
 190 

CHAPTER 7: ANALYSIS OF SOILS WITH SPECIFIC EMPHASIS ON THE 

RELATIONSHIP BETWEEN MAGNETIC SUSCEPTIBILITY 

AND TEMPERATURE 

 

7.1  Introduction 

The purpose of this chapter is to investigate some of the magnetic properties of the 

natural clays and soils encountered at the archaeological industrial sites studied during 

the period of this research, specifically the effect of the operating temperatures of these 

industries on the magnetic susceptibility of these naturally occurring materials. The 

temperature/susceptibility analysis is, however, restricted to those clays and soils 

associated with iron smelting furnaces (Chapter 3) and charcoal production sites 

(Chapter 6). It was not possible to investigate any material from lead smelting or glass 

production sites, either because the soils were very thin or non-existent (lead), or 

because there were no sites available (glass). An attempt to identify the changes in the 

iron oxide states within the mineralogy of the clay and soil samples by means of X-ray 

diffraction (XRD) analysis is also described. 

 

7.2  Background literature 

Much has been written in the literature regarding soil, its genesis, structure, mineral 

composition and magnetic properties, and summarised in publications such as White 

(1997) and Goldberg and Macphail (2006). The mineral content of soil can vary widely 

but generally lies within the range 40-60% (White, 1997: 8). The main magnetic 

minerals that occur naturally in soils are the oxides and oxy-hydroxides of iron: 

maghemite, goethite, haematite and to a lesser extent magnetite (Dunlop & Özdemir, 

1997: 442). Other iron-based magnetic minerals which may be present are lepidocrocite, 

limonite, pyrite, pyrrhotite, and siderite, all existing in different proportions depending 
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on climatic, geological and topographic conditions. Laboratory experiments have shown 

how the magnetic susceptibility of soils on archaeological sites can be influenced by 

geology (Tite and Mullins 1971; Tite 1972) and the effect of climate on a site (Tite and 

Linington 1975). Authors who have also described the magnetic characteristics of soil 

materials and iron oxides include Coey (1988), Cornell and Schwertmann (1996), 

Maher (1986), Maher and Thompson (1999), Mullins (1977), Schwertmann and Taylor 

(1988), Tarling and Hrouda (1993), and Thompson and Oldfield (1986). The natural 

magnetic characteristics of soils may also be enhanced by human occupation and 

activities. Le Borgne (1955, 1960) suggested that enhanced magnetic susceptibility of 

the topsoil was due to either a heating mechanism (domestic fires) or a fermentation 

mechanism (the decay of organic material). At sites close to major urban and industrial 

centres, topsoils may have a higher magnetic susceptibility caused by atmospheric 

fallout of relatively coarse (>1µm) magnetic particulates derived from fossil fuel 

combustion (Thompson and Oldfield, 1986: 76). Research by Fassbinder and Stanjek 

(1993) has shown that magnetic enhancement could also be due to the presence of 

magnetotactic bacteria. Dearing et al. (1996) have evaluated the various magnetic 

enhancement theories and concluded that the magnetic susceptibility of topsoils was 

primarily a function of geology and soil processes. 

 

7.3  Specific investigations undertaken 

Magnetic geophysical surveys require good contrast between the magnetic anomalies 

and the background readings from the soil in order to maximise the interpretation of the 

data. These background readings are principally due to the magnetic characteristics of 

the soil mineral content. A high value of soil magnetic susceptibility will reduce the 

magnetic contrast between the soil and any anomaly, and in some circumstances could 

completely obscure the anomaly altogether. 
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Heating experiments, including fractional conversion measurements, have been used to 

determine the behaviour of non-anthropogenically modified (i.e. natural) clay and soil 

samples when heated to temperatures similar to those encountered in the medieval and 

post-medieval industrial activities of iron smelting and charcoal production, and which 

would have resulted in some degree of magnetic enhancement of the industrial sites. 

