
 48 

 Chapter 4.0 An experimental examination of the geophysical 

responses produced by shaft furnaces  
  

 
The present research (Vernon et al. 1998a, 1998b, 1999a, 1999b, 2001, 2002, 2003) has 

involved geophysically surveying a variety of smelting sites. Prior to 2003 two 

geophysically surveyed sites, Kyloe Cow Beck, Bilsdale, North Yorkshire (Vernon et al. 

1999a; Powell 1999; Powell et al. 2002) and Myers Wood (Vernon 2001b; Vernon et al. 

2003), have been excavated. During July 2003 a further two sites were excavated at Hagg 

End and Ewecote, Bilsdale, North Yorkshire and the excavation results are being assessed. 

 

The shaft furnace is probably the simplest anomaly that may be identified on a 

magnetometer survey of an iron-working site. The anomaly usually takes the form of a 

circular / sub-circular cluster of positive data, with generally higher values than those 

generated by adjacent slag deposits. The first experiments to determine such responses 

were conducted by Aitken (1961,16-25) over pottery kilns that can undergo similar 

physical changes to a shaft furnace during firing. The permanent magnetism or thermo-

remanence acquired by heated materials on cooling below their Curie temperature can be 

found in iron oxides, like magnetite, haematite and maghaemite. The former two minerals 

are found in clays. By conducting experiments over a short bar magnet Aitken (1961, 22) 

was able to compare the produced anomalies with those derived from the clay constructed 

pottery kiln and drew some conclusions about the recorded magnetic response. Figure 4.1 

illustrates Aitken’s results where the angle of dip of the earth’s magnetic field lay between 

60-70 º (European latitudes). The experiment proved that: 
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(i) The maximum value of the anomaly lay to the south of the source.   

(ii) The depth of the anomaly can be derived from the width of the response at half 

the maximum value.  

(iii) This half maximum width usually represents the depth or the width of the 

feature whichever is the greater. 

(iv) The extreme of the reverse or negative response is 10% of the maximum and 

lies to the north of the anomaly. 

(v) The anomaly is very small for distances greater than 3 times the depth. 

 

The comparison of the response curve with that recorded from a pottery kiln enabled 

Aitken (1961, 24) to deduce that a second smaller peak on the curve was generated by the 

kiln’s stoke hole (See Appendix 3 – Figure A3.2). 

 

Smekalova et al. (1993) have conducted similar experiments and produced a physico-

archaeological model for a slag-pit furnace for slag blocks with a dominant induced 

magnetization (coincident with the inclination of the current earths magnetic field). Figure 

4.2 shows their model of magnetic fields generated by a homogenously magnetized sphere 

or point dipole. The research also showed that in situations where two or more anomalies 

were close together at the same depth then the individual anomalies eventually merge as the 

interval between them decreases (Figure 4.3).   

 

Vernon et al. (1999a) summarize the nature of the strong magnetic response of a furnace as 

a combination of induced magnetism produced by the earth’s local magnetic field passing 

through the furnace material, and permanent or remanent magnetism that is acquired by 
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firing. The magnetism becomes fixed when the temperature drops below the Curie point 

(600º ± 100ºC). 

 

The positive magnetic responses produced by shaft furnaces can vary greatly. The furnaces 

detailed in this thesis have generally produced sub-circular clusters of positive data. 

Highest responses are usually between 300 to 800nT. Exceptionally, the values may be 

over 1000nT. Slag dumps associated with shaft furnaces usually generate much lower 

responses (<200nT). The magnitude of the response may depend on the state of 

preservation of the furnace combined with its depth and the magnetic susceptibility of the 

furnace material. The firing temperature near the tuyere is over 1000ºC, well above the 

Curie point and this is the area of the furnace lining that is usually heavily vitrified and 

often as a result of this, well preserved. 

 

Most experiments that have examined the magnetic response from a fired structure (kiln or 

furnace) have concentrated on kilns (Aitkin 1961; Horsley et al. 2001) or slag pit furnaces 

(Smekalova et al. 1993). The block of slag remaining in the ground rather than the vitrified 

furnace lining and burnt clay typically associated with shaft furnaces produces the 

measured magnetic response from the latter. To ensure that shaft furnaces do produce 

similar magnetic responses to kilns and slag pit furnaces a series of experiments were 

conducted at three levels. Method one (theoretical) employed computer modelling 

techniques, method two (physical) could be regarded as micro-surveying of miniature 

furnaces with a fluxgate gradiometer, whilst method three involved the survey of a reburied 

furnace in a magnetically inert material. 
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4.1  Theoretical: The ‘Modeller2’ program  
 
