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1. Introduction
A detailed archaeo-metallurgical investigation was carried out on a total of ten
iron slag samples, recovered from excavations in Nidderdale, North Yorkshire.
Samples dating from the early Iron Age through to the post medieval periods
have been studied. The main aim of the study is to gain a deeper understanding
of the unique technological choices involved in the variable smelting practices of
the region. This in turn may help archaeologists to form a reliable picture of the
nature of bloomery smelting across Britain. Iron objects were a valuable
commodity in ancient Britain; this was due to both the skill it took to create this
material and its strong yet durable characteristics. Due to this circumstance, iron
is rarely found discarded on archaeological sites but iron slags, on the other
hand, are often found in abundance. Slags are extraordinarily resilient to many of
the natural destructive elements and their robust character means that they can
withstand substantial weathering. The amazing preservation of iron slag through
time makes them extremely valuable to archaeometallurgists. Slag is a secondary
product of a smelting episode and therefore retains the inherent ability to
enlighten archaeologists about the technological processes behind formation.
For this reason slag analysis has become a valuable and informative division of
archaeometallurgical study.
Ten samples were carefully chosen from the vast amounts of iron slag recovered
from nine sites across the Nidderdale area. The slag was collected as part of a
systematic programme of archaeological investigation carried out by the Iron
Age (Nidderdale) Community Archaeology Group. The selected samples were
examined using a scanning electron microscope with energy dispersive
spectroscopy (SEM-EDS). Data retrieved on the compositional and elemental
analysis is applied to answer a number of fundamental questions surrounding
the fabrication and production of each sample. The elemental composition and
morphological features of slag are indicative of the raw resources used and the
furnace conditions under which the slags were formed. The investigation of the
chemical character and microstructure of the different slags provides detailed

accounts about the technologies employed in their creation. In addition, a
comparative analysis of the different features of each slag sample will aid the
understanding of the development of smelting practices over time.

The

information provided within this report will help to broadly characterise the
nature of Nidderdale and confirm its existence as an ancient iron-smelting
centre.
2.0 Bloomery iron smelting: An overview
In this chapter the key principles of iron smelting are detailed in order to provide
sufficient context for the current metallurgical investigation. The entire process
referred to as the chaîne opératoire of iron production, which necessitates each
technological step. This Information will support the archaeological evidence for
iron smelting from Nidderdale and provide a framework for the archaeological
finds and features. The entire bloomery process is discussed from start to finish;
this in turn will aid the deeper understanding of the Nidderdale material.
Discussion of this process will demonstrate how slag is formed; furthermore
highlighting it’s potential for archaeometallurgical analysis.
The strength and durability of iron made it particularly suitable for the
fabrication of hardwearing objects such as agricultural tools, weapons and even
decorative items. Once ancient man realized the valuable properties of iron, the
production of iron objects became a widespread operation, which lent its name
to the entire Iron Age period. It was at the beginning of the Iron Age in Britain
(7th century BC) that the large-scale creation and manufacture of this material
began. Native iron occurs in only very limited amounts as meteoric iron, however
this material was largely unusable and not commonly employed for the
manufacture of artefacts (Horsford, 2012: 5). The extensive application of iron
for the production of hardwearing objects necessitated the manufacture of large
amounts of iron; therefore the production of iron artefacts began with the
procurement of a sufficient volume of iron ore. The metallurgical process of
turning an ore into metal is known as smelting and requires heating the ore to
high temperatures in a reducing atmosphere to remove the oxygen from the iron
ore, transforming it into iron metal. Smelting techniques can vary across spatial
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and temporal landscapes, however a number of essential criteria must always be
met in order to obtain the end result of iron.