The magnetic susceptibility measurements of the linear samples taken from the iron 

smelting sites of Hagg End, Myers Wood and Stingamires (Chapter 3) and the charcoal 

production site at Greencliffe Hag Wood (Chapter 6) are compared with the 

susceptibility/temperature data derived from the heating experiments in order to 

determine whether a susceptibility cut-off or step change could be observed at some 

distance from the heat source (e.g. the furnace), as a means of quantifying how far the 

heat travelled from the source and estimating the length of time the furnace had been 

running for a particular smelting operation. This has important implications for the 

visibility and size of the magnetic anomaly associated with the heat source, as measured 

by a geophysical (magnetometer) survey. For example, if the furnace had only been 

operated for a relatively short time, then the overall size of the anomaly would not be 

expected to be large, whereas if the furnace operation was over a considerable period, 

then the anomaly would be much larger and more geophysically visible. 

 

7.4  Laboratory analysis of natural clay samples 

The analysis was undertaken in three parts: fractional conversion measurements, to 

determine the maximum potential enhancement of a site’s natural clay material; heating 

experiments, to determine the changes in magnetic susceptibility with increasing 

temperatures; and XRD analysis, to determine the changes in the iron oxide states 

within the natural clay material with increasing temperatures. 
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7.4.1  Sample selection and preparation 

In total, eight samples of natural clay, each weighing between 150 and 200g, were 

obtained from the following sources, in areas away from the obvious working surfaces: 

 

(a) Hagg End  1 sample: HE03/305 

(b) Kyloe Cow Beck 2 samples: KCB97/125 & KCB97/152 

(c) Stingamires  2 samples: SM04/112 & SM04/402 

(d) Myers Wood  2 samples: MW03/A & MW03/B 

(e) Dalby   1 sample: DLB04/Beck 

 

Samples (a) to (c) were from the iron smelting sites in Bilsdale, N. Yorkshire, sample 

(d) from the iron smelting site near Huddersfield (see Chapter 3), and sample (e) from 

the experimental charcoal kiln site in Dalby Forest, N. Yorkshire (see Chapter 6). 

 

The samples were prepared for analysis using the method described in Chapter 2, 

section 2.4 and divided into sub-sets for the different analyses. 

 

7.4.2  Fractional conversion measurements 

The fractional conversion methodology is detailed in Chapter 2, section 2.10.1. 

Magnetic susceptibility measurements were carried out in three stages, during the 

sample heating phases: before the reduction phase, to determine the initial susceptibility 

(χin); before the oxidising phase, to quantify the susceptibility change resulting from the 

reduction phase (per Tite 1972); and after the oxidising phase, to determine the 

maximum potential susceptibility (χmax). Fractional conversion was calculated from the 

ratio of χin to χmax (expressed as a percentage). 
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All the data were entered into a spreadsheet specifically designed by the author for the 

calculation of each sample’s fractional conversion value; the spreadsheet is attached as 

Appendix 46 and the results are shown in Table 7.1. Initial (pre-reduction phase 

heating) and post-oxidising phase Munsell chart descriptions of the samples are 

recorded in Table 7.2. 

 

7.4.3  Heating experiments 

The heating experiments were undertaken using a second set of sub-samples from the 

sources listed above in section 7.4.1. The samples were heated through a range of 

temperatures from 50 to 750°C, in steps of 50°C; following each temperature stage, and 

after allowing the samples to cool, susceptibility measurements were taken for each 

sample. The data were entered into a spreadsheet specifically designed by the author to 

record the susceptibility/temperature variations (see Appendix 47); the results are shown 

in Table 7.3 and Figure 7.1. 

 

As can be seen from Figure 7.1, the susceptibility/temperature profiles for the 

Stingamires samples SM04/112 and SM04/402 are considerably higher at the peak than 

the other samples. In order to test whether the results for the Stingamires samples were 

anomalies, further heating experiments were carried out on a sub-set of seven additional 

natural clay samples from SM04/112; it was not possible to obtain additional samples 

from SM04/402 as there was insufficient material. The samples were prepared as 

described in Chapter 2, section 2.4, and each individual sample heated to a different 

temperature in the range 350 to 750°C, in 100°C steps. Magnetic susceptibility 

measurements were made of the samples after cooling and the data were entered into a 

spreadsheet specifically designed by the author to calculate each sample’s susceptibility 
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value; the spreadsheet is attached as Appendix 48 and the results are shown in Table 7.4 

and Figure 7.2, alongside the original data from Table 7.3. 

