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Chapter 7.0  General Discussion      

   
The research for this thesis, the non-intrusive assessment and interpretation of 

archaeological and historical iron, lead, copper and tin smelting sites within their 

landscape by the application of fluxgate gradiometer, earth resistance and magnetic 

susceptibility methods, has covered a wide range of smelting sites in a variety of 

archaeological landscapes.  

 

The smelting sites examined by this research can be broadly divided into two categories, 

those that did not utilise waterpower and those that did, regardless of the metal being 

smelted. Each category of site can produce a different range of geophysical anomalies on 

fluxgate gradiometer survey data (see below). With iron smelting this division would 

roughly equate to differences between the Direct and Indirect Processes (Schubert 1957; 

McDonnell 1995a and 1995c). With lead, copper and tin, this transition equates to the 

introduction of the reverberatory furnace in the early 1700s, a process that did not bring the 

fuel in direct contact with the ore. It meant that coal and coke could replace charcoal as 

fuel. Similarly, by the end of the 1700s blast furnaces using coke were replacing the 

charcoal-fired blast furnace. The complex nature of many of those sites, often using multi-

phase technology, forms a convenient cut-off point for this research. Most of the sites that 

have been geophysically examined are relatively simple in nature and may only contain one 

or two furnace features. As with any technology there will always be an overlap with 

innovation and new techniques being introduced, and smelting is no exception. Water-

powered bloomeries were operating alongside charcoal-fired blast furnaces. Some areas 

preferred lead smelting ore-hearths while others upgraded to the reverberatory furnace.  
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Comparisons between geophysical methods (Chapter 2) have shown that magnetometer 

surveys provide the most reliable information for evaluating smelting sites. Earth resistance 

and magnetic susceptibility may be used as follow up techniques to evaluate specific areas 

of a smelting site (e.g. charcoal platforms). Consequently the majority of observations have 

been deduced from data derived from fluxgate gradiometer surveys. The devised 

methodology of surveying a site to a modest accuracy of 1.0m resolution gives a clear over-

view of the site function from the interpretation and allows more detailed surveys 

accurately to target specific anomalies. Reconnaissance surveying is preferable to the 

practice of simply scanning a site in an ad hoc manner, which clearly does not permit the 

same degree of accuracy and may miss anomalies. Aspects relating to the choice of data 

presentation have previously been discussed in Chapter 2.5. 

 

7.1 Iron smelting sites 

Iron smelting sites are probably the most diverse, both in form and distribution, of all the 

smelting sites found in Britain. Iron and magnetic oxides of iron produce distinct magnetic 

responses. Experimentation (See Chapter 4) has shown that the interaction of 

thermoremanent magnetism with the induced magnetism created by the local magnetic 

field is uncomplicated. When both are aligned in the same direction they reinforce each 

other and produce a strong magnetic signature. When they are in opposition the signature is 

weakened. While this is not observed naturally in in situ furnaces it is this principle that 

produces a weaker response in slag dumps. The thermo-remanent magnetism of a slag 

deposit will be randomized and individual pieces of slag will reinforce or cancel the 

magnetic signature of neighbouring pieces. The model furnace (Chapter 4.2) and the Lock 

Farm (Chapter 4.3) experiments go some way to prove this point and the difference in the 
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response between slag and furnaces was shown at Lock Farm. The furnace generated a high 

magnetic response (221nT) compared to that from the bags of slag stacked against the 

furnace (10nT). The furnace remanent field coincided with the induced magnetic field and 

they reinforced each other. The slag was randomized. However there are other factors that 

affect the strength of the magnetic signal including the state of furnace preservation and the 

depth of burial. On some sites only the slag dump may remain and would produce the 

strongest signal, although sites of this type have not been identified in the research other 

than the Milford-on-Sea example (Chapter 5.1.7.1). 

 

7.1.1     Iron: Shaft furnaces 

Shaft furnaces vary greatly both in size and in their state of preservation. Not all furnaces 

have tapping channels. Non-tapping furnaces are usually sub-circular in plan and the slag is 

removed manually with tongs. Experimentation shows that the response from a perfectly 

preserved furnace is similar to the theoretical model (Chapter 4).  

 

A shaft furnace will produce a distinct cluster of magnetic data on fluxgate gradiometer 

surveys. The shape and size of the cluster may in favourable circumstances be used to 

evaluate the furnace morphology and can be used to assess the furnace diameter, as for 

example at Lock Farm (Vernon et al.1999a) using half-depth analysis of the geophysical 

profiles (Chapter 4). 

 

The form the geophysical anomaly will take varies and may be compromised if the furnace 

heat has significantly altered the surrounding ground, or the furnace has been relined on 

numerous occasions. Ultimately this is dependant on the state of the furnace’s preservation, 
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or how much disturbance has taken place around it in time, but essentially the geophysical 

anomaly is composed of the vitrified zone within the furnace where magnetic forms of iron 

oxide have been formed, and the surrounding burnt ground (Powell et al. 2002). Depending 

on the intensity of the operation the vitrified furnace lining may be substantially thick (>10 

cm) especially where the furnace has undergone extensive relining, for example at Kyloe 

Cow Beck. This can also control the extent of the heat affected aureole around the furnace 

and tapping channel, where the sub-soil is heavily burnt and again some conversion of iron 

minerals to magnetic oxides will also take place. The magnetic susceptibility of the furnace 

material and surrounding ground is also of importance as this governs the intensity of the 

induced magnetism that contributes to the measured geophysical anomaly. Detailed 

examination of the data may permit the width of the heat-altered zone to be determined 

(Powell et al. 2002). 

 

At Kyloe Cow Beck it is apparent that the highest responses on the north side of the cluster 

of positive data produced by the furnace is the product of multiple furnace relining. It has 

been concluded that the group of high values (Vernon et al.1999a) corresponds to the 

position of the tuyere entering the furnace. High temperatures are generated at this point 

and concentrations of magnetic iron oxides may form here. In addition the furnace lining 

will have been prone to slag attack that necessitated repair. In contrast the group of high 

values in the Ewecote furnace cluster (Chapter 5.1.2.2.1(a)) occur on the south side. The 

three dimensional plot of the furnace is unusual as it suggests that the furnace walls can be 

identified. However it may just indicate that there is only one portion of furnace lining 

intact as for example at Myers Wood (Chapter 5.1.2.2.3(b)) on both the north and south 

furnaces, anomalies 1 and 3, respectively. The furnace lining around the tuyere will also be 
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heavily vitrified and therefore more robust and less prone to erosion. However, very few 

furnaces are found complete, the clay lining being susceptible to erosion, or the furnace has 

been demolished after use. 

 

The shape of the positive data cluster is also important for archaeological interpretation as 

it gives some indication of the furnace diameter. Slag immediately adjacent to a furnace 

may slightly modify the form of the anomaly when examined at low clipping ranges, but 

any response from slag can usually be recognized by a thorough examination of the 

geophysical data. The orientation of slag is generally randomized and relative to the 

intensity of the furnace anomaly is low (<100nT), an observation that appears to apply even 

where the slag remains in situ in the tapping channel, for example at Myers Wood (Chapter 

5.1.2.2.3(b)). Nevertheless the diameter of the cluster of positive data will not be greater 

than the heat-affected zone, even where a furnace is deeply buried and the geophysical 

response forms a shallow dome rather than a peak, and has little geophysical contrast with 

the surrounding material. The experiment with the miniature furnaces (Chapter 4.2) clearly 

shows this doming the further, or deeper the anomaly is away from the magnetometer. The 

furnace’s magnetic profile should start to flatten if it is deeply buried and the data will 

become diffuse around the edge of the anomaly. However none of the furnaces in this study 

have shown this characteristic and all have been found at relatively shallow depths (less 

than 30cm) when compared to the original height of the structure (1 to 2m).  

 

All the furnaces surveyed during the research were less than a metre in diameter. Some 

examples of excavated furnaces, like those at Laxton, are larger. It is anticipated from the 

present research that such furnaces would behave in a similar manner to smaller diameter 
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furnaces. However this again may depend on the state of furnace preservation and 

composition of the furnace floor debris, and even the heat distribution within the furnace. It 

is also anticipated that in some circumstances negative data could occur within the 

anomaly. In a similar way negative data is found in lead bales, for example at Dacre 

(Vernon et al. 1999a). A furnace cleared out after firing would contain traces of slag and 

charcoal at the base of the fill. However as the before and after excavation example from 

Kyloe Cow Beck shows (Chapter 5.1.2.2.2(a) and Figure 5.1.29), the overall affect on the 

geophysical profile across the furnace can be slight. In non-tapping type furnaces the slag 

would probably be allowed to solidify in situ and the coherent magnetisation of the in situ 

slag could make a significant contribution to the magnetic response. In some circumstances 

the three-dimensional presentation of the response may provide information on the furnaces 

walls, for example at Ewecote (Chapter 5.1.2.2.1(a) and Figure 5.1.17), where the data 

suggest that substantial amounts of furnace wall may be intact. Unlike other three-

dimensional furnace presentations, the peak extends significantly to the west and east sides 

of the furnace anomaly, a feature not previously noted on other surveys. There is no 

specific magnitude or range of responses associated with a furnace anomaly, as the 

magnitude can vary depending on depth, composition and state of preservation. Many 

furnaces (Ewecotes, Kyloe Cow Beck, Hagg End) produce responses greater than 300nT, 

but deeply buried furnaces will have their response attenuated, and those consisting of just 

a base, for example at Westhawk Farm (Chapter 5.1.2.2.3(a)), can also produce a lower 

response even at a shallow depth. 