Fig. 1: The chaîne opératoire of bloomery smelting
2.1 Ore collection and production
The smelting process begins with the acquisition of the necessary raw materials,
debatably the most important being a satisfactory quality ore. Iron ores possess
a high attraction to oxygen and sulphur, common to a number of compounds. For
this reason iron oxides naturally exist entrapped within rock, known as gangue
(Buchwald, 2005:63). These iron ores exist abundantly as surface deposits in the
earth and constitute around 5-weight % of the total. Wide ranges of iron ores
are available, many composed of varying chemical compounds and containing
variable amounts of iron. The majority of the naturally available iron ores are
carbonate ores (FeCO³) spathic iron ores or siderite, which are easily reduced
after minimal roasting. Other commonly occurring iron ores include hydrated
oxide ores, Hematite (FeO3), Magnetite (Fe3O4), Laterite, Ferruginous gossans

and manganese ores (Tylecote, 1987:48). Elements commonly classed as
impurities in iron ores include silica, calcium, carbonate, phosphorous,
manganese, sulphur, alumina, titanium and water are present in varying
amounts (Rapp, 2009:167). Another important resource of impure iron,
routinely subject to smelting in antiquity was bog iron. Bog iron is formed at the
bottom of both lakes and bogs when iron compounds agglomerate to form an
iron ore. Nidderdale could have provided a plentiful source of bog iron because
of its many springs and becks. Bog ores could easily be extracted from the
ground by pitting and would have been a preferable source of iron ore because of
its relative purity (McDonnell, 1995:1). The majority of iron ores existing within
deposits required a much more intensive programme of extraction through
mining. Evidence from Nidderdale suggests the common ore being mined was a
ferrous carbonate, which is a very poor quality ore. The smelting of this ore,
would have required a lot of technological skill, however, with the correct
knowledge iron could still be made from this type of ore. The ore was extracted
by the digging of a succession of shallow bell pits, however much of the mining
evidence in the area has been lost due to later lead mining practices (Brophy and
Hovell, 2010:3).
Beneficiation of the Ore: Once the iron ore had been extracted from the ground it
was subject to a preparation process called ‘beneficiation’. This method entails
the washing, crushing and sorting of the material to ensure excessive amounts of
waste or ‘gangue’ is discarded. After the iron ores were washed they were
crushed by hammering with a large stone or rock (later using water power). It
was essential to crush the ore into small pieces to enhance its quality by
releasing any valuable minerals; the desired fragments can then be picked out.
In some cases the crushing of the ore was not sufficient to free the required
material and in this case further grinding would take place (Habashi, 2006:3).
Following this the valuable fragments of metal rich ore could then be easily hand
sorted from the waste material; this process ensures that optimum yields are
achieved during the smelt. The location of naturally occurring iron ore deposits
would have been pivotal to the location of ancient production centres in order to
ensure ease of access to the raw materials. The significance of Nidderdale as a
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location for large-scale iron production is undoubtedly connected to the rich
deposits of iron ore present in the region of North Yorkshire (HMS, 2008:6).
Roasting: The roasting of the iron ore is an important step in the smelting
process and serves a number of purposes. The heating of the ore in a small pit
drives off any excess water and assists the breaking up of the material into
smaller pieces ready for smelting. The key purpose of roasting is to create a
reaction in which sulphides in ores are converted into oxides and excess sulphur
is driven off the specimen (Goffer, 2006:162). This reaction occurs when the ore
is strongly heated in the presence of an abundant air supply and only relatively
low temperatures of 500 - 800 degrees are required for roasting of the ore to
take place. Most iron ores contain sulphur, which in large quantities can be
detrimental to the resultant metallic iron, making it brittle (Tylecote, 1987:53).
Roasting helps the smelting process because oxides are more easily reduced into
metal than sulphides. Roasting ensures a better quality of iron is produced from
the smelting process.
2 .2 Fuel and charcoal production
A fuel is required to provide the essential heat for the smelt and charcoal was in
most cases the preferential choice of fuel in antiquity. Charcoal possesses a high
calorific value (a measure of heat produced), which can easily reach
temperatures of 900C, with the addition of a consistent air supply this
temperature is significantly higher and can easily accommodate the
temperatures required for iron smelting (Van der Veen, 1999:224). Charcoal is
an extremely desirable fuel for smelting because it is chemically pure and
therefore the incorporation of unwanted elements into the iron is less likely
(Roskoter and Bronson, 1990:25). Charcoal samples taken from two sites across
Nidderdale were submitted for investigation and analysed by the Lancaster
University and Oxford Archaeology Unit. The results of the analysis confirmed
that the dominant species used for charcoal in ancient times was Hazel, Alder
and to a lesser extent Willow and Oak (Brophy, 2012:10).
2.3 The air supply