 

7.4.4  XRD analysis 

Following on from the heating experiments above with the consequential changes in 

sample coloration from one temperature step to the next, identification of the various 

iron oxide crystalline phases was attempted by means of XRD analysis. The 

methodology used is described in Chapter 2, section 2.9; sample preparation ensured 

that stone fragments and similar material were removed from the powdered samples. 

The analysis was undertaken on a further sub-set of samples from Stingamires 

SM04/112, each one heated to a different temperature in the range 150 to 750°C, in 

steps of 100°C (a total of seven samples). The results of the XRD analysis, the 

diffraction spectra, are shown in Figure 7.3. 

 

7.5  Comparison of linear sampling and susceptibility/temperature profiles 

The linear sampling susceptibility data from the iron smelting sites at Hagg End, 

Stingamires and Myers Wood (referred to in Chapter 3), from the Greencliffe Hag 

Wood charcoal production platform D (Chapter 6), and from the Stingamires 

monoblock (Chapter 3) were all compared to the susceptibility/temperature profiles 

derived above in section 7.4.3, in order to determine whether a susceptibility cut-off or 

step change could be observed in the working surfaces around the heat source and to 

estimate the temperatures which had occurred. The details of the iron smelting sites’ 

linear and monoblock sampling, and the results of the laboratory analyses are to be 

found in Chapter 3, section 3.8.1.2 and Figures 3.6 to 3.14, whilst the details of the 

Greencliffe Hag Wood charcoal production platform D linear sampling locations and 
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magnetic susceptibility measurements are in Chapter 6, sections 6.4.3 and 6.4.4; the 

results are shown in Table 6.3 and illustrated in Figure 6.40. 

 

Using the data from Table 7.3 and Figure 7.1, calibration curves were constructed over 

the temperature range 200 to 750°C, no significant change in susceptibility being 

observed below 200°C. The curves were produced for the SM04/112, SM04/402 and 

MW03/A samples only using the same data as in Figure 7.1, as these three profiles gave 

the optimum determination of temperature for all the linear and monoblock samples; the 

charts are shown in Figure 7.4. In the temperature range c. 250 to 750°C, the charts 

indicate that there are two possible temperatures for one magnetic susceptibility reading. 

Depending on the position of the sample with respect to the heat source (i.e. the 

furnace), a judgement has to be made as to which temperature is more appropriate; 

logically, the higher temperature would be nearer the furnace. 

 

For each of the sites noted above and using the appropriate calibration curve, 

temperatures corresponding to the susceptibility at each linear sampling point were 

estimated to the nearest 10°C: Hagg End and Stingamires furnaces using SM04/402 

data; Myers Wood ore roasting/charcoal production area using MW03/A data; 

Greencliffe Hag Wood charcoal platform using a combination of 

susceptibility/temperature data from the HE03/305, KCB97/125, KCB97/152, 

SM04/112 and SM04/402 profiles (Table 7.3); and Stingamires ore roasting area 

monoblock using SM04/112 data. The results are shown in Tables 7.5, 7.6, 7.7 and 7.8 

(respectively). 
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7.6  Discussion 

 

7.6.1  Fractional conversion measurements 

The fractional conversion figures for the natural clay samples listed in section 7.4.1 

varied between 0.3 and 6.7%, with a mean value of 1.7% (Table 7.1); the mean reduces 

to 0.9% if sample KCB97/125 is excluded. These results are consistent with the values 

given by Tite and Linington (1975), that most soils developed on limestones, marls, 

sandstones and clays had fractional conversions of less than 5%. The fractional 

conversion figure of 6.7% for the KCB97/125 sample appears to be an anomaly within 

this set of samples, although it is not significantly different from the others in the set 

when compared to the Tite and Linington (1975) values. This may be due to either some 

pre-existing magnetic enhancement, since its initial magnetic susceptibility is almost 

twice that of its neighbouring sample KCB97/152, or its maximum potential 

susceptibility was not as high as expected. Table 7.1 also indicates that there was a 

significant increase in magnetic susceptibility for all the samples as a consequence of 

the reduction phase heating, due to the reduction of the samples’ iron oxide content to 

magnetite; there was a noticeable change in colour from the original yellow/brown 

combinations to black. 