The Modeller2 program (© N. Sheen, Dept. Archaeological Sciences, University of 

Bradford) can simulate the induced magnetic anomaly profile of a buried prismatic body 

(Sheen and Aspinall 1995). Figure 4.4 shows a typical Modeller2 computer display and the 

parameters that can be varied. The program has been used with some success to model the 

responses from rectangular medieval tile kilns (Horsley et al. 2001). Magnetic data from an 

excavated kiln and Modeller2 simulations were compared with the magnetic responses 

produced by high-resolution surveys over an unexcavated kiln. The depth, shape and state 

of preservation of the unexcavated kiln were determined. The same concept may be applied 

to shaft furnaces.  

 

Modelling a block 1m by 1m at varying depths along singular traverses in a west-east or 

north-south orientation (Figure 4.5) will still produce magnetic responses similar to that 

recorded by Aitken (1961). Similarly changes in the magnetic susceptibility will affect the 

magnitude of the response (Figure 4.6). The Modeller2 program can satisfactorily model 

responses from square / rectangular blocks however the irregular cylindrical shape of a 

shaft furnace cannot be represented accurately. Vertical rectangular blocks can be modelled 

and some broad conclusions derived from the geophysical responses.  

 

The Modeller2 program was used to calculate surveys over a block of 1.0m by 1.0m square 

in plan with a vertical extension of 1.5m. The survey parameters were set to represent a 

0.25m resolution survey. Surveys were conducted over the block at depths of 0, 0.25, 0.50, 

0.75 and 1.0m with the bottom of the gradiometer 0.5m above the ground. The magnetic 

susceptibility of the block was set at 100 x 10-8 SI Units. This is generally lower than actual 
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values. The fired clay furnace lining at Kyloe Cow Beck, for example produced values 

between 124.0 x 10
-8

 m
3
/kg and 1130.0 x10

-8
 m

3
/kg (Vernon et al. 1999b; Powell et al. 

2002), but these values are derived from mass magnetic susceptibility rather than the 

volume used in the Modeller2 program. If the actual values for mass susceptibility were 

converted to volume susceptibility using a density for the furnace lining of 2 to 5 x103 

m
3
/kg then the volume susceptibility could be set for a higher value. However in this 

example the technique is being used to model the form of the response. 

 

 

The data from the traverse over different positions were then combined to produce a grey-

scale image in a form similar to a conventional magnetometer survey. Figure 4.7 shows the 

results of the surveys with the block at different depths. The location of the block is 

superimposed on the survey. At 0m depth the grid scale relative to the block is 5.0m by 

5.0m. The width of the positive data cluster is almost the same as the width of the block.  

 

 

As the depth is increased the positive data cluster becomes circular and the prominent 

negative halo diminishes. The centre of the positive anomaly lies to the south of the actual 

position of the block. At a depth of 0.5m the edge of the positive anomaly starts to diffuse 

and this can be attributed to the flattening of the response curves.  

 

Schmidt and Marshall (1997) have confirmed that the depth and the width of the response 

at its mid-point, and zero, have a linear relationship. The half-maximum and zero widths 

are approximately equal to the width, and twice the width respectively. Most furnaces are 

buried at shallow depths and so these observations have particular bearing when 
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interpreting iron-working sites. However there are circumstances, where furnaces may be 

deeply buried, under wind-blown sand deposits, for example (G. McDonnell, pers. comm.). 

 

At modelled depths down to 50cm there is a substantial negative halo around the northern 

edges of the positive anomaly. The reduction of this negative response is attributed to the 

strength of the magnetic anomaly that diminishes with depth. The strength falls off 

inversely as the cube of the distance between the detector and the positive anomaly (Clark 

1990, 78).  

 

   

4.2 Physical Modelling: Surveys of miniature furnaces 
 
The Modeller2 program does not however consider the contribution which thermo-

remanent magnetism makes to the magnetic signature of a shaft furnace. This omission has 

been resolved by examining data from fluxgate gradiometer surveys of miniature clay-fired 

furnaces. A wooden frame, held together by glued dowel rods, was constructed to hold an 

FM18 or FM36 fluxgate gradiometer vertically and centrally above a wooden platform 

(Figure 4.8). The height of the fluxgate gradiometer could be altered. The survey grid was 