 

The shaft furnace is usually constructed in one of three ways, (i) freestanding, (ii) built into 

a bank, or (iii) constructed from stone and clay, and then lined internally with clay. In all 
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types, apart from the unusual form of the Laxton furnaces, the furnaces are usually sub-

circular or circular in plan, although they can be constructed within a square stone 

supporting structure. Examples of freestanding clay furnaces are unusual. Very few 

complete furnaces survive, as much of the un-vitrified clay will have eroded. At Myers 

Wood a bank of yellow clay against the down-slope side of the northern furnace cluster 

was possibly re-deposited un-vitrified furnace lining (personal observation and 

G.McDonnell, pers.comm.). The pieces that did survive were the heavily vitrified bases and 

basal lining. If built into a bank the survival rate would be better, as for example at Kyloe 

Cow Beck, where much of the furnace throat, tapping arch and channel survived. The south 

furnace (anomaly 3) at Myers Wood was completely stone lined but still produced a strong 

magnetic anomaly. The subsequent excavation showed that most of the stonework had 

collapsed to the northeast. This stonework was not identified on the 0.25m resolution 

fluxgate gradiometer survey even though some was burnt and shallowly buried. The cluster 

of positive data was produced by the burnt clay and lining material within the stonework.  

However the northern furnace cluster (anomaly 1) at Myers Wood did produce a weakly 

contrasting magnetic anomaly that was suspected, and was confirmed by the excavation, to 

be walling. Although a shaft furnace may start life as a round feature, consistent repairing 

after each firing may ultimately change the circular shape to sub-circular, as for example at 

Kyloe Cow Beck (Chapter 5.1.2.1.5).  

 

The location of the tapping arch and associated channels can be identified on fluxgate 

gradiometer surveys in several ways. The position of the arch may show as a very slight 

bulge protruding out from the circular symmetry of the cluster of positive data. This is 

primarily due to the response from the tapping channel that may be constructed from 
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natural clay or be stone lined. The clay and stone will become burnt through time and 

eventually produce a weak magnetic response, as for example the north furnace-cluster at 

Myers Wood. This bulging was first noticed on the 0.25m resolution surveys for the Lock 

Farm experiments (Chapter 4.3). When the furnace was rotated through 90º so did a slight 

bulge that corresponded to the small remnant lip of the tapping channel. 

 

At Kyloe Cow Beck (Chapter 5.1.2.2.2(a)) a similar feature was also identified on the 

0.25m resolution survey with a weakly contrasting feature that corresponded to the tapping 

channel. Similar anomalies have also been observed on the Myers Wood north (anomaly 1) 

cluster of furnaces and at Ewecote. In the Myers Wood north example the tapping channel 

base contained a thin veneer of charcoal resting on a burnt surface only a few millimeters 

thick. The southern furnace of this cluster of three furnaces also had a short slag filled 

tapping channel. This feature was not surveyed as a tree obscured it. Two tapping channels 

have shown up on the geophysical surveys as well defined linear anomalies extending from 

the sub-circular furnace anomaly. The tapping channel of the Myers Wood south furnace 

(Anomaly 3) contained slag that was in situ. This produced responses of between 54 and 

200nT, which are higher than those produced by the burnt clay tapping channel of the north 

furnace which was masked by negative data. The Ewecote furnace has a strongly 

contrasting linear anomaly with readings up to 175nT that suggests that the tapping channel 

is also filled with in situ slag. 

 

The positive data cluster can also be elongate when the anomaly is formed from more than 

one furnace but elongated clusters of positive data can be interpreted in a number of ways. 

Deep ploughing may have damaged the furnace remains and the spread of positive data is 
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coincident with the direction of ploughing, for example at Ridlington (Chapter 5.1.2.2.2 

(b)). It might also be possible for a furnace to collapse in a specific direction, with the 

tumble composed of furnace lining. Although no specific examples were found of a 

magnetic signature being derived from this scenario during this research there are several 

indicators that suggest that it could occur. The Myers Wood south furnace (Chapter 

5.1.2.2.3 (b) – anomaly 3) had an outer skeleton of stonework that had collapsed in a 

northeast direction. At Timberholme (Chapter 5.1.3.2.2), a linear anomaly composed of 

high value data was noted extending away from the furnace housing and across the leat 

suggesting that the furnace might have collapsed in that direction. Elongation of the 

magnetic response may also be produced by a cluster composed of several furnaces, for 

example at Westhawk Farm (Chapter 5.1.2.2.3 (a) – anomaly 3), and the Myers Wood 

north furnaces (Chapter 5.1.2.2.3 (b) – anomaly 1). On the Westhawk Farm survey the 

ground had been stripped away and the furnace bases could be identified. A 0.5m survey 

could not differentiate between them, but on a 0.25m survey each furnace anomaly could 

be identified in the positive data. At Myers Wood the anomaly produced by the northern 

furnace is composed of three furnaces butting against each other in a straight row. The 

stratigraphical relationship of the southern and central furnaces is complex. The southern 

furnace taps to the south and the central and northern furnace to the north. Even at 0.25m 

resolution it is not possible to distinguish between the three furnaces on the fluxgate 

gradiometer data, and as the research by Smekalova and Voss (2002) indicate once the 

distance between furnaces reaches 1.5 of the diameter of the furnaces, the cluster of 

positive data merge. The experiment using the Lock Farm data (Figure 4.3) on survey 

resolution, and the comments on the research by Smekalova et al. (1993) show how this 

can be dependent on furnace proximity (Chapter 4 and Figure 4.3). Where this type of 
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elongate anomaly occurs and there is no distinct clustering that can be attributed to a 

furnace, a higher resolution survey may be required to evaluate it. However this may not 

always be of assistance as the Myers Wood survey at 0.125m resolution demonstrates. Four 

sub-circular anomalies were regularly spaced and close together and were thought to be 

furnace bases albeit with signatures of less than 200nT. The widths of the anomalies were 

less than 50cm but taking into consideration the small furnace bases found elsewhere, at 

Weldon for example, they were investigated with a 0.125m survey. Still unable to resolve 

the nature of these anomalies they were excavated and found to be pockets of roasted ore 

and slag. In the experiment where the two furnace anomalies are brought closer together 

(Figure 4.18) a point is reached were it is no longer possible on the survey to identify 

individual furnaces, thereby confirming the observations of Smekalova et al. (1993). 

 

Comparisons of the results from the experimental work (Modeller2, Model Furnaces, Lock 

Farm) and the magnetometer surveys over shaft furnaces (Kyloe Cow Beck, Ewecote, 

Myers Wood) can be made with the conclusions drawn by Aitken (1961), derived from his 

experiments over bar magnets and pottery kilns.  

 

All the data shows that the maximum value (shown graphically as the peak on a north-

south traverse) of the anomaly lies to the south of the source. This is clearly defined on 

Modeller2 (Figure 4.5(a)), miniature furnace (Figure 4.12) and the Lock Farm (Figure 4.15) 

experiments where the location of the source is accurately known. In the field however, this 

may not be as well defined. The Ewecote furnace (Figure 5.1.19) shows a typical response 

from a shaft furnace and in both east-west and north-south planes compare similarly to 

Modeller2 (Figure 4.5 (a and b)). In this example all the high responses are produced on the 
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south side of the furnace. However with the Kyloe Cow Beck furnace (Figure 5.1.29) the 

response is apparently different, as the peak occurs on the north side of the furnace. The 

highest values identified by the survey of the furnace are centered on the area of multiple 

re-lining on the north side. This generated a peak of about 800nT. A second peak of about 

600nT occurred on the south side of the furnace anomaly and it is apparent that the furnace 

is generating a response similar to two anomalies that merge into one. Considering the 

shallow aspect and excellent state of preservation of Kyloe Cow Beck it could be 

anticipated that the response would have been higher. However the negative bipolar 

component of the southern peak would have a suppressing influence to that of the northern 

peak. This same effect can be seen experimentally using the Lock Farm data, where two 

anomalies are merged. In Figure 4.18(c) the negative component of the southern peak must 

suppress the response from the northern peak, as both anomalies are individually the same.  

 

The comparison of Ewecote and Kyloe Cow Beck also demonstrates two other factors that 

influence the strength of the response, the interaction of magnetic susceptibility and 

induced magnetism. Modeller2 (Figure 4.6) demonstrates that the higher the magnetic 

susceptibility value, the higher the induced magnetic response. The high temperatures (over 

1000°C) around the furnace tuyere increase the magnetic susceptibility of the clay furnace 

lining material. Consequently the higher values are generated around this point. At Kyloe 

Cow Beck and Ewecote, the tuyeres were located on the north and south sides of the 

anomaly, respectively and corresponding high values in the cluster of positive data were 

noted. Both the miniature furnace and the Lock Farm experiments demonstrate that thermo-

remanent magnetism is the dominant contributor to the magnetic response, and would also 

be highest around the tuyere area where temperatures will always exceed the Curie point. 
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High values may therefore indicate the position of the tuyere. It is difficult to assign a 

specific range of values that would typify a furnace anomaly. This can be dependant on 

depth of burial, composition of the furnace and the state of preservation; and in some 

circumstances what the furnace was filled with, for example slag or soil. Typically most 

furnaces in the study generated values over 300nT, but the tops of most excavated 

preserved furnace remains that have been surveyed lie very close to the surface, less than 

30cm. 

 

Aitken (1961) made his observations without the benefit of three-dimension models of the 

geophysical anomaly. Using two-dimension profiles, Aitken calculated that the depth of an 

anomaly could be derived from the width of the response at half the anomalies maximum 

value (positive data) as the width usually represents the depth of the anomaly. The 

Modeller2 results demonstrate this point. The near vertical lines at half depth on the plot for 

0m (Figure 3.1.22) approximate the width of the anomaly. In the examples using the 

miniature furnaces an examination of the traverse for a depth of 1cm (Figure 4.13) can be 

used to confirm Aitken’s conclusion. Aitken must have recognized that in the field there 

are exceptions to this rule resulting from imperfections in the form of the anomaly, for 

example the presence of a high response from an adjacent anomaly (e.g. a stoke hole). It 

may be possible to derive a reliable depth from the Ewecote data whereas the data from 

Kyloe Cow Beck could produce an erroneous depth, due to the unreliable half depth width, 

derived from the response from the multiple relining. It should always be borne in mind 

that the height of the lower fluxgate gradiometer sensor above ground surface must be 

deducted from the half maximum response width dimension. However without knowing the 
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exact height of the sensor above the ground during a survey only an approximate depth can 

be deduced.  

