundance and 

form of iron oxide phases, particularly the presence of wüstite and hercynite. But there is no 

strong link between the relative abundance of any particular phase, e.g. hercynite, and visual or 

compositional heterogeneity. The reasons for this variation are unclear, but the high 

heterogeneity may be the result of low viscosity in the slag leading to smaller drips or flows and 

a quicker freezing with a concurrent smaller time for homogenisation. 

2.8.3.2 Variation within individual samples 

Relevant summary statistics examining the variation between all the analyses for each sample 

are tabulated below (Appendix Table 2-67), analysing the dataset as a whole for each sample 

(all data) and by comparing the data for each of the regions (area means). As can be seen, by 

using the mean of the analyses of each region and examining only the variation between these 

we can suppress a proportion of the variation which results from within-region heterogeneity.  
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As above, Sample 38 shows low levels of variation which do not appear to rise significantly 

above the values expected to result from imprecision in the analytical method, where 

comparable data are available. Additionally examination of variation between the mean 

analyses of each region of slag Sample 74 also show low levels of variation, suggesting that 

although the regions within this slag show some compositional heterogeneity, the variation 

between these regions is not significant. However Samples 85 and 106 do show compositional 

variation between each of their slag regions. The variation measured as RSD between region 

means is not very high - c.2-5% in the major oxides SiO2 and FeO and 5-10% in the minor oxides 

MnO and Al2O3 – but it is higher than can be accounted for by imprecision in the analytical 

method, and in places accounts for several wt% difference in measurements. The variation 

appears to occur across the analysed oxides, rather than being limited to specific oxides as seen 

within the examination of the Clatworthy slag samples above, and therefore suggests that it 

results from non-systematic variation across the smelting process.  

Comparison of the microstructural appearance of specimens again indicated that low levels of 

variation in the appearance of the microstructure correlated with low levels of variation in the 

chemical composition: compare Appendix Figure 2-39 which shows the consistency of olivine 

size and shape and spinel distribution in two regions of Sample 38 with Appendix Figure 2-40 

which shows high variation in olivine size and shape, wüstite (left) and hercynite (right) 

presence in two regions of Sample 106.  

 

Figure 2-39 BSE images of area 1 region 3 and area 2 region 4 from Sample 38 
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Figure 2-40 BSE micrograph area 2 of region 2 and area 1 and region 3 from Sample 106  

2.8.4 Summary 

Assessing the meaning of variation within and between areas of slag was hampered in a number 

of places by the low relative abundances of the minor and trace oxides in a number of samples. 

These approached the detection limits of the analytical techniques and consequently were likely 

subject to higher precision errors which obscured any meaningful chemical compositional 

variation. In addition the relatively high precision errors of the WD-XRF machine used to analyse 

the Clatworthy samples meant that some low level variation within these samples was not 

identifiable. 

However discernible chemical compositional variation was visible at all the scale levels 

examined within this investigation; between layers of the tapped slag from Clatworthy, within 

layers of tap slag, between regions of the tap slag from Semlach-Eisner and within these 

regions. In the case of the Clatworthy slag samples this variation appears to be related to 

varying ceramic contributions to the slag, both in the case of variation between and within slag 

layers, and some variation in MnO was also detected within the same slag layers which might 

suggest variation in ore contribution. However the low level of variation (c.1-2wt%) and the lack 

of any pattern with regards to position with the slag (top, middle, or bottom layer) suggests that 

it results from heterogeneous furnace conditions and possibly variations in charging patterns. 

The use of homogenised specimens prepared from all layers within a sample produced results 

which effectively ‘summarised’ the individual layers, though some loss of information is 

inevitable.  

No pattern of this kind was visible in the Semlach-Eisner samples, although a clear correlation 

between microstructural heterogeneity and chemical compositional heterogeneity was seen. 

Regions of c.1-2mm field of view with strong visual differences also had differences in chemical 

composition of c.1-3wt% in major and minor oxides, though iron oxide content often remained 
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comparable. This variation was likely the result in non-systematic fluctuations in furnace 

conditions and raw material use. The correlation between visual microstructural heterogeneity 

and compositional heterogeneity underlines the importance of examining the microstructure of 

slag samples, and the importance of obtaining and processing large numbers of analytical 

results from multiple areas within specimens if techniques such as EPMA/SEM-EDS are used to 

produce ‘bulk’ chemical compositions for slag samples.  

In both analyses, the presence of variation indicates that caution should be applied to the 

comparison of the chemical composition of slag samples. Differences between chemical 

compositions of samples up to 1-2wt% may be the result of heterogeneity within the slag 

specimens derived from furnace heterogeneity or non-systematic variation in production 

processes. These minor levels of difference should not be too heavily loaded with interpretive 

meaning, as they could be an artefact of the sampling method rather than indicative of any 

meaningful technological differences. 
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APPENDIX 3 STATISTICAL ANALYSIS AND DATA 

3.1 Correlation tables 

Appendix Table 3-1 Select Pearson's correlation coefficients for WD-XRF data from Clatworthy ceramics 

(grey= significant at 1%, white = significant at 5%)  

  Al2O3 SiO2 P2O5 K2O CaO TiO2 Cr2O3 MnO FeO Y2O3 BaO 

Al2O3   -0.972 0.786 0.936 0.84 0.886     0.771 0.726   

SiO2    -0.786 -0.895 -0.838 -0.875   -0.897 -0.76  

P2O5      0.984       

K2O       0.888   0.69 0.782  

CaO          0.682   

TiO2          0.71 0.843  

Cr2O3             

MnO             

FeO           0.751  
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3.2 Skewness 

Appendix Table 3-6 Skewness statistics for selected Clatworthy tap slag WD-XRF data 