To create and maintain the high temperatures required a continuous air supply
must reach the fuel. Initial furnace designs harnessed the power of nature and
winds provided the air supply, however with the increase in iron smelting
practices a more reliable source of air was needed. Advanced furnace designs
incorporated a hole or tube passing through the furnace wall, known as a tuyere.
Air was manually forced into the furnace through the tuyere (or tuyeres) by
bellows. When the blast of air reaches the burning fuel, it intensifies the
combustion rate of the charcoal thereby raising the temperature.
2.4 The furnace
In order to be effective a bloomery furnace must provide two critical functions,
Firstly the structure must possess the capacity to reach temperatures high
enough to liquify the gangue imprisoning the iron. The silica in an iron ore
liquefies at 1723˚, a temperature above that normally achievable in a bloomery
furnace, however when heated the silica reacts with the iron oxide to create a
ferro-silicate slag that is liquid at temperatures of around 1205˚. Bloomery
furnaces are capable of reaching between 1100-1400˚C, which is sufficient to
form and melt the ferro-silicate slag and thereby remove the siliceous gangue
minerals. Ancient metallurgists required an ore that contains more than around
60% Fe²0³ because the slag produced has a 2:1 Fe/Si ratio (Rapp, 2009: 176).
This leaves behind the metallic iron, which has the much higher melting
temperature of 1538˚C. Secondly, a furnace must provide a strong reducing
(oxygen free) atmosphere, which is necessary for the reduction of iron ore into
metal and aids the separation of the iron from its associated impurities.
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Fig. 2: A bloomery smelting furnace with superstructure

2.5 The chemical reaction
The reaction that takes place within the furnace is a follows; charcoal (as
virtually pure carbon - C) is converted to carbon dioxide (CO2) by mixing with
oxygen in the furnace atmosphere. This CO2 then reacts with further charcoal to
create the reducing gas carbon monoxide (CO) in the reducing area of the
furnace. During the smelt, the furnace must reach the required redox (reducing)
conditions and maintain this for extended periods of time. The chemical reaction
detailed below demonstrates the exemplary model of what happens within a
furnace during a smelting episode. Carbon in the fuel (usually charcoal) utilises
the energy from the heat supplied by lighting the fuel, to combine with oxygen.
This produces carbon monoxide and creates the required reducing atmosphere
within the furnace.
C + O2 → CO2 CO2 + C → 2CO
The carbon monoxide created then combines with any oxygen present in the iron
oxide ore, which converts it into lower iron oxides. The chemical process is
shown below, iron oxide (3Fe2O3) combines with the carbon monoxide (CO)

initially to produce haematite, reducing this to magnetite, reducing this to
wüstite. This process continues until finally metallic iron is generated
(Humphris, 2010: 46).
3Fe2O3 + CO → 2Fe3O4 + CO2
Fe3O4 + CO → 3FeO + CO2
FeO + CO → Fe + CO2
2.6 Furnace types
Once the essential criteria of an enclosing structure have been achieved, there
are countless possibilities for the shape, size and design of a bloomery furnace.
The many technological choices accumulating to form a furnace depend on the
geographical location, the local resources available and the period in which it
was constructed (Dungworth, 2012:3).