 

The other conclusions by Aitken have also been confirmed by experimentation and the 

surveys. The evidence for the negative response being 10% of the maximum positive 

response can be noted on most of the north-south traverses. Whilst this has not been 

quantified precisely most field data supports this conclusion. Similar to previous examples, 

the negative response can become suppressed in areas where the cluster of positive data are 

composed of more than one anomaly. 

 

Aitken’s final conclusion that an anomaly is very small for distances greater than three 

times the depth has not been confirmed by the research.  Most data indicates that the 

positive anomaly actually increases slightly in size for relatively shallow depths (less than 1 

times the depth) as shown by Figure 4.12. It is apparent from the research on the magnetic 

anomalies of slag pits by Smekalova and Voss (2002) that depth is a key factor in 

determining if a furnace anomaly is identifiable or not on a survey. The positive data 

clusters of closely spaced deep anomalies would merge into one anomaly at depth. The 

profiles from each furnace merging into one anomaly with little amplitude could be 

misinterpreted for a shallower slag dump. 

 

7.1.2  Iron: Ore roasting hearths 

The Myers Wood (Chapter 5.1.2.2.3 (b)) site produced a number of magnetic anomalies 

that were misinterpreted as furnaces. There, for reasons that have yet to be determined, 

there was a considerable amount of roasted iron ore, not just a general scattering but often 
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as inclusions in the slag. One geophysically surveyed area consisted of four regularly 

spaced anomalies that produced high readings of about 200nT. They were close together 

and surveyed at 0.125m resolution to determine if there were any associated structures. 

When excavated they were shown to be areas of roasted iron ore and slag. Another 

anomaly on the same site surveyed at 0.25m resolution produced a reading greater than 

600nT. Excavation revealed a burnt working surface and small pockets of roasted ore that 

produced a reading greater than 1000nT on a fluxgate gradiometer scan of the exposed 

material. This value is comparable to those recorded from an adjacent shallow buried shaft 

furnace. 

 

7.1.3  Iron: Bloomsmithy 

Only one bloomsmithy was surveyed and excavated during the research. The Myers Wood 

bloomsmithy (Chapter 5.1.6.1.2) was identified by all three geophysical techniques. On the 

fluxgate gradiometer survey, a high anomaly in the centre of a rectangular anomaly was 

established by excavation to be the hearth. The spread of high magnetic susceptibility 

values delineates a rectangular feature. In contrast, the earth resistance survey may 

delineate the rectangular structure as a weakly contrasting feature. Exploratory excavations 

suggested that the walls of the bloomsmithy might be represented by a narrow yellow clay 

horizon. The bloomsmithy hearth was identified on the fluxgate gradiometer survey as a 

distinct cluster of positive data. This response was generated by several plates of slag with 

a general spread of hammerscale in the surrounding area. 
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7.1.4.  Iron: Walled structures associated with furnaces 

On rare occasions anomalies have been identified that indicate that furnaces have been 

enclosed by a structure. At Westhawk Farm (Chapters 5.1.2.2.3 (a)) the relationship of the 

furnaces to the adjacent smithy is clear. It was probably an open sided building with the 

roof supported by wide posts. At Weldon (Chapter 5.1.2.2.3 (c)) a weakly contrasting linear 

anomaly delineated possible fencing or walls with the longest dimension aligned on the 

same orientation as the tapping channels. At Ewecote (Chapter 5.1.2.2.1 (a)) the very 

pronounced tapping channel is also parallel to the longest dimensions of a rectangular 

enclosing structure but may be part of a more complex structure. At both Myers Wood 

(Chapter 5.1.2.2.3 (b)) and the Grange (Chapter 5.1.2.2.4 (a)) sites linear slag spreads 

appear to delineate the boundaries of the enclosing structure. 

 

7.1.5  Iron: Water-powered sites 

The introduction of water-powered technology for working bellows and hammers saw a 

change from a batch to a continuous iron smelting process. The water-powered bloomery 

was replaced by the blast furnace. In the early phases, bloomeries, like Rockley Smithies 

(Crossley 1995) became water powered and possibly the number of furnaces increased 

there. Leat systems were constructed to bring water to the smelters and were a major 

influence on the move to build smelters on valley floors. Whereas bloomeries were usually 

established close to the source of ore, blast furnaces were usually sited close to a charcoal 

and water supply and the ore was frequently brought to the furnaces from different sources.  
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7.1.5.1 Iron: Water-powered bloomeries / high bloomeries 

The role of the high bloomery in the transition phase to the blast furnace is unclear. As 

there are very few references to their possible use in Britain it is probable that only a few 

were ever operated. The Timberholme site in Bilsdale, North Yorkshire (Chapter 5.1.3.2.2) 

is thought to be a high bloomery (Vernon et al. 1998a). It has a pronounced silted-up leat 

that traverses across the site. Both the fluxgate gradiometer and earth resistance surveys 

identified the housing that enclosed the furnace as well as a possible side leat entering the 

housing, possibly for the bellows’ waterwheel. The slag tip and the leat are poorly defined 

features on the magnetic susceptibility data compared to the much more pronounced 

responses seen on the fluxgate gradiometer data. The furnace and housing was not 

identifiable on the magnetic susceptibility survey. The magnetic susceptibility meter can 

only detect induced and not thermo-remanent magnetisation and the data could indicate that 

the furnace does not show an enhancement of magnetic susceptibility. However as the 

anomalies are well defined on the fluxgate gradiometer data it is assumed that the diameter 

of the magnetic susceptibility field coil is not large enough to respond to those features.  At 

Timberholme (Chapter 5.1.3.2.2) for example, the site has been flooded in the past and the 

river would (i) deposit sediments, hence masking any enhanced magnetic susceptibility, 

and (ii) erode any structures on the floor of the valley. The cluster of high values divided by 

the leat may be the result of material being scoured away by flooding along the leat. The 

high magnetic susceptibility readings over the slag dump are attributed to the migration of 

slag fragments into the topsoil by animal activity (Vernon et al. 1998b). The furnace 

however, would be built from bulkier material that would not be as readily mobilized. The 

furnace remains, which may have enhanced magnetic susceptibility, are therefore presumed 

to be relatively undisturbed when compared to the slag tip area and to some extent this is 
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verified by similar anomalies being interpreted on the fluxgate and earth resistance surveys. 

The furnace house at Timberholme is approximately 5.0m square, suggesting that the 

furnace may have only been about 2.0 to 3.0m square. 

 

Thus the geophysical survey of the Timberholme high bloomery site identified the extent of 

the slag dump and square housing structure for the furnace, and confirmed that the 

operation was water-powered. The geophysical surveys have provided no evidence for a 

charcoal or roasted ore store close to the furnace. Whilst it is reasonable to presume that 

such facilities existed near the high bloomery in a similar manner to a blast furnace, it is 

possible that the technology was mainly batch with occasional continuous phases. Large 

storage areas are required when the process is continuous and coincident with a high 

demand for iron. 

 

Similarly to Timberholme, the Myers Wood water-powered bloomery (Chapter 5.1.3.2.1) 

contains a roughly rectangular furnace structure, albeit of smaller dimensions than 

Timberholme. In this example, the high values are generated from the furnace structure as a 

whole rather than the surrounding furnace debris. The evidence would suggest that the 

Myers Wood furnace may have been in contact with the ground rather than elevated above 

the ground which is possibly the case at Timberholme. 

 

7.1.5.2  Iron:  Charcoal-fired blast furnace 

The change to charcoal-fired blast furnace technology resulted in the furnaces becoming 

larger. The Rockley furnace in South Yorkshire is roughly 5.0m square (Chapter 5.1.4.1.2 

and Crossley 1995). The furnaces were often built against a hillside to ease charging, for 
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example the surviving blast furnace located at Furnace, central Wales (Riden 1993, 69 - 70) 

and they required a large infrastructure to store charcoal and iron ore. One significant 

feature was that the furnace base was no longer directly in contact with the ground. The 

ground beneath the furnace is therefore unaltered by high temperature that could leave a 

geophysical signature and the West Bretton survey illustrates this point. 

 

Surface evidence, for example from Duddon, Cumbria, shows that blast furnace operations 

required a large infrastructure adjacent to the furnace, predominantly for the storage of ore 

and charcoal. The West Bretton furnace geophysical surveys (Chapter 5.1.4.1.3) were able 

to provide a considerable amount of detail about the site layout. The data enabled the site 

limits to be identified (120m by 60m) with clear boundaries. One on the northwest edge of 

the survey was apparently a natural field boundary. To the northeast a linear boundary 

appears to be the limit for any high responses associated with the smelting activity. The 

geophysical surveys were able to confirm the culverted route of the leat and that a hollow 

was the site of the blast furnace. For reasons detailed above, there were no high responses 

on the fluxgate gradiometer survey to confirm the furnace position, but several small 

weakly contrasting linear anomalies were identified that may have been the foundations of 

the furnace.  

 

The majority of the anomalies at West Bretton are upslope of the furnace. High fluxgate 

gradiometer data values were concentrated immediately to the northeast to the furnace 

position, the location of the ore store. Roasted iron ore was evident on the surface and as 

the comparison of roasted ore shows (Chapter 6.0), it has a much higher magnetic 

susceptibility value than either the original siderite or the slag. On the earth resistance data, 
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the higher values are towards the extremities of the survey where the charcoal was stored. 

The furnace occupied a hollow and does not show up on the surveys, although a slab of 

furnace lining close by produces a very high response on the fluxgate gradiometer survey. 