 

The Munsell chart descriptions (Table 7.2) indicate how much change in sample 

coloration had occurred due to the heating process. Although Canti and Linford (2000) 

note that there was little soil coloration change after their series of “camp fire” 

experiments, their research concerned the effects from the application of heat (from a 

fire) on the ground surface, not the effects from a structure built above and into the 

ground as in the case of an iron smelting furnace. Here, the heat source is more 

concentrated as a consequence of the furnace construction, so changes in coloration of 
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the ground surface surrounding the furnace would be both expected and observable; the 

degree of coloration would depend initially on the original quantity of iron oxides and 

subsequently on the longevity of smelting operations. 

 

7.6.2  Heating experiments 

Tite and Mullins (1971) confirmed by laboratory experiments that heating soils in 

reducing-then-oxidising atmospheres at temperatures greater than 450°C, which could 

easily occur from fires on archaeological sites, provided an extremely effective 

mechanism for the enhancement of soil magnetic susceptibility. From the results of their 

heating experiments, they showed that the major increase in magnetic susceptibility 

occurred between 450 and 550°C, with the peak value in the range 550 to 650°C. Tite 

and Mullins (1971) also state that it is reasonable to assume that heating is the principal 

means by which the soil susceptibility on archaeological sites has been enhanced, in 

preference to enhancement by fermentation (Le Borgne 1955). 

 

Figure 7.1 indicates that there was a sharp rise in magnetic susceptibility for all the 

natural clay samples around 200 to 250°C (depending on sample), from a maximum 

value of 200 x 10-8 m3 kg-1 (sample SM04/402) to a peak value of c. 2400 x 10-8 m3 kg-1 

at 350°C (sample SM04/402). Thereafter, there was a substantial reduction in 

susceptibility for samples SM04/112, SM04/402 and MW03/A, particularly after 550°C 

and by varying amounts depending on the sample, to a maximum value of 766 x 10-8 m3 

kg-1 at 750°C (sample SM04/402). The susceptibilities for the other five samples 

flattened out in the range 350 to 550°C at a maximum of 939 x 10-8 m3 kg-1 (sample 

HE03/305), and reduced gradually to a maximum value of 333 x 10-8 m3 kg-1 (sample 

KCB97/125). The reason for this susceptibility/temperature profile is considered to be 

due to maghemite transformation, as discussed by Tite and Linington (1975); although 
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pure maghemite converts to haematite at temperatures above 350°C, maghemite 

contaminated with traces of, for example, aluminium or magnesium, elements which are 

found naturally in most soils, is stable up to much higher temperatures. Schwertmann 

and Taylor (1988: 399) observe that there are three different pathways for maghemite 

formation in soils: oxidation of magnetite, dehydration of lepidocrocite, and 

transformation of other iron oxides, including goethite, by heating to temperatures 

around 200 to 400°C in the presence of organic compounds. Maghemite is mainly 

formed by low temperature (T < 250°C) oxidation of magnetite (Bleil and Petersen 

1982: 337). At temperatures greater than 350°C maghemite irreversibly converts to 

haematite: the actual transition temperature depends on grain size and amount of 

impurities (Bleil and Petersen 1982: 337). If natural clays contain a proportion of 

lepidocrocite, then this oxy-hydroxide of iron will dehydrate to maghemite between 200 

to 300°C (Bleil and Petersen 1982: 350; Schwertmann and Taylor 1988: 399). 

 

In general terms, the susceptibility/temperature profile for the SM04/112 additional 

seven sub-samples (section 7.4.3) is similar to the original profile (Figure 7.2). All the 

additional values of susceptibility, except for the measurement at 150°C, are higher than 

the originals at the same temperatures (Table 7.4). Possible reasons for this are: 

variations of the iron oxide and organic material content between the two sets of sample 

material, and the different methodology of producing the heated samples at 

temperatures above 300°C. To ascertain whether the additional data were within an 

experimental error range of the original data, an ±3% error was assumed and applied to 

both the original and additional data; this error value was based on the error assessments 

given in Chapter 2, section 2.5.2. Four of the seven comparisons showed a potential 

overlap (Table 7.4), which indicates that there is a reasonable but not perfect correlation 

between the two sets of data. 
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The susceptibility/temperature data from Morinaga et al. (1999) are compared with the 

author’s data. Three soil specimens were used in their investigations: a silty soil, a loam 

derived from weathered volcanic ash, and “fresh” volcanic ash. Measurements were 

carried out over a temperature range of 100 to 700°C, in steps of 50°C. The results, 

derived from Morinaga et al. (1999) Figure 1, are shown in Table 7.9 and Figure 7.5. 