Remains of bloomery furnaces are

extremely rare finds within the archaeological record and therefore
reconstructing types can often be problematic (Paynter, 2006:202). This being
said, a few broad types of furnace such as bowl, shaft and later blast furnaces,
have been identified.
Non-tapping: It is commonly suggested that bowl furnaces represent the earliest
forms of bloomery furnace, commonly employed in early Iron Age across Britain
(Henderson, 2001:224). A relatively simplistic design and no superstructure
typify bowl furnaces; they are effectively hollows in the ground lined with stones,
sand or clay. They are often depicted as open, allowing for natural air to reach
the furnace charge and they would not have possessed enough room for a
combustion chamber (Frieda and Steel, 1985:38). These structures are always
designed to be bellows blown and are usually around 200-400mm deep and
300mm in diameter. Due to the design of this type of furnace, a smelting episode
would result in its partial destruction in order to recover the desired metal.
Therefore bowl furnaces could only be used in a single smelt (Lucas, 2011:4).
Because of these limitations the bowl furnace is typically viewed as an earlier
‘primitive’ furnace form.
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Tapping: Another common furnace type suggested for Britain is the shaft
furnace. This form is categorised by having a larger height than diameter usually
up to 1.5 metres tall and around 0.3 in diameter and they were often constructed
from clay. When lower quality ores with higher gangue content began to be
exploited, tapping facilities were introduced in order to remove the majority of
the slag during the smelt. Molten slag was drained away through a rounded
opening close to the base of the shaft, allowing the vitrified waste product to exit
the furnace (Dowd and Fairburn, 2005:118). The development of a shaft allowed
for a greater amount of iron ore to be reduced in the furnace, therefore allowing
for the creation of more iron. Shaft furnaces were the common form of furnace
employed in Britain from the late Iron Age period through to the medieval
period. These furnaces can often be difficult to distinguish from the bowl
furnaces because any structure that extends above ground level deteriorates
over time leaving only the structure below the surface. Recent archaeological
work (Paynter 2006:202) has warned against the common assumptions made
during furnace identification and therefore this exercise should to be approached
with caution. While in the past it has been widely accepted that most early
furnaces were bowl types with limited superstructure, this may not have been
the case. The poor preservation of any ceramic structure surviving above ground
level may negatively affect our view of the evidence. The lack of examples for
early furnaces with surviving superstructure does not conclusively confirm that
they did not exist, it simply means that this information did not survive in the
archaeological record.

Restraint must be taken when assigning furnace

typologies to specific periods, however the microstructural analysis of iron slag
may aid the separation of furnaces into the tapping and non-tapping variety.
2.7 The flux
A flux is any solid material which when added to the furnace, aids the separation
of the waste slag from the iron (Goffer, 2006:115). Lowering the temperature of
the gangue and other associated impurities so that more successful separation
occurs does this. In very early smelting processes over half of the iron is lost
through the slag, primarily as ferrous silicate, this then acts as a useful fluxing
agent and aids the separation of the silicate from the metal. This method accrued

a lot of wastage and meant that more iron ore had to be procured to produce a
sufficient amount of bloom. This practice was typical of early stages of iron
smelting technology and no further flux was added since the ore is self-fluxing.
In later periods lower grade ore was routinely exploited and the use of a flux
such as lime (CaO) was introduced.
2.8 The slag
Slag plays an extremely important role during iron smelting processes and
ancient bloomery iron would have been impossible to create without the
accumulation of slag. The production of iron through a self-fluxing process
produces this particular type of slag because of the lower amount of FeO
available for reduction into metallic iron (Charlton et.al, 2005:211). Another key
function of iron slag is to be a primary vessel for the removal of any impurities; it
also aids the extraction of phosphorus and sulphides, which is accomplished by
keeping impurity elements in a state of lower activity. Finally the slag protects
the resultant bloom by preventing excessive oxidation in the furnace (Clough,
1986:18). Iron slag consists of the unwanted silica based gangue material and
partly reduced iron. Other material such as the furnace lining, tuyeres and
additional flux will also be present in the slag (Tylecote, 1987: 108).
2.9 The bloom and secondary smithing
This entire process is known as bloomery smelting because it creates a spongy
mass of iron known as bloom, this was the first technique employed by iron
smelters in antiquity. Once the raw iron bloom has been extracted from the
furnace it still contains a large quantity of slag, up to 20%. In order to produce a
bloom satisfactory for the creation of iron objects the bloom must be refined. The
removal of the excess slag and subsequent working of the iron is a process
known as primary smithing (Young, 2012:1). Once the bloom cools below 1100
degrees Celsius the viscosity of the bloom increases and the slag becomes
trapped in the material (Tylecote, 1987:316). The smithing is carried out on a
hearth, where the bloom must be reheated and then hammered whilst white-hot
to squeeze-out any trapped slag from the bloom whilst molten (English Heritage,
2001:13). The waste product that is removed from the bloom during this process
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Nicola George