Similar to Timberholme high bloomery, it is the housing structure of the furnace that can be 

identified, at Timberholme on both the earth resistance and the fluxgate gradiometer, whilst 

only on the former at West Bretton. The data suggests that the foundations of the 

Timberholme structure are intact, whilst those at Bretton have been removed. At 

Timberholme there are also indications that the furnace remains may have collapsed across 

the leat whilst those at West Bretton have been removed. There is a small weakly 

contrasting linear anomaly at West Bretton that may represent the foundations of the 

furnace. Blast furnace hearths were constructed above ground level to avoid contact with 

water.  

 

 
In contrast to the West Bretton surveys, the geophysical surveys to look for the Rievaulx 

blast furnace (Chapter 5.1.4.1.2.4) were less rewarding. Extensive surveys in the village, 

failed to identify the location of the furnace. However the surveys indicated where the 

furnace was not located and by the process of elimination the general conclusion reached 

was that it was situated close to or on Furnace Hill. Rievaulx village has been disturbed and 

built up considerably in the last 300 years making the identification of the actual site 

virtually impossible. An ore roasting area on the north side of Furnace Hill, the extent of 

which was identified by fluxgate gradiometer survey and excavation, may also have served 

for ore storage. Charcoal was also found in this area. The approximate route of the water 

supply to the furnace was also tentatively identified. The main problem with surveying in a 
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village environment is the piecemeal nature of the data and the lack of continuity between 

surveys, making any reliable interpretation of the data very difficult. 

 

7.1.5.3 Iron:  Hammersmithy / Finery and Chafery / Forges 

The geophysical surveys over the hammersmithy / finery at Rye House, Rievaulx (Chapter 

5.1.5.1.1) were also disappointing. The water system had been virtually destroyed by earth 

and rubble dumping in the 1920s. Reliable geophysical surveying is restricted by land 

availability, buildings and iron structures.  

At Forge Farm, to the south of Rievaulx (Chapter 5.1.5.1.2), the geophysical surveys 

identified the extent of the chafery operation and the route of the water system. The 

correlation of the geophysical and topographical evidence has contributed greatly to the 

understanding of the site. Whilst the fluxgate gradiometer surveys provided ample 

information on the extent of the slag, or ‘mossers’, it also provided some information on 

the pre-iron working landscape. In this example the earth resistance survey was invaluable 

for confirming the extension of the leat running south from Forge Farm and the extent of 

the charcoal store that was not identifiable with the same degree of accuracy on the 

fluxgate gradiometer survey.  

 

The western slag dump at Forge Farm generated higher fluxgate gradiometer readings than 

the eastern tip. It is higher and more compact than the east tip and would confirm the 

findings promoted by Al-Mussawy (1990) that the thickness of spoil would affect the 

magnitude of the positive magnetic response (Vernon et al. 1998b). The fluxgate 

gradiometer survey identified concentric zoning on the west tip may relate to different 

phases of tipping (Vernon, 1995).  
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The geophysical surveys at both Rievaulx and Forge Farm have confirmed numerous 

features associated with the iron industry that once thrived there. Whilst some of the 

features may have been identified by the intense landscape evaluation of the area, without 

geophysical surveys the surface evidence could not have been reliably evaluated. Minimal 

use was made of magnetic susceptibility on the Forge Farm site as earlier work had shown 

that the variations in values were related to soil cover over the slag rather than real changes 

(Vernon 1995). It was also anticipated that a magnetic susceptibility survey over the 

charcoal store would produce a low response, as there are no underlying burnt surfaces. 

 

Forges may (e.g. Burton Dassett (Chapter 5.1.6.14) or may not be water-powered (e.g. 

Bordesley (Chapter 5.1.6.1.3). For water-powered sites it may be possible to identify leats 

by earth resistance surveying. However in both cases, it is the hammerscale that will 

generate the most significant responses. Those concentrations will almost certainly produce 

values of over 2000nT around the position of the anvil and possibly around working 

surfaces, where iron has been cut, for example. All three geophysical techniques will make 

a contribution towards evaluating such sites. A fluxgate gradiometer survey will give the 

general site layout. Earth resistance will delineate structures and magnetic susceptibility 

should show hammerscale distribution in the floor.  

 

7.1.6 Iron: Slag 

Slag is generally the most common component of a smelting site, unless the tips have been 

removed. Slag dumps usually produce the most extensive geophysical anomalies and it is 

the analysis of the slag that can provide information on the type of ore used, the subtlety of 
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the smelting technique and sometimes even remnants of the iron produced (Powell et al. 

2002; Godfrey et al. 2003).  

 

For bloomery sites, the Lock Farm experiments (Chapter 4.3) have shown that slag 

concentrations produce a smaller magnetic response than the furnace, the result of the 

randomized orientation of slag pieces cancelling the remanent magnetism (Vernon et al. 

1999a). If all the slag pieces had the same magnetic alignment then they would have 

produced a stronger response. In situ slag, for example in the tapping channel of the Myers 

Wood southern furnace (Chapter 5.1.2.2.3(b) – anomaly 3), does produce a stronger 

response. It is the randomization of the remanent magnetism of slag that allows the stronger 

responses from a furnace to stand out.  

 

At Myers Wood (Chapter 5.1.2.2.3(b)), the 1.0m resolution fluxgate gradiometer survey, 

conducted in 2002 recorded a response from all the key components (furnaces, slag dumps, 

ore roasting hearths, bloomsmithy and charcoal platform). It was concluded from the 

survey, that the slag dump at the northern end of the survey was unique to the northern 

group of furnaces. The furnaces associated with other slag dumps were not so clearly 

identified by the 1.0m resolution survey. The spread of shallow slag across the site 

obliterated most of the detail on the magnetic susceptibility survey. During 2003 a 0.25m 

resolution fluxgate gradiometer and magnetic susceptibility survey covered the southern 

half of the site and the remaining furnaces were identified, and successfully excavated. 

 

The earth resistance survey at Myers Wood highlighted the areas of thick slag deposits as 

high resistance anomalies. Compare these results with those from the magnetic 
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susceptibility survey. The latter technique responds to the spreads of slag across the site 

and only samples at a depth equivalent to half the field coil diameter that was less than the 

depth range of the earth resistance equipment. Although the earth resistance could also 

produce high reading if, for example the solid geology was close to surface, it is possible 

that earth resistance surveys may offer a more reliable method for estimating the areas of 

slag dumps and likely tonnage.  

 

In situ slag at the base of a furnace will contribute to the geophysical response. Similarly so 

will slag pieces, but to a lesser extent due to the randomization of the remanent magnetism. 

However, some excavated furnaces are filled with a layer of charcoal at the base and a 

mixture of burnt clay and soil (e.g. Myers Wood south), the result of gradual erosion of the 

furnace shaft. Larger pieces of collapsed vitrified furnace lining will also produce a 

significant response. 

 

The magnetic susceptibility measurements of iron slag (Chapter 6.0) show a clear 

distinction between bloomery and blast furnaces slag that is attributed to the efficiency of 

the smelting method. Powell et al. (2002) comment on the range of magnetic susceptibility 

values from the Kyloe Cow Beck slag and discussed reasons for the variation. Some of the 

slag for example contained burnt ore inclusions and iron prills that elevate the valued.  

Charcoal-fired blast furnaces generally produce a lower range of magnetic susceptibility 

values, suggesting a more efficient process, although the slag from the Rockley furnace has 

a slightly higher value. The range of values for the Timberholme high bloomery falls 

between the bloomery and the blast furnace. The highest magnetic susceptibility values for 
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iron slag were obtained from the furnace bottoms at Forge Farm finery, which is not 

surprising as the processes conducted there was the removal of slag from malleable iron. 

 

Such variations can only emphasise the care that should be taken in inspecting and cleaning 

slag samples to ensure the results can be relied on. The under surface of tap slag may, for 

example pick up extraneous material and elevate the magnetic susceptibility value. 

 

7.1.7 Iron: Charcoal Platforms 

Charcoal platforms have been included in this section on iron, as experience has shown that 

the production of charcoal is usually associated with many of the surveyed iron smelting 

sites. Usually this association is based on the names of features and occasionally on 

supportive physical evidence in the form of charcoal platforms, or dumps of charcoal.  

High resolution geophysical surveys have been used to identify charcoal platforms, and 

provided clues to the construction of the wood stack, for example at Eskdale, Cumbria 

(Leigh, 1999). At Myers Wood all three techniques recorded the charcoal platform. The 

earth resistance survey responded to high concentrations of charcoal and the fluxgate 

gradiometer and magnetic susceptibility to the shallow burnt surface.  

 

7.1.8 Iron: General comment on geophysical response 

The application of geophysical techniques for prospecting iron smelting sites is not just 

about locating the furnace as an anomaly. It is analysis of the geophysical responses that 

are equally important. By understanding the various processes that were operating on a 

smelting site and comparing the geophysical results with the surface evidence much more 

can be determined and the efforts put into the geophysical survey are maximized. 
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7.2 Lead Smelting Sites 

7.2.1 Lead: Boles and bales 

The most primitive form of lead smelting technology consisted of an enclosed bonfire on 

which hand-dressed, and therefore very selectively picked, ore was placed. Fuel was 

usually wood but charcoal was also used (Gough 1967, 140). The lower temperatures 

needed to smelt lead ore has led to the development of a different smelting technology. The 

lead ore was usually smelted in a low walled enclosure generally not more than 2.0m in 

diameter, a bole or bale at temperatures between 600 to 800ºC (Gill 1992b). This lies very 

close to the Curie temperature of magnetite (577ºC) for example, and other magnetic forms 

of iron oxide. As there are only minute traces of iron in galena, the magnetic signature of a 

bale is dependent on magnetic forms of iron in other material, for example the rock or earth 

that the bale is constructed on, and any material used to form the enclosing wall. Murphy 

and Baldwin’s (2001) survey of bales in Swaledale has shown that bales, although 

relatively uniform in location and size, can vary very much in construction.  