Oxide Skewness 

Na2O (wt%) .470 

MgO (wt%) .745 

Al2O3 (wt%) .881 

SiO2 (wt%) .476 

P2O5 (wt%) .640 

SO3 (wt%) 1.936 

K2O (wt%) .361 

CaO (wt%) 2.878 

TiO2 (wt%) .767 

V2O5 (wt%) -.249 

Cr2O3(wt%) 1.007 

MnO (wt%) -.379 

FeO (wt%) -.310 

BaO (ppm) 1.066 

SrO (ppm) .744 

 

Appendix  3-7 Skewness figures for Semlach-Eisner tap slag oxide WD-XRF data 

Oxide Skewness 

Na2O (wt%) 1.029 

MgO (wt%) .845 

Al2O3 (wt%) .001 

SiO2 (wt%) -.099 

P2O5 (wt%) 1.113 

K2O (wt%) -.362 

CaO (wt%) 1.121 

TiO2 (wt%) .131 

V2O5 (wt%) -.492 

Cr2O3 (wt%) 1.008 

MnO (wt%) .294 

FeO (wt%) .036 

Co3O4 (ppm) -1.417 

CuO (ppm) 1.222 

Rb2O (ppm) -.471 

SrO (ppm) .929 

ZrO2 (ppm) -.167 

MoO3 (ppm) -.009 

Ag2O (ppm) -.212 

CdO (ppm) .137 

BaO (ppm) .972 
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3.3 Principal components analysis  

3.3.1 Description 

Whilst the technique was invented in 1901 by Karl Pearson (Pearson 1901), the intensive 

calculations needed to complete the procedure meant that it was not adopted by 

archaeologists until after computers become more commonly available in the 1970s. Since the 

early 1980s statistical packages such as SPSS have made the technique available and more 

accessible to researchers, and there has been a general increase in utilisation.  

PCA transforms a set of data to a new coordinate system. The first coordinate, or ‘component’, 

contains the most variation, the second coordinate is orthogonal (and uncorrelated) to this and 

contains the second most variation, etc. If each original variable is visualised as a dimension, 

PCA can be said to perform a ‘dimension reduction’ to a dataset to produce a low-dimension 

image of the data as if it were visible from the most informative perspective. In this way it can 

often be considered to reveal the internal structures of the data responsible for the greatest 

variation within the dataset. As a result PCA of combined datasets incorporating data from 

multiple sites or generated by multiple analytical techniques often results in these factors being 

the most visible.  

PCA is used as an exploratory statistical technique in order to analyse and understand large 

datasets. It is almost exclusively used by archaeologists as a way of reducing the number of 

variables in a dataset (commonly chemical compositional data) until simple relationships within 

the data are visible. This often facilitates the identification and interpretation of ‘groups’ within 

the dataset. Whilst PCA was not originally designed to achieve grouping in data, recent 

examination of PCA (Ding and He 2004) indicates that there is strong statistical justification for 

the use of PCA in this way although defined and separated groups cannot be expected. 

PCA is sensitive to the relative scaling of the input variables. That is to say, larger value variables 

with correspondingly greater raw variation have a greater impact on the PCA results than small 

variables with small variation, and this is often combatted with pre-PCA data treatment. PCA is 

also sensitive to the presence of outliers, which must be removed before analysis. Normality is 

not a requirement for exploratory PCA, though this can be beneficial.  

The raw datasets from chemical compositional analysis can contain large numbers of variables 

and relatively small numbers of cases. A common rule of thumb in other disciplines is that ten 

cases are necessary for each variable (Nunnally 1978, Kass and Tinsley 1979). However an 

empirical study by Arrindell and van der Ende (1985) indicates that the ratio of cases to 

variables makes no functional difference to the PCA results. Alternative estimates have 
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suggested that a dataset must have at least 300 cases for PCA to be meaningful (Comrey and 

Lee, 1992; Tabachnick and Fidell 2007), though for obvious reasons this has not been 

particularly popular. More usefully MacCullum et al (1999) suggest that the amount of variation 

in each variable that is shared with other variables should be the deciding factor for its inclusion 

in a PCA. The thrust of this argument is that it is the strength of the underlying structures, and 

the extent to which the variable participates in this structure, that most strongly affects the 

PCA. If the communalities (the amount of variation in a variable which can be considered to be 

‘shared’ by the dataset overall, measured between 0 and 1) of every variable in the PCA are 

above 0.6 then a dataset with less than 100 cases may be acceptable. In datasets of 100-200 

cases, communalities of 0.5 may still produce reliable PCA results, but if communalities fall 

below 0.5 then over 500 cases may be necessary.  

The emphasis of this approach is both more intuitive and more appealing for applying PCA to 

archaeological datasets where relationship strength can be high even in relatively small 

datasets. Even assuming a suitable level of relationship strength between them, not all variables 

need including in the PCA, and both the analytical origin of each variable (accuracy/precision 

etc.) and the archaeological value of the variable (key trace oxide etc.) must be considered. 

Input variables must be a meaningful representation of the archaeological material and capable 

of answering the archaeological questions, or the purpose of the PCA is in doubt. 

3.3.2 Application 

All data were subject to standard methods of visualisation, including bivariate graphs and bar 

charts, to check for outliers and identify patterns within the data. PCA relies on the presence of 

correlation between variables, so correlations (Chapter 2) were examined and variables with 

very low (<0.4) correlations were considered for exclusion, particularly where they also failed to 

be archaeologically informative. Additionally variables with consistently high correlations (>0.9) 

e.g. FeO were considered for exclusion as these variables provide little additional information 

not already expressed in the behaviour of the other variables, particularly considering the 

closed nature of the datasets used here and the underlying mechanics of the bloomery process, 

and their inclusion can cause the PCA process to overemphasise their contribution.  