is known as hammer-scale and compositionally similar to iron slag produced
during smelting. Primary smithing of this kind is often carried out either at the
smelting site or only a short distance away from the smelting site. Once the
bloom has been rid of the majority of remaining slag inclusions, the working of
the piece of iron, now known as a billet, undergoes secondary smithing processes
carried out by a blacksmith. It was the second stage of action known as intensive
forging, which transformed the bloom into a strong, malleable material, free from
slag and ready to shape. It is at this stage that the object begins to take its shape
and is formed into a functioning object (English Heritage, 2001:13).
3.0 Location, topography and geological setting
The entire data set undergoing investigation was previously uncovered from
various locations in and around the Nidderdale area of North Yorkshire.
Nidderdale itself rests on the outskirts of the Yorkshire Dales National Park and
holds the title of ‘Area of Outstanding Natural Beauty’ (AONB). Characterisation
of the landscape demonstrates a thickly wooded valley, previously identified as
ancient semi-natural woodland, encompassing a prehistoric system of woodland
management. The ancient management of the woodland could be largely
connected to acquisition of fuel for the widespread smelting practices in the area.
The Nidderdale valley is divided by the River Nidd, which flows in a southeast
direction feeding many smaller springs and becks within the valley; such
conditions are favourable for the formation of bog iron ore. The upper areas of
the valley are occupied by rich outcrops of rocks, such as those easily
recognisable at Guissecliffe Wood and Brinham Rocks. The geological nature of
the Nidderdale area is identified as being mainly millstone grit, which is a
mixture of both grit and shale. This rests above sedimentary bedrock, created
roughly 316-327 million years ago. In areas the Nidderdale geology displays thin
beds of sandy limestone and coarse-grained sandstone with a high iron ore
(siderite – FeCO3) content (Thompson, 1957:29). The valley floor is occupied by
a number of modest villages along with a single town, Pateley Bridge, that
developed through the advent of intensive lead mining activity. Dispersed
amongst those are many smaller farmsteads and hamlets (Harrogate Borough
Council, 2004:1). The location, topography and geology of Nidderdale, may have