Allowing for the differences in location, climate and geology, the Morinaga et al. 

(1999) susceptibility/temperature profiles for soil and, to a lesser extent, loam are 

comparable to the profiles for the natural clays from Bilsdale and other sources; the 

HE03/305 and KCB97/125 profiles are especially similar. The volcanic ash 

susceptibility/temperature profile is not surprisingly different, due to the absence of 

goethite and lepidocrocite, as well as having been naturally heated previously; as such, 

no useful comparison can be made with clays or soils. 

 

The fractional conversion of the natural clay samples measured in this research has 

indicated the maximum potential susceptibility. When compared with the values of 

susceptibility from each site (section 7.4.3, Table 7.3 and Figure 7.1), with the 

exception of the Dalby sample, a relative conversion can be observed, i.e. a value of 

susceptibility below the maximum potential which has been achieved as a result of a 

lower temperature existing in the working surfaces from which the samples were 

obtained. The heat affected clays of the working surfaces around each furnace have a 

level of susceptibility which is indicative of the heat conducted from the furnace, as 

well as possible contamination by particles of roasted ore and slag. However, this does 

not give an indication of the duration of furnace operation, only that there has been 

some activity; there may have been only one furnace operation or there may have been 

many. If the furnace temperature remains the same each time a smelting operation takes 

place, there will be no further magnetic enhancement of the working surface (other than 
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from contamination); if the operating temperature increases, then there is the possibility 

of additional enhancement. The foregoing does not apply to the Dalby experimental 

charcoal kiln as the natural clay sample was obtained from Staindale Beck 

approximately 300m away from the kiln site; all the other clay samples were taken from 

areas very close to or even part of the furnace or ore roasting areas. 

 

7.6.3  XRD analysis 

Tite and Linington (1975) carried out XRD measurements on soils heated under 

laboratory conditions using methods similar to those described in Chapter 2, section 

2.10.1, and established that maghemite was present (in preference to magnetite in view 

of the final oxidising stage in the heating process). Unfortunately, the XRD analysis of 

the SM04/112 samples did not reach any conclusion: the progress of this experiment 

was found to be slow, due in part to the XRD process itself but primarily because the 

analysis of the results depended on using proprietary database software which was 

initially found to be incompatible with the XRD instrument software. Even when the 

incompatibility issues were resolved, the database software was difficult to use, to the 

extent that a considerable amount of time was taken by the author endeavouring to get 

the database to function. As a result the author made the decision to abandon this XRD 

analysis and devote the time saved to other aspects of the research programme. 

 

It should be noted that there are other methods which could be used as an alternative to 

XRD analysis, namely rock magnetism studies (Maher 1986; Dekkers 1990; Peters and 

Thompson 1998; Marmet et al. 1999; Spassov and Hus 2006), Mössbauer spectroscopy 

(Longworth and Tite 1977; Longworth et al. 1979; Singer et al. 1995; Younis et al. 

1999; Kopcewicz et al. 2006), and chemical methods (Mehra and Jackson 1960; Singer 

and Janitzky 1986; Fine and Singer 1989; Singer et al. 1995; Younis et al. 1999). 
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7.6.4  Comparison of linear sampling and susceptibility/temperature profiles 

For all the profiles, the temperatures were estimated to the nearest 10°C, as this was 

considered to be the best precision that could be achieved from the 

susceptibility/temperature data. Also, some of the temperatures could not be 

determined, because the sampling point susceptibility value was greater than the 

calibration curve maximum due to possible contamination of the working surface at that 

point with roasted ore and slag. There are alternative methods for estimating 

temperatures which involve the evaluation of rock magnetic properties: for examples, 

see Spassov and Hus (2006), and Linford and Platzman (2004). 