The closed nature of archaeological datasets has led to a movement within archaeological 

statistics for the application of transformations to the data (e.g. Aitchison 2002). PCA is 

designed to work with unconstrained data and chemical compositional data has a maximum 

value of 100 across each variable; in this visualisation it occupies a different kind of space 

(closed simplex/hyper-tetrahedron instead of vector). In order to deal with this Aitchison has 

championed the use of the log-ratio transformation, but this methodology has never been 



591 
 

particularly popular and its basis has been challenged (Charlton 2006, 121). Baxter (2003) has 

pointed out unusual or unexpected results can occur  making interpretation of PCA of log-ratio 

transformed data more difficult and potentially less immediately archaeologically relevant than 

other methods, and PCA of standardised data is often more effective at detecting 

archaeologically meaningful patterns (Baxter 2003, 75-77). Practically the problem can be 

avoided by analysing un-normalised data (Charlton 2006, 121) or by excluding a major 

component (Baxter 1994) as is sometimes done with PCA of glass compositional data (e.g. 

Baxter et al 1995). Here the choice was made to exclude FeO from the analysis, on the basis of 

high correlation, effectively negating this problem.  

Baxter (2003) recommends assessing the skewness of the variables, as he suggests that marked 

skew in the dataset will make interpreting the PCA difficult. Morgan et al. (2004) suggest that a 

skewness above +/- 1 is notable, which is common in archaeological data where normality is 

rare. One solution to skewness is to transform the data logarithmically, which although 

relatively common in archaeological PCA (Baxter 1994) does not counteract the strong influence 

of variables with higher variance.  

Selecting the outcome components of PCA is traditionally done based on the eigenvalue of the 

component, but there are a number of approaches. In 1960 Kaiser recommended that only 

components with an Eigenvalue above 1 were extracted, and whilst this remains a default for 

much PCA, Joliffe (1972, 1986) suggests that this is too strict, and an eigenvalue of 0.7 can be 

used. Additionally it is possible to graph the eigenvalues in what is called a ‘scree plot’ which, in 

reliable PCA, should contain a clear point of inflexion. This point of inflexion can also be used to 

indicate the number of components to be selected (Cattell 1966), although Stevens (1992) 

suggests that this is probably only reliable if there are more than 200 cases.  

Alternatively Guadagnoli and Velicer (1988) suggest that it is the presence of strong 

contributions from the input variables to the new components that indicates that the 

components are stable and reliable reflections of the underlying structures in the dataset. 

Specifically they indicate that there must be four factor loadings, measurements of each input 

variables contribution to the component, above 0.6 (scale of 0-1), to be reliable in a dataset 

with less than 100 cases. This approach again highlights the importance of the strength of the 

underlying structure within the dataset if PCA is to be successful on a small dataset, and 

provides a more intuitive and less arbitrary method of component selection. 

Each data set was examined separately, within the relevant chapters. By examining the two 

sites separately in this way, utilising slag samples from a relatively concise period of time and 

data produced during a short week-long analytical campaign a number of sources of variation 
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have been controlled for, the underlying variation at each site could be examined. In neither 

case were transformations of the data used, but in order to incorporate major, minor and trace 

oxides (all with significant differences in variance) the PCA was undertaken on the correlation 

matrix, effectively standardising the data2. In both cases variation in WO3 content is 

demonstrably related to preparation techniques (see 2.4.3) so this oxide was excluded, along 

with Co3O4 for which poor analytical accuracy had been noted (2.4.22.4.2). 

3.3.2.1 Clatworthy  

Skewness within the dataset was not present at levels high enough to present significant 

impediments to the PCA (3.2), though it was raised in those oxides most problematic to detect 

accurately (Na2O, P2O5, Co3O4) and those present only at low levels approaching the limit of 

accurate detection (CaO, Cr2O3, BaO). The major and minor oxides, excluding SO3 due to poor 

analytical accuracy, are the necessary focus of this analysis, and some of the trace oxides such 

as BaO are an important source of information for the analysis. Spearman’s correlation 

coefficients between the oxides (Chapter 2) indicate strong relationships within the dataset, 

suitable for PCA, but very strong relationships between FeO and almost all other oxides which 

may be problematic. As above the PCA was performed on the correlation matrix. FeO was 

excluded from the analysis in order to counteract the problems with space type, and to reduce 

the dominance of this variable on the resulting PCA. Following this an exploratory and iterative 

approach to PCA was undertaken with these data. All PCA components can be seen in Appendix 

Table 3-9. 

The initial PCA (1) was undertaken with the oxides and, based on eigenvalues above 1 and the 

scree plot, three components incorporating a total of 71% of the total variance in the set were 

selected. The PCA was rerun (2) with the same conditions but excluding Context 16 data. 

Considering the odd behaviour of P2O5, which loads negatively onto component 1 the PCA was 

rerun again (3) excluding that oxide and Context 16 specimens. The low correlation of Cr2O3 and 

the lack of firm understanding of its origin suggested that it might have limited usefulness 

within the PCA, and it was rerun (4) excluding this oxide and Context 16 specimens. Following 

this the oxide MoO3 was excluded Cr2O3 and Context 16 data and the PCA rerun (5). Finally a 

PCA (6) was run on data only from Context 16, with oxides from PCA 1 excluding V2O5, Cr2O3, 

and ZrO2. All components for PCAs 2-5 were selected with reference to eigenvalues.  

  

                                                           
2 Potentially an analytically advantageous move, see Charlton 2006, 119-120 
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3.3.2.2 Semlach 

As with Clatworthy skewness was not high enough to interfere significantly with PCA, but was 

present in those oxides where lower accuracies had been noted (Na2O, P2O5, Co3O4) and those 

present only at low levels approaching the limit of accurate detection (CaO, Cr2O3). PCA was 

therefore conducted on most major and minor oxides excluding SO3, even where skewness was 

high (e.g. CaO) due to their archaeological and chemical importance. Spearman’s correlation 

coefficients between the oxides (Chapter 2) indicated strong relationships within the dataset 

suitable for PCA, but the very strong relationships between FeO and almost all other oxides lead 

to this oxide being excluded as discussed above. The initial exploratory PCA(1) showed that the 

Phase 4 low-MnO data was the most substantial source of variation in the dataset (see Main 

Volume 6.4.4.3.2), so a second iteration was conducted utilising the same selection of variables 

but excluding Phase 4 samples. 