0.40m square and divided up into four hundred 0.02m square boxes and was taped to the 

wooden platform. The miniature furnaces were approximately 9cm diameter and 10.5cm 

height. Scaled up to a 5.0m square grid the furnaces would be the equivalent to c1.0m 

diameter. Figure 4.9 provides details of the miniature furnaces and their construction. The 

furnaces were manufactured from ceramic clay and fired in a kiln in stages. Prior to firing, 

the orientations of the furnaces in the kiln were noted relative to magnetic north. An ‘iron 

bloom’, a mixture of clay and iron powder, was placed at the base of one of the furnaces. 
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The fired clay furnace and bloom had a magnetic susceptibility of 70.5 x 10-8 m
3
/kg and 

1130.0 x 10-8 m3/kg, respectively. Each furnace was constructed with a tapping arch and 

rudimentary tapping channel and apart from the model bloom they were empty during the 

experiments. The scaled up fluxgate gradiometer has a base-length of c6cm, and behaved 

similarly to a single sensor magnetometer. 

 

Conventional geophysical surveys usually commence in the northwest corner of a grid 

traversing from west to east and progressing in a southerly direction. However as the 

fluxgate gradiometer was fixed over the centre of the grid it was the furnace that was 

moved around the grid. Once the frame was located in a magnetically quiet area, the 

fluxgate gradiometer was calibrated in the normal manner at a remote station and then 

attached to the frame.  

 

Two experiments were conducted. The first examined the nature of the magnetic response 

(Figure 4.10). With the grid aligned north-south the miniature furnace was placed in the 

southeast corner of the grid, and moved from east to west and progressed north. The 

marked magnetic north point of the model furnace was aligned north-south. The survey 

with the furnace was then repeated with the furnace’s north pointing south to examine how 

the thermoremanent magnetism interacted with the induced magnetism. The base of the 

fluxgate gradiometer was positioned 1cm above the furnace. The manufacturer of the 

fluxgate gradiometer (Roger Walker – Geoscan, pers. comm.) had commented that the 

instrument did not have pinpoint accuracy. However on consideration it was thought that 

the small distance between the sensor and miniature furnace would be sufficiently accurate 

for the experiment to work. After each survey of the miniature furnace, up to1.5cm was cut 
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off the top of the furnace thereby introducing more of the modeled iron bloom to the 

sensor. The recorded grids are approximately equivalent to a 0.25m resolution survey. The 

data was processed using Geoplot and clipped to a standard range of –2 to 8nT.  At its full 

height (10.5cm) (Figure 4.10a) the negative response is visible on the north side of the 

furnace when the furnace north is coincident with magnetic north. However when reversed 

the negative response is diminished indicating that induced magnetism is reinforcing the 

response in the former position. This becomes more pronounced as the height between the 

fluxgate gradiometer and the iron bloom is reduced (Figure 4.10). The cluster of negative 

data is aligned more to the northwest rather than north. It is thought that this is due to the 

miniature furnace’s north mark not being precisely aligned to magnetic north during firing. 

The two surveys were conducted again with the model furnace rotated through 45º to the 

east. Figure 4.11 shows the results and confirms that the negative response is well 

pronounced when the thermoremanent field is aligned with the local field. When the model 

furnace north points south the fields cancel and there is apparently no negative response. 

The graph compares the data of north-south traverses through the highest positive value 

and indicates that the positive data is also slightly suppressed. 

 

The second experiment examined the response curve relative to depth. A series of north-

south traverses were conducted over the miniature furnace used in the first experiment. The 

furnace north was again aligned to magnetic north. The height of the fluxgate gradiometer 

was varied from 1cm to 8.5cm. Figure 4.12 shows the results. Typically the curves flatten 

as the depth (height) increases. 
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Figure 4.13 shows the calculation to determine the depth of the miniature furnace below the 

fluxgate gradiometer lower sensor using the principals determined by Aitkin (1961, 22) that 

‘the depth of the anomaly can be derived from the width of the response at half the 

maximum value’. Using the north-south traverse where the anomaly was at a depth of 1cm 

below the fluxgate gradiometer. The width of the anomaly at half the recorded maximum 

value is approximately 9cm. This value is close to the actual distance of 9.5cm (1cm + 

8.5cm) from the miniature furnace to the lower sensor on the fluxgate gradiometer. 

 

The experiments confirmed that a circular furnace could produce a similar magnetic 

response as the square block modeled in the Modeller2 simulation except that the anomaly 

is always round at shallow depths. Scaled up to a full sized furnace the response should be 

similar. 