played an important factor in its selection as an iron-smelting centre. Local iron
smelting beginning in the Iron Age would have exploited the immediate
resources and therefore locality to a good ore source and the availability of fuel
(charcoal), would have been paramount (HMS, 2008:3). Nidderdale possessed a
number or sources of iron ore, including the siderite (FeCO3) found in shale beds
and bog iron (FeOOH) accumulating from the many streams and becks in the
area. The identified ancient woodland management system could also have been
linked to the acquisition of charcoal as fuel for smelting processes. In later
periods the accessibility to a constant water supply would have influence the
further intensification of smelting practices in the medieval period.
4.0 Archaeological interventions and Iron Age (Nidderdale)
Following the discovery of a number of significant metallurgical finds largely
connected to the smelting of iron, archaeological explorations were prepared in
the Nidderdale area. Initiated by the Workers Educational Association (WEA) in
1998, the investigations targeted key areas that required further investigation
(Brophy and Hovell, 2010:1). Before the advent of the current excavations in
Nidderdale, little archaeological interventions had taken place in this area.
Limited explorations in 1908 were carried out by Major Collins and were
primarily concerned with prehistoric flint scatters (Kendrick, 2011:31). The
WEA field research team revealed an unusual quantity of archaeological material
connected to the smelting and production of iron, evidence of which spanned
back to the early Iron Age period. Significant archaeological findings recovered
from a small area of Nidderdale known as Dacre pasture [NGR SE1815 6025],
prompted the foundation of two community based archaeology groups. Iron Age
(Nidderdale) and Prehistoric Nidderdale, both were funded by the Heritage
Lottery Fund and were ultimately concerned with gaining more information
about the nature of prehistoric archaeology within Nidderdale. Initial
excavations began in 2004 and the Iron Age (Nidderdale) project discovered an
unprecedented amount archaeological material associated with the mining and
smelting of Iron. The continuous exploratory effort is currently in its ninth full
season and has so far discovered significant evidence for iron smelting. The data
obtained from Nidderdale demonstrates the routine smelting of iron from the
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early Iron Age through to the post medieval period. The community-based group
are chiefly based in the Dacre area, however their research extends to other
locations of interest across the Nidderdale area (Brophy, 2013:10).
4.1 Archaeological features associated with iron working in Nidderdale
The excavations carried out by the Iron Age (Nidderdale) group continue to
reveal a wide range of interesting and informative features. Together the variety
of finds are aiding archaeologists to construct an overall picture of the nature of
Iron smelting practices across Nidderdale over long periods of time. The
previously identified features were excavated systematically in historical
sequence and the details of this research are presented below. The investigations
and findings of the Iron Age (Nidderdale) group are presented in chronological
order to demonstrate the intensification of smelting practices from the Iron Age
to post-medieval period. All information is provided in detail in order to offer
additional support to the current research. The findings below also include
information on the majority of slag finds being investigated in this current study.
4.2 Iron Age (700BC-AD43)
Dacre Iron Age Smithy: The first major indication that Nidderdale had
previously been a significant site for the production of iron came from Clocken
Skyde farm, Dacre pasture. It has been demonstrated that only in very rare
circumstances do complete furnaces survive in the archaeological record. This
may be due to the destructive techniques employed in iron working, or even the
deterioration of fragile superstructures over long periods of time. Although
smelting furnaces very rarely survive in the archaeological record and
reconstructing furnace forms can often be difficult, a number of well-preserved
furnaces have been uncovered during the Iron Age Nidderdale excavations. Most
notably eight or more Iron Age bowl furnaces were uncovered close to the
entrance of an iron age hut circle, a number of which had been exceptionally well
preserved. A great deal of information about the design and form of the furnaces
was ultimately gained from the examination of these furnaces. One hearth in
particular with impeccable preservation, displayed many interesting features
including a small hole left by the air pipe connected to the bellows.

Fig. 3: A suspected bowl furnace found at Dacre Iron Age Smithy, Nidderdale (Brophy and Hovell,
2010:4)