Appendix Table 3-8 Select components from two PCA analyses of Semlach-Eisner tap slag WD-XRF data 

PCA 1 (all data) PCA 2 (excluding Phase 4) 

  

Component Component 

1 2 3 4 1 2 3 4 

Na2O (wt%)   -.383 .642     .735   -.323 

MgO (wt%) .470 .319 -.406 .322 .484 -.562   -.370 

Al2O3 (wt%) .798 -.381     .829 .409     

SiO2 (wt%) .672     -.335 .692     -.356 

P2O5 (wt%) .413     .761 .435   .455 .507 

K2O (wt%) .808   .371   .799       

CaO (wt%) .604 .386 -.488   .650 -.531   .316 

TiO2 (wt%) .850       .847       

V2O5 (wt%) .673 -.345     .663   -.313   

Cr2O3 (wt%) .623 -.366 -.429   .719   -.483   

MnO (wt%)   .864         .857   

SrO (ppm) .501 .678     .550 -.629 .322   

BaO (ppm)   .450 .701     .578 .521 .313 
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3.4 Efficiency and mass balance 

3.4.1 Clatworthy 

The lack of an ore which matched the slag composition in terms of minor oxides, MnO in 

particular, made calculating the efficiency of smelting very challenging. Initial investigation of 

the Clatworthy data was conducted using a data from a single Context (19), an average ceramic 

composition from all samples and the analysis of the single ore sample. Bulk ceramic 

composition was used; from the evidence discussed in 3.2 it is assumed that the ceramic as a 

whole melted rather than the clay preferentially contributing.  

  

Figure 3-1 Best fit of initial iteration of Context 19 data from Clatworthy, using average ceramic data.  

The initial solution had a bad fit on the majority of lines (Appendix Figure 3-1). The high values 

of the calculated MnO values resulted in this oxide line not being visible on the graph; as 

suspected ore MnO values are far too low to account for the MnO concentration in the slag of 

Context 19. A high fuel ash contribution is necessary to fit the SiO2 and FeO lines, but the low 

position of all the MgO, K2O and CaO lines all indicate that this contribution is likely too high. 

This indicates the FeO and SiO2 content of the archaeological ore used here is also not a good 

match to that used to produce the slag samples of this context.  
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Appendix Table 3-10 Simplified normalised wt% Thomas (2000, app 1) ore data (BH1, BH2) and 

Clatworthy ore data (CLW) 

 MgO Al2O3 SiO2 K2O CaO TiO2 MnO FeO 

BH1 0.07 0.53 11.01 bd 0.05 0.01 0.01 88.31 

BH2 0.08 0.00 2.10 bd 0.01 bd 0.06 97.74 

CLW 0.01 0.08 6.11 bd 0.01 0.00 0.04 93.75 

 

This is particularly problematic because few analyses of the ore from the Clatworthy region, the 

Brendon Hill deposits, are available. The modern samples analysed and published in Thomas' 

PhD thesis of 2000 are a close match to the one archaeological sample recovered from 

Clatworthy (Appendix Table 3-10), and therefore utilising the mean value of these analyses does 

little to improve the fit of the oxide lines, as MnO levels remain too low. Using Percy's 1864 

publication (201, 227) of a Brendon Hills siderite does not solve the problem; normalising the 

data to exclude carbonates as if roasted produces a dataset which is too rich in MgO 

(approaching 6wt%) and MnO (over 20wt%) which again produces as poor if not worse oxide 

line fits within this model.  

The poor match with multiple ore samples from the region presents the possibility that the ore 

smelted on the Clatworthy site did not come from the Brendon Hills. However if we examine 

published analyses of ores from nearby regions east and north (Thomas 2000, Appendix 1), the 

vast majority of ore analyses from Worcester Graben, Glamorgan, Forest of Dean, Llanharry and 

Somerset show a normalised MnO content of less than 1wt%. Ore samples from these sites with 

more than 1wt% of MnO are too low in FeO to have been utilised in direct iron smelting by 

themselves, and the single archaeological sample with a MnO content approaching 1wt% (Usk 

U28) has too high SiO2 and Al2O3 concentrations to provide any fit for this model. Additionally 

the presence of MoO3 within both ore and slag from Clatworthy does argue that local ores are 

being used on the site. It is therefore reasonably clear that the poor ore match is not the result 

of ores from outside the region being smelted, and considering the high MnO content of the 

bedded ores analysed by Percy the presence in the area of surface ores with higher MnO 

content that so far recorded is not inconceivable.  

Examination of selected trace elements does not illuminate the problem, even assuming no 

trace element contribution from the fuel ash (Appendix Figure 3-2). The position of the BaO line 

indicates that levels of BaO in the raw material data used here are too low, again suggesting the 

ore analyses are not representative. The analytical equipment used to generate the data 

discussed here did not provide measurements on most the rare earth elements used by Thomas 

and Young (1999a and 1999b) to extend their model. The only REE analysed was La2O3, which 

is useful in the discussion of ores as it is likely to be immobile within the system. The position of 
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this oxide line indicates that levels in the raw materials analysed here are too high, again 

suggesting the ore analysed is unrepresentative.   