 

 

4.3  Field Experimentation: The Lock Farm experiment 

In 1997 an iron-smelting shaft furnace, previously excavated at Castleshaw, Greater 

Manchester, was reburied in a magnetically inert environment (sand). Originally the clay 

furnace had internal and external diameters of 0.4m and 0.75m, respectively and the 

tapping arch was intact. The recovered furnace consisted of five large sections of wall and 

about half the base that included part of the tapping channel, a total of six pieces. A 

fibreglass mould of the in situ furnace's interior enabled the pieces to be accurately 

orientated and fitted together (Schmidt et al. 1998; Vernon et al. 1999a).  

 

The experiment was conducted at Lock Farm, east of Holme on Spalding Moor, 

Humberside. The land is flat and composed of sandy soil underlain by thick deposits of 

sand. Figure 4.14 details the section and magnetic susceptibility of the soil / sub-soil 
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profile. The bulk of the furnace was buried in sand with a mean magnetic susceptibility of 

2.5 x 10-8 m3/kg, whilst the fired clay furnace lining had a magnetic susceptibility between 

124.0 x 10-8 m3/kg and 1130.0 x 10-8 m3/kg (Vernon et al. 1999a). 

 

Only the six large intact furnace pieces were used for the experiment. The circular reburied 

furnace's diameter was similar to the in situ furnace and its position relative to magnetic 

north corresponded approximately to its original orientation at Castleshaw. On reburial, the 

top of the furnace was 0.30m below the surface. The experiment could not duplicate 

exactly the furnaces original environment. The surface geology was different (Namurian 

sandstone and shale at Castleshaw, glacial sands at Lock Farm), as were the slag spread and 

loss of some fragments of the clay furnace lining. The original furnace fill was slag 

fragments and soil. At Lock Farm it was filled with sand (Vernon et al. 1999a).  

 

The survey reported by Vernon et al. (1999a) was conducted in five stages and these are 

detailed in Figure 4.15. At each stage, two fluxgate gradiometer surveys were conducted at 

0.5m and 0.25m resolution. 

 Stage 1 was the initial survey of the site to establish that the location was 

magnetically inert. The variations of the data had a standard deviation of less than 1nT. 

 Stage 2 was conducted after the furnace was buried. A circular cluster of positive 

data on the survey identifies the furnace location. Figure 4.16 shows the fluxgate 

gradiometer reading recorded over and around the furnace for 0.5m and the 0.25m 

resolution surveys. The highest positive value recorded was 221nT. It was noted during this 

stage of the experiment that a slight bulge on the southwest side of the circular positive 

anomaly corresponded to the position of the tapping arch. 

 At Stage 3, bags of randomly orientated iron-slag (from Castleshaw) were buried 

against the southwest edge of the furnace. Despite being built up to the full height of the 

furnace, the slag alone did not produce readings above 10nT. This is probably due to the 
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totally random orientation of the remanently magnetized slag pieces. Figure 4.17 shows the 

actual data values produced by the slag. (In situ slag tips may be less random. Slag may 

still be above its Curie temperature after tipping in circumstance where heat is retained by 

the mass and if it is tipped quickly after removal from the furnace). 

 At Stage 4, the slag was removed and the furnace rotated clockwise through 90o. 

This resulted in a corresponding rotation of the negative halo on the north side of the 

anomaly, indicating a pronounced remanent magnetism. There was also a slight reduction 

in the negative response. This is attributed to the interaction of both the remanent and 

induced magnetisation in the furnace. At Stage 2 they reinforce each other, whilst in Stage 

4 they are partially acting in opposition, similar to the results from experiment with the 

miniature furnaces shown in Figure 4.11. 

 Stage 5 was the survey of the site after the furnace had been removed. 

 

 

4.4 Discussion of Magnetic Responses produced by Shaft Furnaces 

All three experiments have produced similar curves, on a north-south alignment, to that 

identified by Aitken in the survey over a bar magnets and pottery kiln (Aitken, 1961, 16-

25). Similarly, negative troughs are visible on the north sides of all the furnaces. The 

Modeller2 result confirms that both the magnetic susceptibility and depth can have a 

marked affect on the magnitude of the measurable response. The latter is confirmed by the 

surveys of miniature furnaces. In both the Modeller2 simulation and the latter experiment, 

the survey results produce similar clustering of positive data for the modeled equivalents of 

a 0.25m resolution survey. The experiments confirm that the thermo-remanent magnetic 

response is reinforced by the induced magnetism, as the movement of the earth’s magnetic 

field since the last firing is small, compared to the width of the anomaly. The change in the 

earth’s magnetic field however can vary considerably. During the Iron Age (800 BC) when 

iron smelting commenced using shaft furnace technology the inclination was 70º compared 



 59 

with 67º now. The declination is more variable for the same dates; it was +10º and is now is 

–8º (Batt, 1997, 162, Figure 3).  