 

Therefore the extent to which iron minerals are converted to magnetic forms on bale sites is 

questionable. Geophysically surveyed bales have been identified by the weak contrast 

between the bale site and the underlying geology. No geophysical anomalies have been 

identified on moorland bale sites that correspond to walling or channels leading to casting 

pits. (Hamilton 1998; Hamilton et al. 1999).  

 

Many sites just consist of a scattering slag. Occasionally it is galena-rich grey slag together 

with burnt stones, that are probably the remains of the enclosing wall, that identify some 

bales, for example Windegg, Arkengarthdale (personal observation). In these 
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circumstances a fluxgate gradiometer survey would undoubtedly lead to the identification 

of an anomaly. Some bales were constructed directly onto gritstone. The iron minerals in 

the ferruginous cement that bind the quartz grains that make up the gritstone might be 

altered by the heat of the smelting process and leave a magnetic signature. The bale built 

onto earth and perhaps with a turf or peat wall, or even clay, would be ephemeral and in 

such exposed locations would erode away very quickly, leaving a minimal signature 

(Vernon et al. 2002). The other main characteristic of some bales is a form of tapping 

channel noted by Raistrick (1928), Kiernan and Van de Noort (1992) and Timberlake 

(2003) and interpreted on the fluxgate gradiometer survey at Dacre (Vernon et al. 1999a). 

From the Dacre evidence it is apparent that such features should be identifiable on fluxgate 

gradiometer surveys. Hamilton et al. (1999, 159) noted an anomaly adjacent to a bale at 

Grinton that was interpreted as a shelter or store. Certainly wood or charcoal stores would 

be located nearby.  

 

The results from the Dacre survey (Chapter 5.2.2.2.2 and Vernon 1997a; Vernon et al. 

1999a) are different as it provided evidence that it is possible under the right circumstance 

to obtain good interpretable geophysical data from a bale site. The Dacre site is un-

typically located on a valley bottom and is built on alluvial deposits. It is not sited close to 

lead mines so it must be concluded that it was located for another purpose perhaps close to 

a source of fuel. It was suggested (Blacker G., pers. comm.) that it might have been sited 

there to utilize waterpower although there is no evidence, either topographical or 

geophysical, for this. 
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The Dacre fluxgate gradiometer survey revealed a circular anomaly interpreted as a bale, 

with a casting channel represented by a linear anomaly terminating at a slag dump. The 

extent of the slag tip could also be identified. There are two reasons why the Dacre data 

differs from those of upland bales. Firstly, the underlying geology is different. Iron 

minerals, mainly derived from the Middle Carboniferous strata (Rayner and Hemingway 

1974, – general geological map of Yorkshire), will be disseminated throughout the alluvial 

clays and silts. Secondly, the suggestion from the geophysical survey that the bale was 

enclosed in a structure suggests some degree of permanency to the operation. It is probable 

that the temperature was raised with manually operated bellows (Tylecote 1984, 97). Given 

the low temperatures (compared to iron smelting) required to smelt galena this may not 

have been a constant requirement. Geophysically, the fluxgate gradiometer survey has 

provided a range of values that could be consistent with a lead smelting site. 

 

The Dacre bale would probably have been constructed from stone. Thus continuous use 

would be constantly baking the underlying clay and converting iron minerals to magnetic 

forms. The moorland bales are probably ephemeral and may have only been used for 

several firings. In an exposed position it is likely that any fired material would be dispersed 

by erosion, especially if the enclosing walls were constructed from soil or peat. 

 

7.2.2 Lead: Water-powered sites 

Surveys on water-powered lead smelting sites have presented numerous difficulties mainly 

because of sudden elevation changes and the extent of rubble over the mill floors.  
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The results of the geophysical surveys conducted on mechanised lead smelting mills have 

been relatively disappointing. The surveys provided little detail of the mill’s floor layout. 

This was primarily because of the amount of rubble and other debris on the mill floor, 

making a reliable survey virtually impossible. 

 

The Grassington Low Mill (Chapter 5.2.3.2.1) and the Marrick Cupola Mill (Chapter 

5.2.4.2.1) surveys were split into two. The areas above the mills were treated as a 

conventional survey, albeit with the latter on steep hillside, and these surveys were 

successful as they proved that a possible water channel and not flues were present at 

Grassington, and at Marrick they proved two flues. From the surveys it was possible to 

identify the extent of the slag spreads that surround the mills. 

 

Split-level mills obviously present a problem in surveying methodology and the structural 

complexities of these structures also mean that surveying can be very difficult to conduct. 

Most lead, copper and tin water-powered sites examined during this research contained 

very few rubble free areas. A notable exception was the Cupola lead smelting mill on 

Grassington Moor, North Yorkshire. This is a large mill enclosed by a wall. It may be 

possible to identify the locations of the reverberatory furnace accurately. If they were 

constructed from brick, the foundations may produce a strong response on a magnetometer 

survey. Research (Bevan 1994) has shown that fired brick will generate a strong positive 

response on magnetometer surveys. Reverberatory type smelters with substantial brick 

foundations should therefore produce significant positive anomalies. Reverberatory furnace 

sites may also have iron strapping for binding the furnace, and small tramway systems, for 
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example at the excavated mill at Hafna Mine, Aberconwy (Chapter5.2.4.1.2), and both 

these feature would be discernible on fluxgate gradiometer surveys. 

 

Examining other smelt mills in the Swaledale area, for example Blakethwaite, Beldi, Old 

Gang etc. similar problems would be encountered (personal observation). Given the 

requirements of the surveys to identify a flue and a leat at Marrick and Grassington, 

respectively, the surveys were succesful. In addition the slag dumps were identified on both 

surveys as positive anomalies. 

 

7.2.3 Lead: Slag 

Spreads of lead slag on bale sites produce poorly contrasting anomalies. However where 

the processes become more elaborate, the lead slag tends to produce relatively higher 

responses. The main lead ore found in Britain, galena contains generally less than 1% iron 

oxides so the only route for iron to get into the slag is via gangue material. Ore dressing 

(crushing, separating and washing) would have been mechanised around the same time as 

smelting (c1400 to 1500AD) and would not have been as selective as hand dressing, so 

inevitably iron minerals would find their way into the final product. The lead slag dumps at 

Grinton (Chapter 5.2.2.2.1), Dacre (Chapter 5.2.2.2.2) and Grassington Low Mill (Chapter 

5.2.3.2.1) for example, produced a variety of responses on the fluxgate gradiometer 

surveys, although in the case of Dacre this may be a function of depth. The reverberatory 

furnace could smelt relatively impure ores and it was not unknown for iron to be used to 

displace tin in the melt with this technique.  
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Lead slag (Figure 6.4.1) from bale sites has a magnetic susceptibility of about 1 x 10-7 

kg/m
3
. The slag from the Llangynog and the Whashton ore hearths are similar and may 

reflect the purity of the ore being smelted. Gill (2001, 159) reproduces a comment stating 

‘that only the best lead brought to the mill [Whashton]’. The magnetic susceptibility values 

are also similar for Gadlys, a reverberatory furnace site where the ore came exclusively 

from Halkyn Mountain, a dry limestone plateau (Ellis 1998, 21 - 27). 

 

7.2.4 Lead: General comment on geophysical response 

Whilst geophysical surveys on lead smelting sites have only revealed a small amount of 

detail on the smelting operation and its infrastructure, it can be stated with certainty that 

geophysical surveying could make a significant contribution to understanding such sites. 

Compared with iron smelting, only a few lead smelting sites have been geophysically 

surveyed. 

 

7.3 Copper and Tin Smelting Sites 

The few examples of early copper and tin smelting shaft type furnaces suggest that they 

were not dissimilar to those used for iron smelting. Both methods employed shaft furnace 

type technology at temperatures above a 1000ºC that would produce a vitrified furnace and 

a burnt aureole and any iron minerals present would be converted to magnetic oxides. 

Similarly, the plano-convex shaped blocks of slag from iron smelting sites in East 

Yorkshire (Clogg 1999) are superficially similar to the plano-convex ingots of copper and 

tin found in North Wales and Cornwall, respectively, produced in early furnaces. What is 

not known is whether all the furnaces functioned in a similar manner. Was the metal  

tapped directly into a bowl shaped mould in front of the furnace, or  was it solidified at the 
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base of the furnace? Plano-convex moulds found in Cornwall suggest the former method 

(Gerrard 2000, 20), although there is insufficient archaeological evidence to indicate that 

this was common practice 

 

7.3.1 Copper 

7.3.1.1 Copper: Shaft furnace technology 

The lack of known early copper smelting sites in Britain and therefore the lack of 

opportunity to survey them has meant that some parallels will have to be drawn with iron 

smelting technology. General evidence from across Europe and the Middle East 

(Rothenberg 1972; Rothenberg and Blanco-Freijeiro 1981; Anon 2001) would indicate that 

early smelting utilized shaft furnace technology and evidence would suggest that they were 

constructed in a similar manner to their iron counterparts. The fundamental smelting 

processes were also similar for the most commonly smelted ore, chalcopyrite. The ore was 

roasted or burnt to drive off sulphur, then repeatedly smelted to remove iron. 

 

It must be anticipated that copper shaft types furnace remains when they are eventually 

found in Britain will produce similar magnetic responses to those of iron furnaces. 

 

7.3.1.2 Copper: Water-powered sites 

Both the Whashton and the Ellastone sites are located next to a stream and are believed to 

have been water powered.  

 

Neither survey revealed this aspect clearly. What anomalies that were identified relate to 

the slag dumps, and in the Ellastone example the tentative location of the furnace. All 
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factors considered (furnace morphology, operating temperatures etc) it is likely that the 

geophysical responses and the anomalies on a shaft furnace copper smelting site would be 

similar to those produced by a bloomery iron-smelting site. 