 

 Figure 3-2 Best fit of initial iteration of Context 19 data from Clatworthy, using average ceramic data 

and including BaO and La2O3 lines 

As a result of these problems it is not possible to accurately calculate the technical efficiency of 

the Clatworthy material. The result of the calculations make it very clear that the ore analyses 

available are not characteristic of what was used on the site during any of the contexts 

analysed. Whilst there is no evidence that ores from outside the immediate region were used at 

the site 

3.4.2 Semlach-Eisner 

As with the Clatworthy data, the focus of efficiency calculations is on the individual 

chronological phases identified within the archaeological material. However sufficient 

archaeological material was not recovered from phase 5 to enable efficiency calculations to be 

conducted, but all other phases are represented. The Thomas and Young (1999) method is 

employed, and single graphs for each best solution are presented below for brevity, however 

the solution was achieved through a number of iterations of z values in all cases. Considering 

the potential for P2O5 to partition to the metal or be driven off in gaseous form during the smelt 

P2O5 is not included in the following calculations. Due to the limitations of the analysis methods 
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used to generate slag, ceramic and ore compositional data, Na2O was also excluded from the 

model, in order to reduce inaccuracy.  

Appendix Table 3-11 analysed samples of Semlach-Eisner by phase and type 

Phase Ore Ceramic Slag 

1   1 

2   1 

3 1 2 35 

4 3 7 8 

5 2   

6 3 1 7 

7 3  10 

 

3.4.2.1 Fuel ash data selection 

No environmental data was available from the site, and compositional analysis of the charcoal 

remains recovered was not possible. Dominant tree species present in Austria today are Norway 

spruce, fir, larch, Scots black and stone pines, beech, oak, maple, ash and linden (Hasenaur, 

1997), the majority limited to heights below 1200m (3940 ft.) on the north side of the Alps and 

1500-1700m (4920-5580 ft.) on the southern slopes. Above these short pine trees grow, and 

above these short shrubs such as rhododendrons. The site (c.950-965m aOD) and the hilltop 

above (c.1220m aOD) are both low enough for a wide variety of trees to have been present on 

the slopes and surrounding areas. In the region surrounding the site dominant modern species 

are Norway spruce (Picea abies) and fir (Abies alba) (Hasenaur 1997). Analysis of the charcoal 

remains from the ore roasting pit were identified as ‘fast growing coniferous wood’ (Cech, in 

press), but this may not be representative of the species used for smelting fuel; ore roasting can 

be done with wood fuel and it may have been considered acceptable to use woods for roasting 

which were unsatisfactory for smelting. For the Semlach-Eisner data efficiency calculations, an 

average of the available spruce and fir compositions was therefore used.  

3.4.2.2 Phases 1 and 2 

Due to the limited quantity of tap slag compositional data from these two phases the 

representativeness of the efficiency calculations for these periods is reduced, but remains 

informative. Ceramic and ore data used for the calculations of both phases were drawn from 

the average (median) normalised compositions for all analysed samples across all phases for 

each material respectively due to a lack of material from these particular phases. As can be 

seen, despite the use of average ceramic and ore compositions, the best fit for the lines was 

relatively strong, particularly in Phase 1. 
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Figure 3-3 Best fit for Phase 1 data, using median ore and ceramic data  

 

Figure 3-4 Best fit for Phase 2 data, using mean ore and ceramic data  

 

The calculations for phase 1 indicated a 80wt% ore, 18.1wt% ceramic and 1.9wt% fuel ash 

contribution, and for phase 2 a 84wt% ore, 15.1wt % ceramic and 0.5wt% fuel ash contribution.  
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3.4.2.3 Phase 3 

Phase 3 was calculated using slag data (mean of 35 samples), and the average spruce and fir 

fuel ash compositions discussed above. Whilst the use of a larger number of slag samples means 

that the efficiency results presented here are likely to be more characteristic of activity on the 

site during this period, the input data represents the average of many different smelting 

incidents and consequently the strength of fit between the lines is not as good as it might be 

between a single tap slag, ceramic and ore from a single smelting operation. 

 

Figure 3-5 Initial iteration for Phase 3 data. Note the missing MnO line.  

Initial iterations using the phase 3 ceramic data (mean of 2 samples) and the single ore sample 

from phase 3 illustrates a clear problem with the ore data; the MnO line is off the chart 

(Appendix Figure 3-5). The high position of this line indicates that the MnO values are far too 

low in the ore sample recovered from this phase for this ore to be representative of the ores 

used in the majority of smelting operations which produced Phase 3 slag samples. 

Appendix Table 3-12 Phase 3 Semlach-Eisner data used in initial iteration 

  MgO Al2O3 SiO2 K2O CaO TiO2 MnO FeO 

slag mean (35) 0.6 5.1 26.4 1.1 1.3 0.2 8.5 56.9 

lining mean (2) 0.6 17.4 76.5 1.7 0.1 0.8 0.1 3.0 

ore single  0.2 0.8 0.1 0.1  2.6 96.2 

fuel ash s-f data 5.9 3.9 27.2 12.6 40.6 0.2 6.6 3.0 
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This indicated that the ore data, which was derived from only a single sample recovered from 

this phase, was not representative of the overall composition of ores in use during this 

chronological period. A more representative ore analysis was calculated from the mean of all 

analysed ore samples, and this brought the MnO line to a better, though still not idea, fit. 

  

Figure 3-6 Second set of iterations for phase 3 data, using mean all -phase ore data 

The MnO line in the second iterations remains too high, again indicative that the MnO level of 

the all-phase mean ore analyses is too low to be representative of the MnO content in the ores 

used in Phase 3. Additionally whilst a good fit is beginning to form, the position of the TiO2 and 

Al2O3 lines suggests that the ceramic data are also not representative, which considering it 

originates from only two samples is perhaps not surprising. 