 

7.6.4.1  Hagg End and Stingamires iron smelting furnaces 

The variation of temperature with distance from the internal surfaces of the Hagg End 

and Stingamires iron smelting furnaces are shown in Figures 7.6 and 7.7 (respectively). 

Although three temperatures could not be estimated for the reason given above, the 

temperature profiles at both sites indicate a decreasing gradient with distance away from 

the furnace. There is a distinct step change in temperature at Hagg End in both N and 

SW sampling directions and at Stingamires in the NW direction, whilst there is a 

smaller change in temperature at Stingamires in the N sampling direction. At Hagg End 

the temperature change occurs around 30 to 40cm from the furnace internal surface, and 

at Stingamires the distance is around 15 to 20cm. The reason for the difference in 

distances is probably due to the physical differences between the two furnaces with 

respect to the overall thickness of the lining material: both furnaces show evidence of 

re-lining (Figure 3.6 and 3.7), which is in itself a measure of the length of furnace use. 

The smaller temperature change noted in the Stingamires N sampling direction could be 

as a consequence of contamination at the 10cm and 15cm sampling points or the effects 

of the insulating properties of the adjacent furnace lining material. Whatever the reason, 
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the estimated temperatures appear to be lower than they might be, particularly when 

compared with the corresponding temperatures at the same sampling points in the NW 

direction (see Table 7.6). 

 

7.6.4.2  Myers Wood Trench A ore roasting/charcoal production platform 

The variation in temperature with distance for the linear sampling undertaken in Myers 

Wood Trench A, shown in Figure 7.8, follows the variation in susceptibility (Figure 

3.13). Although not clear from the oblique nature of the photograph of Myers Wood 

Trench A (Figure 3.8), the variation in susceptibility appears to follow the variation in 

surface coloration. Temperatures of 500°C and above are estimated between the 

distances of 30cm and 60cm from the sampling origin (Figure 3.8), which indicates that 

this section of the trench surface has been subjected to the high temperatures associated 

with ore roasting; the linear sampled part of the trench is within 1m of the area which 

was sampled for archaeomagnetic dating purposes (see Chapter 8, section 8.3.1.3). The 

remaining sample points had estimated temperatures between 250 and 280°C. However, 

it is feasible that all the temperatures are higher than they might have been due to 

contamination of the working surface with roasted ore. 

 

7.6.4.3  Greencliffe Hag Wood charcoal production platform D 

There were no natural clay samples obtained from the Greencliffe Hag Wood (GHW) 

charcoal production platform D, hence no direct susceptibility/temperature calibration 

curve could be derived. However, a comparison has been made with the profiles from 

the other sites in Bilsdale, i.e. Hagg End, Kyloe Cow Beck and Stingamires (Table 7.3). 

It is assumed that the geology at GHW is similar to the others, and consequently 

temperature estimations have been made on this basis. From Table 7.3 it can be seen 

that the susceptibility range of the GHW linear samples (20 to 115 x 10-8 m3 kg-1) lies 
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within the temperature range 50 to 250°C for all five of the Bilsdale 

susceptibility/temperature profiles. The mean value of susceptibility for all the linear 

samples is 49 x 10-8 m3 kg-1, which implies a corresponding temperature of less than 

100°C. This outcome fits well with the results from the Dalby experimental charcoal 

kiln platform temperatures which, under normal charcoaling process conditions, were 

all below 100°C (see Chapter 6, section 6.3.7). Where the GHW linear sample 

susceptibilities, illustrated in Figure 6.40, were slightly higher near the middle of the 

platform and towards the edges, it is considered that these are consistent with the 

magnetic enhancement caused by higher localised heating above 100°C within the 

charcoal kiln at the start-up of the burn or as a result of excessive air ingress bypassing 

the kiln/platform seal, as is thought to have occurred at Dalby (see Chapter 6, section 

6.3.9). 