 

7.3.1.3 Copper: Slag 

The fluxgate gradiometer surveys at Whashton (Chapter 5.3.3.1.1) and Ellastone (Chapter 

5.3.3.1.2) show that copper slag generates high positive values on fluxgate gradiometer 

surveys. This reflects the generally higher iron content of the slag, represented by magnetic 

forms of iron oxide. Tylecote (1984, 25 – Table 17) tabulates the analyses from copper 

slags from Europe and the Middle East. The iron oxide content range is generally high 

varying from 44.51% (Kitzbuhel, Austria) to 69.8% (Skouriotissa, Cyprus). Hetherington 

(1979, 8 –Table 1) records that reverberatory furnace copper slag contains 35.3%  iron 

oxide. In all the analyses cited it is not clear what part of the smelting cycle the slag sample 

is from or whether the iron oxide type varies from the different stages in the smelting 

process and more importantly for geophysical prospection does the iron oxide occur in a 

magnetic form. 

 

 

The magnetic susceptibility of the Ellastone copper slag varies from 445 to 1110 x 10
-7

 

m
3
/kg

 
compared to iron bloomery slag of 11 to 249 x 10

-7
 m

3
/kg and probably reflects the 

differences in the two processes (See Chapter 4). Copper smelting processes, utilizing 

chalcopyrite ore requires the iron to be removed via the slag whilst iron-smelting processes 

want to minimize the amount of iron lost via the slag. As Pleiner (2000, 12) notes both 

bloomery iron and copper slags have similar wüstite and fayalite phases and under certain 

conditions reduced iron particles and fibres (prills) may occur.  
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The copper smelting process involves the removal of iron via the slag. This removal is done 

through a number of stages and the iron content of the copper slag may vary at each stage. 

A slag tip may contain slag from any of these stages unless the smelter is large and well 

organized enough to have a separate tip for each stage. This variation is reflected in the 

wide range of magnetic susceptibility values for copper slag (1 x 10-4 and 1 x10-7 m3
/kg – 

Figure 6.5.1). The many factors that influence the formation and composition of copper 

slag makes direct comparisons between the iron oxide content and the magnetic properties 

of the slag extremely difficult. It may not be magnetic forms of iron that produce a high 

response but metallic iron, in a similar manner previously identified on iron smelting sites. 

Comparisons therefore have the potential to be misleading. 

 

7.3.1.3 Copper: General comment on geophysical response 

Geophysically it is anticipated that copper smelting shaft furnaces would respond in a 

similar manner to iron smelting shaft furnaces. The furnaces for smelting both metals were 

constructed in a similar manner using similar materials. For both metals the furnaces were 

fired to temperatures of 1000+ºC so it would not be unreasonable to expect sub-circular 

clusters of positive magnetometer data to represent a copper smelting furnace.  

 

 

7.3.2 Tin Smelting Sites 

7.3.2.1 Tin: Simple furnace 

The lack of known early tin smelting sites to survey geophysically has made this section of 

the research difficult. Nevertheless, an examination of smelting techniques suggests that 

early furnace technology may not have differed very much from those employed on iron 

and copper sites. The high temperatures associated with tin smelting will vitrify any 
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furnace lining and convert iron minerals to magnetic forms. Similarly they will also be high 

enough to produce thermo-remanent magnetism. However, the bowl and shaft type 

furnaces from the granite areas of Cornwall and Devon would be manufactured from 

considerably different materials, than those for example, from North Yorkshire used for 

iron smelting.  

 

Early furnaces smelting alluvial tin may well have used kaolin rich clay, derived from 

decomposed granite, as a lining material, and this would contain very little convertible iron. 

Collins (1878, 30) records very minute traces of Fe2O3 in kaolin clays from Devon and 

Cornwall. For comparison Carboniferous Coal Measure fireclays, which may have been 

used to construct shaft furnaces on West Yorkshire iron smelting sites, for example Myers 

Wood (Chapter 5.1.2.2.3(b)), contain between 1% and 3% of Fe2O3 (Wray et al. 1930, 180; 

Edwards et al. 1940, 163). 

 

The Crift survey (Chapter 5.4.2.2.1) has shown that tin slag produces no significant 

magnetic responses on geophysical surveys. This is related to the low magnetic 

susceptibility of tin slag compared to that from iron and copper smelting sites. The 

magnetic susceptibility of granite is also low. Two samples of Carn Brea granite, sampled 

near Redruth, Cornwall, have a mean mass magnetic susceptibility of 5 x 10
-8

 m
3
/kg. 

Malham et al. (2002) note that tin slag from Crift and elsewhere contain inclusions of 

granite. It is unclear whether it was introduced as a gangue mineral in the tin concentrate or 

from a reaction with the furnace material. Dartmoor granite, for example only contains 

1.36% Fe2O3 (Harris 1888, 40). Therefore the response of 38nT from the Lower Merrivale 

furnace (Chapter 5.4.3.2.2) is probably acceptable in Cornish terms, in contrast to the 
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responses >300nT from North Yorkshire furnaces that are used for producing iron and built 

from clays that contain iron minerals. 

 

7.3.2.2 Tin: Water-powered sites 

Blowing houses for tin smelting are probably the most difficult to identify on the surface. 

Many do not have clearly defined features. Their ruins sometimes amounting to no more 

than roughly aligned granite boulders against a shallow cliff. The occurrence of mortar 

stones may on first observations be the only confirmatory evidence (personnal 

observation).  

 

The likely response on a fluxgate gradiometer survey from a tin-smelting furnace is 

speculative. Granite and kaolin clay used for furnace construction contain very little iron 

(Collins 1878, 30) and evidence would suggest that the magnetic signature from them 

would be relatively low. Malham and McDonnell (forthcoming) report that the glassy slag 

often found adhering to vitrified granite, may not be furnace lining, but altered granite. 

Granite, is frequently found as an inclusion in tin slag. Although the majority of tin veins 

are associated with granite outcrops, alluvial tin has a wider distribution providing the 

opportunity for tin to be smelted in areas where the country rock is not granite. 

 

Evidence from the Bodwen survey at Crift would suggest that it would be possible to 

identify the route of a water leat, for example. At Bodwen (Chapter 5.4.2.2.1), the 

enclosure ditch of a Cornish Round, which would be constructed in a similar manner to a 

leat, was an obvious feature on the survey (Figure 5.4.5). There it was also possible to 

identify weakly contrasting linear anomalies at low clipping ranges, suggesting structures, 
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and would suggest that it might be possible to identify more subtle features associated with 

smelting operations, on geophysical surveys. 

 

7.3.2.3 Tin: Slag 

As the Crift survey shows (Chapter 5.4.2.2.1), tin slag produces no significant responses on 

fluxgate gradiometer data. The magnetic susceptibility of slag samples from the sites 

studied in this research range from 0.57 to 4.32 x 10- m3/kg. Malham et al. (2002, Tables 1 

and 4) have analyzed a variety of tin slag. Slag from Crift has an iron oxide content of 

between 0.2% and 8.9% with a mean of 6.54%. Blowing houses tend to produce a higher 

range of iron oxide ranging from 6.3% to 20.8%, with a mean of 12.6%, however the iron 

is found as a non-magnetic component of the glassy phase (Malham and McDonnell, 

2003). These differences could also manifest themselves with subtle distinctions in the 

magnetic susceptibility of the slag (Chapter 6.6). Collins (1878, 45) remarks that ‘a great 

deal of iron ore has been worked in the Lanlivery area’ - where Crift is located - as 

haematite (96.2% Fe2O3 (Collins, 1878, 44)). The fact that this is not reflected by the slag 

analysis could suggest that the Crift ore may have been hand sorted alluvial cassiterite, 

although Collin’s may have been specifically referring to just one locality. Blowing house 

technology was not as selective and iron minerals could enter the smelting process, 

especially if vein tin ore was added (Gerrard 2000, 129 - 139). Recent research (Malham 

and McDonnell, forthcoming) shows that the iron oxide to tin oxide ratio in blowing house 

slag decreases from East Devon to West Cornwall suggesting that geological variations 

may also influence the magnetic susceptibility of the slag. 
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Tin slag presents other problems that have been outlined by Malham et al. (2002) and 

Malham and McDonnell (forthcoming). The magnetic susceptibility range (Figure 6.6.1) 

for the few measured samples of tin slag is very narrow  (0.57 to 4.32 x10-7 kg/m3). The 

subtle differences may relate to the efficiency of ore dressing techniques, geological 

variation or smelting practices. 

 

7.3.2.4 Tin: General comment on geophysical response 

The presented results of geophysical surveys on tin smelting sites suggest that such sites 

would be identifiable on geophysical surveys, even on granite areas, either as weakly 

contrasting features or as small positive anomalies that may represent the location of the 

furnace. 
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7.4 Geophysical Surveying Techniques 

 
The geophysical surveys conducted by the author have all been initially done with a 

fluxgate gradiometer. Potentially the amount of detail that can be determined from the data 

is enormous, particularly if the ground conditions are suitable and the furnaces are intact. 

The fluxgate gradiometer has the advantage that it is a passive technique. It is dependent on 

the depth and magnetic strength of the anomaly. The furnaces, particularly those for iron 

production, have been generally within 30cm of the surface and produced a strong 

magnetic response. Other geophysical techniques were used too, but to a lesser extent. 

Magnetic susceptibility and earth resistance surveys were primarily used to examine 

specific anomalies identified on fluxgate gradiometer surveys. Both are active techniques 

and depth ranges are controlled by the diameter of the field coil and the width of the mobile 

probes, respectively. Both techniques have had limited application in the evaluation of shaft 

furnaces, but have made contributions to evaluating other components of the site’s 

infrastructure. Magnetic susceptibility can, for example be used to identify the spread of 

slag across a site, by responding to near surface slag. However it does not identify where 

the thickest deposits of slag are, just the general trend. Slag tips, for example at Myers 

Wood, can be over a metre thick. Earth resistance probably gives a better definition of thick 

slag dumps. The dumps are usually free draining and being poor conductors generally 

produce relatively high earth resistance values. With thick slag dumps considerable effort 

may be required to get good ground contact to make a circuit during a survey. The areas 

where the dumps are thickest will show up as areas of high resistance, for example Myers 

Wood.  
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Earth resistance surveying may also identify charcoal platforms and dumps (Vernon et al. 