Appendix Table 3-13 Phase 3 data with substitute all -phase mean ore data 

  MgO Al2O3 SiO2 K2O CaO TiO2 MnO FeO 

Slag mean (35) 0.6 5.1 26.4 1.1 1.3 0.2 8.5 56.9 

Lining mean (2) 0.6 17.4 76.5 1.7 0.1 0.8  3.0 

Ore mean (14) 0.3 1.9 6.5 0.4 0.4 0.1 5.8 84.6 

Fuel Ash s-f data 5.9 3.9 27.2 12.6 40.6 0.2 6.6 3.0 
 

By using the mean of all the ceramic data, rather than just the two samples of Phase 2, a better 

fit was obtained. The MgO remained less than ideal and the K2O values were slightly too low, 

but the latter has already been identified as a possible source of inaccuracy. A lower MgO 
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content in either ore or lining used in Phase 3 than that used here for the efficiency calculation 

is indicated by the position of the MgO line. 

  

Figure 3-7 Third set of iterations of Phase 3 data, using all -phase means for ceramic and ore data  

By utilising the mean ceramic and mean ore data for all phases with the Phase 3 slag data a 

good match is found, giving a low fuel contribution (0.8wt%), high ore contribution (87wt%) and 

a low ceramic (12.2wt%) contribution. 

Appendix Table 3-14 Phase 3 slag and all-Phase mean ore and ceramic data for Phase 3 efficiency 

calculations 

  MgO Al2O3 SiO2 K2O CaO TiO2 MnO FeO 

Slag mean (35) 0.56 5.08 26.40 1.14 1.25 0.17 8.46 56.94 

Lining 
mean all-
phase (10) 0.84 11.98 81.17 1.61 0.49 0.42 0.06 3.42 

Ore 
mean all-
phase (14) 0.34 1.92 6.46 0.38 0.43 0.07 5.76 84.64 

Fuel Ash s-f data 5.91 3.92 27.20 12.60 40.61 0.18 6.58 3.00 
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3.4.2.4 Phase 4  

Initial iterations were conducted utilising the mean analyses of ore and ceramic, and the mean 

analyses of a reduced slag dataset, excluding two outlying samples. As can be seen there are 

problems with several lines, including MnO along with Al2O3, TiO2 and MgO.  

  

Figure 3-8 Best fit initial iteration for Phase 4 using mean material analyses for this phase  

The position of the MnO line indicates that the oxide concentration in the analysed ore samples, 

which contribute most strongly to the MnO within the slag in this model, is too high. This 

indicates that the ore data used here, which derived from three samples from this phase, is not 

representative of those which produced the slag samples analysed from this phase. On average 

the ores used during this period had a much lower MnO content, as already discussed in 6.4.5.3. 

Utilising an average of ore compositions from other phases does not improve the line fit, as 

none of the ore pieces recovered from the site have the necessary compositions to fit well 

within this mass balance model. 

Appendix Table 3-15 Normalised oxide (wt%) data used to calculate efficiency for Phase 4 initial 

iteration 

  MgO Al2O3 SiO2 K2O CaO TiO2 MnO FeO 

Slag mean 0.69 6.90 23.33 0.93 1.45 0.17 1.63 64.89 

Lining mean 1.02 11.08 81.43 1.69 0.64 0.32 0.07 3.73 

Ore mean 0.25 2.55 10.98 0.49 0.37 0.07 4.82 80.47 

Fuel Ash  5.91 3.92 27.20 12.60 40.61 0.18 6.58 3.00 
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In addition the position of Al2O3 and other oxide lines indicates a paucity of these oxides within 

the raw material data used in the model. The concentration and behaviour of these oxides is 

often linked to the ceramic contribution, however the Al2O3 content of the Phase 4 ceramics is 

closely comparable to the mean value for all ceramics recovered from this site, so the ceramic 

data from this phase is not obviously anomalous. There are two possible sources of poor fit in 

the Al2O3, MgO and TiO2 lines. Although the ceramic data are numerous, there remains room 

for doubt over their representativeness due to the potential for differing composition between 

the sampled areas of surviving ceramic, and the now missing areas which melted into the slag. 

Alternatively we accept the representativeness of the ceramic and, considering the dominant 

influence of the ore chemistry on the slag composition, attribute all of the poor oxide line fits to 

the lack of representative ore analyses. 

Following the first line of thought, we can select a ceramic analysis with higher Al2O3 and 

substitute it for the ceramic analyses of this phase in the efficiency model: 

  

Figure 3-9 Best fit of second iteration of efficiency model for Phase 4 using mean material analyses and 

ceramic data from Sample 126 

This provides a reasonably good fit for the majority of lines, and the poor fit and position of the 

K2O line could be attributed to the oxide being volatilised during smelting. However the solution 

should be treated with caution: the lack of a good intersection between FeO and SiO2 is a strong 

indication that the raw materials used here are a poor match to those which produced the 

archaeological slag, despite the broadly good fit of the lines when seen together. This solution 
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for mass-balance calculations give an 84wt% ore, 14wt% ceramic and 2wt% fuel ash 

contribution, resulting in a very small bloom of 84g per 1kg of ore, with an efficiency of 13%. 

The alternative position, that the entirety of the poor fit seen in the initial model is the result of 

unrepresentative ore oxides, is more difficult to solve. None of the ore analyses from this site 

have low enough MnO levels to be substituted, so the solution must be arrived at using the 

same data as the initial iteration of the model. Tomas and Young's (1999) solution to poor fit 

was to graph lines for FeO, U, Th and the sum of the rare earth elements, but here we lack the 

trace element analyses for the fuel ash in addition to having limited understanding of the 

accuracy or precision of the U and Th values generated by the analytical methods used. The 

alternative used here is therefore to rely on the fit of FeO, SiO2 and CaO, the dominant oxides of 

ore, SiO2 and fuel ash respectively. As can be seen in Appendix Figure 3-9, these lines cross in a 

close fit, making it easy to interpret the graph. This model assumes that, despite variation in 

minor oxides, the FeO content of the ore used during Phase 4 was broadly comparable to that 

of the analysed ore samples. The solution for the mass-balance calculations gives an 84wt% ore, 

13.7wt% ceramic and a 2.3wt % fuel ash contribution, resulting again in a small bloom of 99g 

per 1kg of ore, with an efficiency of 16%.  