 

7.6.4.4  Stingamires Trench 1 ore roasting area monoblock 

The variation of temperature with depth for the Stingamires Trench 1 ore roasting area 

monoblock (Table 7.9 and Figure 7.9), in all probability, does not fully represent a 

temperature profile since the first 6cm, i.e. Layer A in Figure 3.10, appears to be 

dominated by the effects of magnetic enhancement by roasted iron ore. The laboratory 

measurements on four samples of roasted ore gave  a mean susceptibility of c. 7100 x 

10-8 m3 kg-1(Chapter 3, section 3.8.1.1). Lower down the profile between depths of 20 

and 30cm (Layer E in Figure 3.10) the magnetic effect of the roasted ore is less evident, 

i.e. any enhancement will be due to temperature variations alone. The susceptibility of 

the natural clay at depths of 23 and 26cm is c. 20 x 10-8 m3 kg-1 (sample E6 could be 

contaminated as a result of obtaining the monoblock from the trench section). The 

temperatures in Layer E, estimated from the susceptibility/temperature calibration curve 

to be around 250°C at most, could easily be lower as implied by the low values of 
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susceptibility; this indicates that the heat from the ore roasting operation has penetrated 

the ground to a depth of no more than c. 25cm. The coloration change between Layers C 

and D (Figure 3.10) suggests that Layer D may have a different iron oxide 

mineralogical content compared to Layer C. By way of comparison with the 

Stingamires monoblock susceptibility/depth profile, there is a similar profile in Spassov 

et al. (in press). 

 

7.7  Conclusions 

A combination of fractional conversion and heating experiments has been shown to be a 

useful means of specifically identifying the effect of the operating temperatures on the 

magnetic susceptibility of the natural clays encountered at the iron smelting furnaces 

and charcoal production sites studied in this research. Unfortunately, the attempt to 

identify changes in the iron oxide states within the mineralogy of the clay samples at 

different temperatures by means of XRD analysis was not successful. 

 

The failure of the XRD analysis to produce results, although affected by the relatively 

slow XRD process itself and the software incompatibility issues, could have been 

influenced by the preparation techniques of the samples. It is possible that the samples 

were not powdered fine enough or thoroughly graded to remove stone fragments or 

similar material for the XRD instrument to operate properly. This analysis, therefore, 

should be revisited using more appropriately prepared samples and a better appreciation 

of the database software. Alternatively, one of the methods noted above in section 7.6.3 

should be employed. 

 

The comparison between the linear sampling and the susceptibility/temperature data 

derived from the heating experiments demonstrated that a susceptibility step change 
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could be observed at a short distance from the heat source (furnace), and that to do so 

site specific susceptibility/temperature calibration curves or profiles were necessary. 

The distances where the step changes occurred varied at each iron smelting furnace site 

and between sites, being dependent on the furnace temperature and the thermal 

characteristics of the lining material and the clay material surrounding the furnace. 

Depending on the excavated state of the furnace and the working surface surrounding it, 

linear sampling for estimations of temperature and sampling for archaeomagnetic dating 

purposes should be undertaken within 50cm of the furnace feature (see Chapter 8, 

section 8.3), as the estimated temperatures at the iron smelting sites in this study 

indicate that this distance is the typical limit of the high temperature/high 

susceptibility/thermoremanence area around the furnace. 

 

Most of the linear sampling in this research was carried out at 10cm intervals. It is 

proposed that in future sampling should be at 5cm intervals in order to increase the 

precision of the susceptibility/temperature profiles and the temperature estimations. 

Whilst the precision could be improved even more by carrying out the site specific 

natural clay heating experiments in steps of 25°C (instead of 50°C), it is considered that 

the extra sample processing time to obtain the susceptibility/temperature profiles could 

not be justified. 

 

The comparisons showed that it is possible to estimate the temperature within the 

working surface adjacent to the furnace, but not within the furnace itself. Although 

furnace operating temperatures are known from experimental work (Chapter 3, section 

3.3.3), it is not possible to estimate them from the susceptibility/temperature profiles 

derived in this research. There are many variables involved, principally associated with 

the thermal characteristics of the furnace structure and clay. 
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As a consequence of this study into some of the magnetic properties of the natural clays 

and soils encountered at the archaeological industrial sites studied during the period of 

this research, suggestions for further investigations are made in Chapter 12, section 

12.2.5. 

 

 