1998b; Leigh 1999). At Myers Wood (Chapter 5.1.3.2.1), the circumference of a charcoal 

production platform was visible on the ground. The earth resistance values on the platform 

were higher than the surrounding ground and this is attributed to free drainage in the 

charcoal. Both the fluxgate gradiometer and the magnetic susceptibility surveys (Figures 

5.1.70 and 5.1.71) recorded the extent of the charcoal platform by responding to the 

induced magnetism of the shallow burnt surface.  

 

Earth resistance surveying has also successfully identified water leats, for example at 

Myers Wood (Figure 5.1.69), Forge Farm (Figure 5.1.99) and in Rievaulx Village (Figure 

5.1.86). 

 

On the Myers Wood site a bloomsmithy was identified as a roughly rectangular anomaly 

using all three methods (Figures 5.1.100 to 5.1.102). On the fluxgate gradiometer data, the 

general area produced high values with one cluster of over 500nT suggesting the location 

of an anvil area or a hearth. The magnetic susceptibility rectangular anomaly had a diffused 

edge as the values tailed off rapidly away from the smithy. The earth resistance produced a 

weakly contrasting anomaly along the southern edge of the smithy.  

 

The Myers Wood surveys (Figure 5.1.51) also demonstrate how the interpretation of 

combined survey techniques can lead to nearly a complete understanding of the 

archaeology of the site. The initial fluxgate gradiometer reconnaissance survey at 1.0m 

resolution identified the main components of the site including two areas thought to contain 

furnaces. Resurveys at 0.25m over specific areas identified furnaces and a bloomsmithy. 
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Earth resistance and magnetic susceptibility surveys confirmed some of the anomalies, 

particularly the extent of the charcoal platform and extent of the slag dumps. Pockets of 

roasted ore confused the interpretation of the fluxgate gradiometer data. Nevertheless the 

investigation shows how a combination of geophysical techniques at varying resolution 

provided targets for excavations. 

 

No geophysical surveys were conducted on sites utilising simple furnace technology for 

smelting copper or tin. No such sites are known or accurately recorded. However, the 

evidence from surveys over water-powered copper smelting sites suggests that both 

furnaces and slag dumps should produce similar responses to those on bloomery sites on 

fluxgate gradiometer surveys. Tin furnaces may show up depending on their construction, 

but tin slag dumps may not be identifiable at all. 

 

The magnetic susceptibility of slag is very variable. Slag from different smelting processes 

and metals can produce similar results. It is apparent that magnetic susceptibility values 

cannot be used alone to enable the process that produced the slag to be assessed with any 

confidence. 

 

7.5 Geophysical Surveying Methodology 

The geophysical survey methodology employed on most of the surveys in this research has 

been very successful. The methodology evolved as the research was being conducted, and 

surveys consistently gave interpretable results. Although time consuming and often 

requiring re-surveying an area three or four times at different resolutions, and with different 

equipment, the ability to draw reliable conclusions from the data far outweighs the potential 
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financial considerations. It does allow a site to be surveyed with relative accuracy and 

enable a non-invasive site assessment to be made.  Excavations can be reliably located on 

specific targets. 

 

The geophysical surveys of the smelting sites were conducted between 1996 and 2003 and 

consistency in conducting the survey has paid an important part in obtaining good quality 

data. Time has been taken in setting up and calibrating the fluxgate gradiometer. On iron-

smelting sites, surveys were usually conducted on a resolution setting of 1nT to 

accommodate the expected wide variations in recorded values. There was no point in 

surveying with the instrument set to an off-range value of 204.75nT when actual readings 

were often in excess of 1000nT. It is also pointless having the fluxgate gradiometer 

calibration station on top of slag dump, a geophysically noisy area. On many sites with 

large spreads of iron slag it was normal to have the calibration station several hundred 

metres away from the site. Grid layout, where possible, was always aligned north-south and 

traverses were always east-west starting in the northwest corner of the grid. Traverses were 

always recorded parallel because on surveys that involved going up and down the steep 

slopes of slag dumps, it would be easy to introduce a stagger effect to the data. Similarly 

only point readings were taken. Continuous reading methods would be a dangerous practice 

on some of the surveys, e.g Marrick and Myers Wood. The time taken to survey an 

individual grid with a fluxgate gradiometer, depending on the topography, varied from 10 

to 20 minutes. Consequently it was not unusual for the instrument to drift off zero by 

several nanoTesla, so it was standard practice to log zero drift at the end of each grid.  

 



 250 

The initial fluxgate gradiometer reconnaissance survey of 1.0m resolution deviates from 

those recommended in the English Heritage Guidelines (David 1995). It is only a 

reconnaissance survey to identify the main site components but it is more reliable than just 

scanning as it accurately positions any identified anomalies for resurveying at higher 

resolutions. The follow up surveys at 0.5 and 0.25m resolution and even 0.125m resolution 

are well within the requirements of the guidelines and have enabled a very detailed 

interpretation to be made of most sites.  

 

On sites with physical constraints, for example the trees and steep-sided slag dumps at 

Myers Wood, the initial 1.0m resolution fluxgate gradiometer reconnaissance survey was 

invaluable for evaluating the site quickly. As well as the degree of accuracy being reduced 

at a resolution of 1.0m, on such terrain it is difficult to be consistent when taking a reading, 

due to the traverse ropes curving around trees etc. The method of taking continuous 

fluxgate gradiometer readings is also out of the question on such terrain, as it is difficult to 

maintain a steady rate of progress along each traverse. Consequently it should be 

recognised that when conducting geophysical surveys on smelting sites it is often very 

difficult to position the data points to a high degree of accuracy. Nevertheless during the 

course of this research, the majority of reconnaissance surveys were adequate for sites to be 

interpreted satisfactorily for the higher resolution surveys to be conducted in selected areas. 

Even in the difficult terrain of Myers Wood, the geophysical interpretation was sufficient to 

allow the excavations to be positioned accurately on target anomalies.  

 

The fluxgate gradiometer is the ideal technique for surveying smelting sites. It responds to 

the relatively large amounts of magnetic material on such sites and does not have the same 
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depth constraints found with earth resistance and magnetic susceptibility methods. The 

maximum survey depths of the latter two techniques are roughly equivalent to the spacing 

of the mobile probes and the coil diameter, respectively. Using the fluxgate gradiometer, 

particularly the Geoscan FM36, it is also possible to survey a site very quickly even if the 

site contains physical obstacles. However more elaborate instruments may experience 

difficulties, if the site is heavily wooded, for example. Once the extent and the key 

components of the site are identified, earth resistance and magnetic susceptibility 

techniques can be used to reinforce the fluxgate gradiometer results in specific areas. 

Whilst these techniques are inappropriate for identifying shaft furnaces, they can identify 

other components of the smelting site. If, for example, walls are shallowly buried and 

surrounding by slag, then a high resolution (0.5m) magnetic susceptibility may be able to 

distinguish them, especially if the wall coincides with a negative magnetometer response, 

that would mask it. Several examples were noted in the West Bretton blast furnace survey 

where several linear anomalies were identified on the magnetic susceptibility survey, but 

not on fluxgate gradiometer survey.  

 

It has already been demonstrated that earth resistance surveys will identified leats and 

walling in circumstances were poor geophysical contrast may render them unidentifiable on 

fluxgate gradiometer and magnetic susceptibility surveys.  However, the technique can also 

be used to identify the main concentration of slag on a dump (e.g. Myers Wood).  

 

Processing and the presentation of the data are also very important. The policy of just 

processing the raw unfiltered data has not caused too many interpretation problems. The 

wide variation of data values found on smelting sites has generally been presented as a 
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series of grey-scale clipped ranges to highlight different anomalies. For example furnaces 

generally stand out at high clipping ranges, whereas subtle poorly contrasting anomalies 

may only be discernible at low ranges. This method is preferable over dot-density where 

the subtle changes in contrast cannot be readily ascertained, or trace methods where high 

value data at front of the plot can mask other data variations. For presentation purposes, the 

data is interpolated but this does not seem to have had any obvious detrimental effect on the 

interpretation of the data, or introduced erroneous data, because of the extremely high and 

low values usually present in the data. 
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8.0 Conclusions          
 

The object of the research (See Chapter 1.0) was to examine six key points that relate to the 

geophysical properties and their interpretation. From the evidence presented in this Thesis 

it is concluded that these objectives have been  attained. 

 

Objective 1 was to examine in detail the geophysical responses produced by metal-working 

sites by experimentation and survey, with the objective of identifying key site features. The 

detailed study of furnace anomalies by experimentation and data collection in the field has 

shown that the anomaly is more than just a cluster of positive data and it has also allowed, 

in the majority of cases, the metal-working site to be placed in the archaeological landscape 

and/or technological setting. In many examples the data has also identified how the site 

functioned with the identification of ancillary features like, for example water leats. 

 

The experiments on the model furnaces and the buried furnace provided a real opportunity 

to examine in detail what until now had only been achieved theoretically, initially by 

Linington (1964) and elaborated on by Smekalova and Voss (2002). It was experimentation 

that proved that the theory was correct and opened the way for valid and reliable 

interpretation to be given to detailed fluxgate gradiometer surveys of unexcavated furnaces.  

Reliable interpretation of the geophysical surveys of several sites, that includes Myers 

Wood, has led to their successful excavation at minimal cost.   

 

One problem still remains difficult to resolve and that is how to distinguish between small 

ore roasting areas / pockets of roasted ore and furnaces. Until this research the few known 

ore roasting sites identified on smelting sites (e.g. Mine Pit Wood (Money 1974)) led the 
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author to believe that ore roasting was primarily conducted close to the source of the ore. 