Neither model used here is obviously superior. Both these solutions assume that the FeO 

concentration of the ore used during this period was comparable to the ores analysed from this 

phase, and that only relative minor oxide content fluctuated. Within this assumption, despite 

the differences in reaching a best fit model for Phase 4, both these methods clearly indicate 

that low iron production and low efficiency are a fundamental part of Phase 4 iron production.  
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3.4.2.5 Phase 6 

The initial set of iterations were conducted with the mean slag (7 samples) data, mean ore data 

(3 samples) and the single ceramic analysis from this phase. 

  

Appendix Figure 3-10 Result of initial iterations of Phase 6 data  

There is evidence of some fit between a number of oxides but K2O, MnO and Al2O3 lines match 

poorly (Appendix Figure 0 10). The culprit here is likely to be the ceramic data, which are 

derived from a single sample and may not be representative, and using the mean all-phase 

ceramic data improves the fit (Appendix Figure 0 11). 

Appendix Table 3-16 Data used for initial set of iterations of Phase 6 data  

  MgO Al2O3 SiO2 K2O CaO TiO2 MnO FeO 

Slag mean (7) 0.6 5.0 26.0 1.2 1.2 0.2 8.4 57.4 

Lining single 0.2 7.5 88.7 0.8 0.1 0.4 0.1 2.2 

Ore mean (3) 0.4 1.5 5.9 0.3 0.3  5.7 85.9 

Fuel ash s-f data 5.9 3.9 27.2 12.6 40.6 0.2 6.6 3.0 
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Figure 3-11 result of second iteration for Phase 6 data using phase 6 slag, select Phase 6 ore, and all -

Phase mean ceramic data 

The fit of the MgO and K2O lines remains suboptimal. Their close position indicates that the lack 

of a match is most likely the result in some small discrepancy between the ore data used here 

and the composition of the average ore used during this period. Minor improvements to the fit 

were achieved by excluding one of the ore analyses from the mean calculation. 
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Figure 3-12 Result of final iterations for Phase 6 data using Phase 6 slag, select Phase 6 ore, and all -

Phase mean ceramic data 

The MgO and, to a lesser extent, the K2O lines remain a less than optimal fit. Assuming that the 

average of the seven slag samples is representative of the slag of this period, these small 

deviations from the best fit here are likely indications that there is a small difference between 

the minor oxide content of the analysed ores and the average ore used in Phase 6. Substituting 

the mean all-phase ore data here exacerbates the problem. This suggests that the ores in use 

during Phase 6 are compositionally distinct to a certain extent.  

Appendix Table 3-17 Data used for final efficiency calculations; mean Phase 6 slag, select mean Phase 6 

ore, mean all-Phase ceramic and s-f fuel ash data 

  MgO Al2O3 SiO2 K2O CaO TiO2 MnO FeO 

Slag mean (7) 0.6 5.0 26.0 1.2 1.2 0.2 8.4 57.4 

Lining 
mean all-
phase (10) 0.9 12.2 82.5 1.6 0.5 0.4 0.1 3.5 

Ore 
median all-
phase (14) 0.3 1.4 4.7 0.3 0.4 0.1 6.1 86.0 

Fuel Ash s-f data 5.9 3.9 27.2 12.6 40.6 0.2 6.6 3.0 
 

The final iteration utilising the phase 6 ore data and all-phase ceramic data gives a balance of 

80wt% ore, 15.1wt% ceramic and 0.9wt% ore contribution, producing a bloom of c.350g per kilo 

of ore with an efficiency of 52%. 

  

0

0.5

1

1.5

2

2.5

3

0% 4% 8% 12% 16% 20% 24% 28% 32% 36% 40% 44% 48% 52% 56% 60% 64% 68% 72% 76% 80% 84% 88% 92% 96%

Ef
fi

ci
e

n
cy

 f
ac

to
r 

(E
)

Ore contribution, wt% (x)

MgO

Al2O3

SiO2

K2O

CaO

TiO2

MnO

FeO

Fuelash contribution (z) 1.0 wt%



609 
 

3.4.2.6 Phase 7 

No ceramic data for Phase 7 (post-Roman levelling layers) was available, but three ore samples 

and ten slag samples were analysed. For the efficiency calculations the mean all-phase ceramic 

data was utilised.  

  

Figure 3-13 Result of initial set iterations with Phase 7 slag and ore data, and all -Phase ceramic data. 

The initial fit was good, though the fit of some of the minor oxides is poor; this is largely 

ameliorated by utilising the median ore composition for Phase 7, rather than the mean. 
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Figure 3-14 Result of second set of iterations for Phase 7 data using mean Phase 7 slag, median Phase 7 

ore and mean all-Phase ceramic 

The fit of the TiO2 line remains slightly suboptimal, a minor difference possibly the result of 

differences in ceramic, or more likely, ore compositions between the analysed samples and 

those utilised in Phase 7. 

Appendix Table 3-182 Data used to calculation Phase 7 efficiency figures  

  MgO Al2O3 SiO2 K2O CaO TiO2 MnO FeO 

Slag Phase 7 
mean (10) 

0.8 4.5 26.6 1.1 1.9 0.1 8.6 56.4 

Lining all-phase 
mean 

0.9 12.0 81.2 1.6 0.5 0.4 0.1 3.4 

Ore Phase 7 
median (3) 

0.3 1.4 4.8 0.3 0.4 0.1 6.0 86.8 

Fuel Ash s-f fuel data 5.9 3.9 27.2 12.6 40.6 0.2 6.6 3.0 

 

The efficiency calculations gave an 85wt% ore, 13.2wt% ceramic, and a 1.8wt% fuel ash 

contribution, producing a bloom of c.360g from a kilo of ore with an efficiency of 53%.  
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APPENDIX 4 SUPPORTING RESEARCH 

4.1 Collected analyses of woods and charcoals  

4.1.1 Identifying fuel ash data sources 

Modern charcoal is often produced from bio-material sourced from across the world, including 

hard woods and rainforest material, along with scrap wood. The chemical composition of 

commercially available charcoal therefore varies significantly piece by piece, bag by bag. As a 

result, without explicit discussions of the origin of the charcoal, and the sampling regime utilised 

by researchers, reported charcoal compositions such as Crew's (2000) should be treated with 

significant caution and the data should not be adopted for other analyses. 