 

When the observations from the simulations and the miniature furnace experiments are 

applied to the Lock Farm experiment the following observations were made (Vernon et al. 

1999a):  

 

 (i) The positive data form a well-defined cluster surrounded by negative values and 

approximates the furnace's location. 

(ii) A slight bulge on the circumference of the positive data corresponded to the lip of the 

tapping channel still attached to the furnace bottom. 

(iii) The overall remanent magnetic signal of the slag was considerably smaller than the 

signal produced by the furnace and may be due to the randomized orientation of the 

dumped slag. 

(iv) The magnetic anomaly of the furnace is mainly due to remanent magnetism and only to 

a much lesser degree by induced magnetisation.  

 

The Lock Farm experiments shows that the negative halo on the north side of the positive 

response has definitely been altered when the furnace has been rotated clockwise through 

90º. This is attributed to the interaction of both the remanent and induced magnetisation in 

the furnace. Initially they are reinforcing each other, whilst after rotation, they are acting in 

opposition, thereby reducing the overall recorded response. This observation is even more 

apparent in the miniature furnace experiment. When the furnace magnetic north is 

coincident with the earths magnetic field the negative halo is on the north side of the 
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furnace data cluster. After rotating through 180º the negative halo occurs on the south side 

of the model furnace, but at a reduced strength. 

 

However in archaeological terms the state of preservation of the Castleshaw furnace is 

exceptional. Furnace remains frequently consist of stone structures together with small 

amounts of vitrified clay and / or slag. Sometimes furnaces may be demolished and rebuilt 

close enough to overlap onto the earlier furnace base (See Myers Wood, Section 

5.1.2.2.3(b)). To evaluate the potential geophysical response from this scenario, the data 

from the Lock Farm Experiment was duplicated and the two sets of data gradually merged. 

Figure 4.18 shows the results from this exercise. When the furnace centres (furnace 

diameter approximately 0.75cm) are 2.5m and 1.5m  (Figure 4.18 a and b) apart the 

furnaces appear as individual anomalies. At 1.0m the anomalies start to merge. The positive 

anomaly at 0.5m could be interpreted as one furnace albeit slightly elongated, but this 

would not be unusual in the case of, for example the Laxton furnaces (see Chapter 

5.1.2.1.2(ii)), where relining has been carried out on a number of occasions. In an 

archaeological situation two furnaces would not occupy the same point on a horizontal 

plane. A furnace constructed directly over an earlier one would mask the underlying 

geophysical response of the latter. The remains of the lower furnace would probably just 

consist of basal fired clay and possibly slag. Similarly, two furnaces close together can 

magnetically interact with each other. Hoye (1982) recognised that the local magnetic field 

from a recently fired kiln was distorted by magnetised objects ‘over a metre or so’ away. 

Clearly there will be situations where the state of preservation of a furnace, or its 

complexity will make interpretation of the geophysical anomaly difficult. 

 

 
Aiken’s (1961, 22 - 23) experiments with the short bar magnet also examined the form of 

the magnetic anomaly for varying angles and this would be equivalent to the anomaly’s 

form at different latitudes. Figure 4.19 shows Aitken’s results recorded along north-south 
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traverses. The positive anomaly has its greatest magnitude at 90ºnorth (the magnetic north 

pole) and it’s lowest at the equator. At 90
º
north the centre of the peak corresponds to the 

centre of the anomaly. However at latitudes between 90ºnorth and the equator (0º) the 

magnitude of the peak diminishes and shifts to the south. In a similar manner the negative 

data increases. At the equator the response across the anomaly consists of two positive 

peaks with a deep trough. South of the equator the northern peak begins to increase in size 

and the charges with latitude through to 90ºsouth are a mirror image to those that occur in 

the northern hemisphere. This experiment by Aitken would suggest that the positive 

anomaly produced by a furnace should be recognisable from 30ºnorth and south to the 

respective polar region. However in equatorial areas, the positive anomaly would probably 

be too small to be identified with any clarity. Using the Modeller2 program it is possible to 

duplicate these results and Figure 4.20 shows north-south traverses over a positive anomaly 

for 70º and 30ºnorth. The area between those latitudes covers much of Europe. 

 

Clearly the observations derived from the experiments on the model furnaces (Chapter 4.2) 

and Lock Farm (Chapter 4.3) may need modifying if the experiments were conducted 

significantly closer to the equator. 