However there are several sites, (e.g Myers Wood and Stingamires (J.G.McDonnell, pers 

comm.)), where ore roasting hearths are located next to furnaces. It is possible this lack of 

evidence for ore roasting reflects the small number of iron smelting sites that have actually 

been excavated. 

 

Objective 2 was to use the geophysical data to determine furnace morphology. The research 

has shown how a detailed examination of the positive data cluster generated by a furnace 

on fluxgate gradiometer surveys can provide an indication of the furnace size, depth and 

the locations of tuyeres, tapping arches and channels. It was also possible to estimate the 

state of furnace preservation, or give an indication as to whether the furnace has been 

destroyed by other activity, for example ploughing. Not only do the surveys show where 

furnaces are located, they may also indicate which furnaces are suitable for excavating, 

sampling or archaeo-magnetic dating. 

 

By analogy it is postulated that early copper-smelting furnaces, if they were ever found in 

Britain, would probably produce a similar response to an iron-smelting furnace. There is 

really no practical reason why known early copper working areas should not be 

geophysically surveyed as part of any overall landscape study. Lead bales and tin smelting 

furnaces will produce weaker responses than copper and iron smelting sites due to the lack 

of iron minerals being available for conversion into magnetic forms. The strength of any 

response would be of similar magnitude to a burnt surface. Nevertheless it has been shown 

that it is possible to obtain excellent results where ground conditions are suitable, for 

example at Dacre, North Yorkshire and Bodwen, Cornwall. 
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Objective 3 was to assess the effectiveness of magnetometry (fluxgate gradiometer), earth 

resistance and magnetic susceptibility techniques for surveying metal-working sites. Those 

methods most widely used in archaeological prospection in Britain. The surveys have 

geophysical examined a variety of iron, lead, copper and tin smelting sites using 

predominantly the fluxgate gradiometer (Geoscan FM18 and 36), and then the earth 

resistance meter (Geoscan RM15) and the magnetic susceptibility meter (Bartington MS2) 

with the purpose of evaluating and interpreting the site by understanding the geophysical 

response. The fluxgate gradiometer has been show to be the most reliable for surveying 

smelting sites. It is not restricted by depth to the same degree as the other methods and is 

not open to ground contact problems which can affect the accuracy of the data. In 

circumstances where there is a thin soil cover, for example on chalk downs, it is possible 

that magnetic susceptibility surveys could used to give a more reliable assessment of slag 

spreads than the fluxgate gradiometer. However as the fluxgate gradiometer survey at 

Ridlington demonstrates it should be possible to get some information on a site, even when 

ploughing has destroyed the furnace.   

 

Where possible more than one geophysical survey technique should be used. The Myers 

Wood example shows how each technique can complement the other methods and enables 

a full assessment of a site to be made. The combined survey interpretation can maximize 

the benefits that can be obtained from targeted excavations. 

 

Objective 4 was to devise a methodology for surveying metal-working sites and for 

presenting results. Consequently the methodical and consistent approach to the survey work 
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evolved to it present reliable state during the course of the research. The surveys have been 

conducted following the same rigorous and consistent procedure that has taken account of 

the many topographical problems not usually encountered on a flat grassy field! 

 

Apart from a few sites (e.g. Whashton where there were tall nettles) where surface 

conditions have caused practical problems for the geophysical surveys, the policy of 

commencing the survey of each site with a 1.0m or 0.5m resolution fluxgate gradiometer 

survey reconnaissance survey has been very successful. Conducting surveys at resolutions 

higher than 0.5m can be time consuming but this is offset by the quality and accuracy of the 

data. Using the results of the initial surveys, high-resolution surveys can be used to target 

specific anomalies. 

 

The range of data values seen on smelting sites makes the presentation of data difficult. The 

standard method used throughout this research of presenting the grey-scale data, clipped to 

different ranges, as a series of consecutive illustrations means that areas of high and low 

values can be used to readily identified. The method is uncomplicated and in a form that 

can be readily understood. It was found that this method did enabled anomalies and subtle 

changes in contrast to be recognised more readily than, for example traces or dot-density 

displays permitted.  

 

Objective 5 was to measure the magnetic susceptibility of slag, a major component of a 

smelting site, to determine if specific ranges of values characterize slag from a specific 

smelting process and discuss its contribution to responses recorded by magnetometers. It is 

concluded that the use of magnetic susceptibility measurements to identify slag types is 
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complicated by the similarities between slag produced by different metals. The magnetic 

susceptibility of iron slag can vary depending on the process that produced it. Whilst there 

is a degree of consistency with the values for bloomery slag, this can vary considerably 

depending on the efficiency of the techniques and the results show considerable overlap of 

the data. 

 

Bale slag values also fall within a specific range and as the bale technique is mainly 

dependent on natural processes it can probably be regarded as having the most consistent 

magnetic susceptibility. However the magnetic susceptibility from smelt mills can have a 

much greater variation that may be dependant on ore type or the efficiency of mineral 

processing techniques.  

 

Overall it is concluded that magnetic susceptibility cannot be reliably, or solely used, as a 

parameter to enable the process that produced the slag to be assessed with any confidence 

and any assessment based on magnetic susceptibility should only be made after consulting 

other sources of potential data, for example what minerals were mined, what sort of 

operation was used to process the ore etc. 

 

Objective 6 was to comment on the type of metal smelting site that may not yield reliable 

geophysical data. Where smelting sites consist of elaborate structures, for example a large 

lead smelting mill (e.g Marrick), topographical obstacles, in the form of rubble from 

collapsed walling, or split-levels, may impede the conducting of the survey or result in a 

piecemeal survey. In these circumstances the results can frequently be difficult to interpret 

with rubble often masking the key components of the site, and in all probability little may 
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be gained from conducting such a survey. The most reliable data for interpretation in this 

study has been obtained from uncomplicated sites, for example Kyloe Cow Beck. The 

possible exception to this rule is the West Bretton blast furnace site, where landscaping has 

removed most of the structures. The likelihood of a geophysical survey yielding 

interpretable data on any smelting site in operation after 1700 should be questioned. Each 

site should be assessed on its state of preservation with the programme of geophysical work 

being tailored to examine specific problems, rather than attempting to survey the whole 

site.  

 

When this research work commenced, very few metal-working sites had been 

geophysically surveyed in Britain, and those with surveys were very poorly interpreted. 

Indeed in the early 1990s many archaeologists considered the surveying of such sites a 

complete waste of time. During the course of this research the author has seen this attitude 

slowly change and now it is acceptable to survey such sites. Iron-working site’s like Myers 

Wood, where the whole of the excavation programme was based on the geophysical 

interpretation, has attracted wide interest. In turn this interest, developed into a successful 

one-day symposium in March 2004, the publication of a guide to the site and the 

excavations (Clay et al. 2004), and in October 2004 the project won two archaeology 

awards (The Mick Aston Award for presenting an archaeological site to the public and the 

Institute of Field Archaeologists Award - high commended for professionalism). None of 

this would have been achieved without the reliable interpretation of the geophysical survey 

to form the backbone of the whole project coupled with the enthusiasm of members of the 

Huddersfield and District Archaeology Society who did much of the fieldwork. The 
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continuing assessment of the Myers Wood area using geophysics has led to the discovery 

of a water-powered bloomery, and this will be the focus of future investigation work there. 

 

It is hoped that the basic research presented in this thesis will encourage other researchers 

to develop the theme further. There are other geophysical techniques that must have a role 

to play in the interpretation of metal-working sites. Ground penetrating radar (GPR) for 

example, is just one of several new geophysical techniques that are gaining credence in 

archaeological prospection. Could GPR be used for assessing the volume of slag in a 

dump? Can GPR detect buried smelting sites under wind-blown sands? The technique 

would certainly have a greater depth range than the geophysical methods described in this 

thesis.  

 

The research has examined shaft furnaces in great detail, but more research is required to 

evaluate what portion of the positive data cluster produced by the furnace and burnt clay on 

fluxgate gradiometer surveys is composed of just the signal from the furnace. Could this be 

information be used to determine the state of furnace preservation? 

 

Lead, copper and tin smelting sites have all been included in the research. However only a 

limited amount of lead bales have been studied. Are there region differences to this most 

fundamental form of smelting? Where are the early copper and tin smelting sites? Surely 

geophysical prospection must be a significant component of any landscape study to try and 

evaluate such sites? 
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The research presented in this thesis has only examined sites in Great Britain, with the 

majority of surveyed sites located in England. Reference has been made to many individual 

sites in Europe that have been geophysically surveyed, however the only major landscape 

study has been on predominantly slag pit furnaces in the Baltic region (Smekalova and 

Voss, 2002). Using the Modeller2 program it has been possible to demonstrate that 

between latitude 30 and 70 degrees north, an area that covers all of Europe, shaft furnaces 

still generate strong magnetic signatures. There is still a peak to the response but it does 

shift further to the south of the anomalies centre the lower the latitude (See Figure 4.20). 

This opens up a few new lines of research. (i) To examine the changes that occurs to the 

positive data cluster with latitude. Is a point reached where interpretation becomes 

unreliable, for example? (ii) Establish geophysical parameters for early copper smelting 

sites by surveying known examples in southern Spain and Portugal. (iii) In landscape 

studies. How does the Cistercian organization of iron-working sites differ in northwest 

Spain (Galarza 1995), to those in the French Jura (Anon, 1994), and the Cistercian lands of 

Byland and Rievaulx Abbeys, North Yorkshire? The list is endless. 

 

There is no doubt from the success of the surveys presented in this thesis that geophysical 

surveys should be an essential part of the archaeological examination of all smelting sites. 

The techniques available, combined with the methodology that evolved in this research, 

offer a quick, and in most cases, a relatively simple method of assessing a smelting site. 

Using the three most commonly used geophysical survey methods (fluxgate gradiometer, 

earth resistance meter and the magnetic susceptibility meter) the research has shown that 

reliable and interpretable data can, or should be obtainable from, the most common forms 

of pre-1700AD sites, used for smelting iron, lead, copper and tin. 