Considering the history of forestation of non-native species in some regions, and numerous 

modern environmental activities, including the application of agrifertilisers, manuring, and 

slurry and waste run off from near-by farms, analysis of woods taken from near to 

archaeological sites is also problematic. This methodology could be ameliorated by a clear 

sampling regime, selecting species known to have been used for charcoal production, 

potentially through the identification of species present in archaeologically recovered charcoal. 

A large sampling campaign might reduce the risk of uncharacteristic analyses, though attention 

also needs to be paid to the presence and proportion of bark in selection of modern wood for 

analysis, as some species are known to partition compounds in different proportions between 

core, new growth and bark woods. Further analysis of archaeological charcoal with respect to 

these issues is necessary, as is exploration of the mass of ash produced by unit of 

wood/charcoal with respect to species, production method and temperature, as this ultimately 

impacts on the chemical contribution of slag and is little understood. 

The growth of the biomass heat/energy generation industry in the last decade has resulted in 

increasing numbers of analyses of specifically described and selected wood and charcoal 

sources, and it is possible to assemble a considerable number of analyses from this published 

literature (Appendix Table 4-1). These large scale, homogenised samples have a high analytical 

accuracy and represent a more cost-effective method of gathering fuel ash data than on-site 

wood sampling. In addition some of the uncertainties with respect to local environmental 

conditions are ameliorated; much of the modern wood analysed for biomass power stations 

originates from plantations, where some separation from agri-businesses can be expected. 
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4.1.2 Modern species-specific fuel ash compositions 

The majority of the analyses in Appendix Table 4-1 are of wood ash, rather than charcoal ash, 

although it is unclear whether there is a significant difference in chemical composition between 

wood ash and the ash of charcoal produced from the same wood. Whilst there were probable 

variations in the burning/charking environments, there is consistency between tree species 

visible. Whilst volatile products, including pyroligneous acid which is known to have trace 

calcium and sodium content (Zulkarami, 2011), are driven off during modern charcoal 

production, it is not as clearly demonstrated that the same would occur during Roman period 

charcoal production. In addition, it remains unclear whether the loss of volatiles during the 

charking process would affect the major and minor oxide composition of the ash: K2O is easier 

to boil off, but the heterogeneous CaO/ K2O relationships visible in the analyses of Appendix 

Table 4-1 give no clear indication whether either of these oxides is preferentially lost in wood or 

charcoal, and the fact that a number of archaeological publications are unclear on whether 

wood ash or charcoal ash was analysed (cf. Thomas and Young, 1999b; Charlton 2006; Crew 

2000) also obscures the issue. Lacking conclusive evidence for discrepancies between wood and 

charcoal ash compositions for the same species, the wood ash analyses are considered 

acceptable for use in substitute for available charcoal ash analyses. 

The analyses of ash from select species indicates that the vast majority have CaO dominated 

compositions. K2O is a secondary component, present in high quantities only in Crew's (2000) 

published charcoal ash analysis. The analyses highlighted in Appendix Table 4-1 show a roughly 

2:1-3:1 CaO: K2O ratio; those outside this often included bark within their analysis causing 

higher CaO content or were of oak specimens which overall tends to a much higher (7-9:1) CaO: 

K2O ratio. This is interesting preliminary evidence that smelters using oak charcoal would add a 

higher concentration of CaO to their smelts, though further analysis of ash compositions by 

species and location would be necessary to confirm this and eliminate questions of how 

significantly location and the local environment influences ash compositions. 

  



613 
 

  



614 
 

  



615 
 

4.1.3 Identifications by Phil Austin (pers.comm 2014). 

The data presented below are kindly provided by Phil Austin of UCL, who in March 2014 

examined twenty samples of charcoal recovered from the Semlach-Eisner material. 

Appendix Table 4-2 Identity and context of fragments examined by Phil Austin  

Phase Sample Find 
number 

Associated Material Identity Notes 

6 130 916 Furnace 1 1 large 
piece 

Picea abies 
(Norway spruce) 

Mature stem/branch 
wood. Fungal hyphae 
abundant in cells. 

    8 fragments Picea abies 
(Norway spruce) 

 

    1 fragment Acer sp. (Maple)  

3 136 3021 Smithing 
Hearth 10 

6 fragments  Fagus sylvatica 
(Beech) 

Mature stem/branch 
wood. 

 137 3022 Smithing 
Hearth 10 

4 fragments Picea abies 
(Norway spruce) 

 

 

“All three tree taxa identified are native to central and Eastern Europe, including alpine 

regions. Beech and Maple are both hardwood (Angiosperm) trees that respond well to 

silvicultural techniques such as coppicing. However, none of the wood fragments examined had 

anatomical growth ring characteristics believed to be indicative of silviculture.  

Norway spruce is a soft wood (Gymnosperm) it is not coppiced (though it is one of the main 

species used for the classic 'Christmas tree').  

Fungal hyphae are the cells that make up the strings of mycelium that are the main part of a 

fungus. It is of an unknown fungus that had infected the wood at some stage. Fungal 

degradation occurs in living and dead wood, though much more frequently in dead wood (on 

the forest floor, in storage or in use) as part of decomposition. In these samples it indicates that 

the spruce wood used for fuel was not of the best quality though, evidently, it was clearly 

considered 'good enough'. It may have been used simply because it was readily available 

locally.” 
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