The quality of preservation of the hearth was so good that the rim of the bowl
hearth displayed an intentional thumb impression, left by the creator. While
there has previously been a distinct lack of evidence for bowl furnaces in Britain,
many have been uncovered in the Nidderdale region (Brophy and Hovell, 1999).
The small size of bowl furnaces would indicate only very small-scale iron
production, from this period. This is because the size of the bloom is restricted by
the size of the furnace and its inability to remove slag during the smelt. Therefore
the inefficiency of bowl furnaces and their small size would have resulted in the
creation of only very small amounts of iron, initially indicating that a small scale
level of production at the time the furnaces were constructed in Nidderdale
(Clough, 1985:127). Alongside the bowl hearths, roasted ore and slag were
uncovered. A large mound (one metre in diameter and half a metre high) of iron
slag was also reported in the vicinity (Brophy, 2012:7). The array of
archaeological finds continued along a pathway extending around eighty metres
from one of two known Iron Age settlements in the Dacre area. Amongst the
finds dispersed across the landscape are another three smelting hearths, also
believed to be prehistoric in date. These differ from the previous findings
because they were constructed on the ground, rather than cut into the ground,
demonstrating the implementation of a variety of furnace designs. Further
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discoveries around Clocken Skye farm include another hut circle accompanied by
several kilograms of iron slag, along with evidence of smithing activity. The main
evidence of which being a small low boulder thought to represent an ancient
anvil used for working (refining) the bloom and commonly known as ‘anvil’
boulder. This theory is substantiated by the amount of hammer-scale
surrounding the boulder (Brophy and Hovell, 1999:7). The archaeological
investigations at Clocken Skyde Farm in Dacre pasture demonstrated a number
of features that have been assigned the collective name of Dacre Iron Age Smithy
(DIAS). This site was initially believed to date to the Iron Age, which was later
confirmed by a programme of carbon dating carried out by the University of
Bradford. The results of this research confirmed a date range of between 350 and
170BC and are the earliest examples of Iron Smelting in the Nidderdale area
(Brophy, 2012:7). The analysis of slag samples from the DIAS should provide
further information about the nature of early iron smelting in the area and the
level of technological skill being employed by the Iron Age smelters of
Nidderdale.
4.3 Roman (AD43-AD409)
Limited evidence for the existence of smelting activity in the Romano-British
period has been found. To date only one feature has been assigned a possible
Roman date, a stack furnace found close by to ‘anvil boulder’. Slag finds from this
furnace had not been recovered and therefore it seems likely, that the current
analysis will not incorporate any slag of a Roman origin.
4.4 Medieval (AD409-AD1539)
There is a substantial amount of archaeometallurgical evidence in Nidderdale
dated to the medieval period. Once again at Dacre pasture around the site of
Cloken Skyde Farm, there are a number of sites demonstrating different forms of
iron smelting practices. So far the Iron Age (Nidderdale) group uncovered solid
evidence for a large and extremely well organised iron smelting production
centre dated to this period. Dacre pasture is the site of at least one hundred
smelting hearths over just three fields excavated so far, a great deal more are
believed to exist. The area known as site No.3 in Dacre pasture encompasses a

relatively large early medieval or pre-medieval bloomery furnace with some
interesting features. This structure was set into the ground and built into the
natural slope of the hillside, revealing the slag drained from the furnace
downhill. The design of the furnace displayed a well thought out design,
incorporating the natural topography of the landscape (Brophy, 2012:8).

Fig. 4: A bloomery smelting furnace from Nidderdale (Brophy and Hovell, 2010:8)

A further three hearths were excavated, only ten metres away from this
presumed smithing site, these are smaller in size than the other hearths and are
believed to represent the remains of smithing rather than smelting hearths
(Brophy and Hovell, 2010:4). One hearth displayed remnants of an iron tuyere;
both iron objects were conserved in the acidic soil due to the high firing
temperatures produced during smithing. Additional iron smelting evidence
includes two large charcoal clamps each around 10 metres wide, the size of the
clamps indicates that iron smelting occurred frequently in this area. A number of
roasting hearths have also been excavated in this area, again suggesting an
organised system of production on a grand scale. Further evidence on the iron
production in Nidderdale can be found in early historical documents. Speight
(1894:574) characterised the Nidderdale landscape and found large iron stone
pits around 20 feet deep, he noted large bell pits and slag heaps. He identified
that peat fires had previously smelted iron ore, using the natural winds from the
‘breezy heights’ of Nidderdale. Speight attributed these findings to the monks of
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the abbey, which he refers to as Byland abbey. This is the only historical evidence
to mention the recovery of iron ore in Nidderdale and suggests that the ore was
being mined from the clayey shale beds in the area. The excavation of such poor
quality ore suggests a good level of technological skill was employed in order to
produce a sufficient yield. Other important features uncovered during the Iron
Age (Nidderdale) excavations include the remains of the later medieval bloomery
furnace, known as site no.5. This furnace was accompanied by a small piece of
leather that had been preserved, this leather is believed to demonstrate the use
of bellows. The identification of bellows offers yet more information about the
raw materials and design execution being carried out for furnaces across
Nidderdale (Brophy, 2013:9).
The exceptional preservation of many Iron-smelting features across Dacre
pasture and Clocken Skyde Farm is due to the lack of agricultural activity at these
locations. Other important features were also present on the lower lying ground,
however these have been subject to modern improvements over a number of
periods. One significant feature discussed by the Iron Age (Nidderdale) group is
the 17th century smelt house (Site no.9), initially recognised whilst undertaking a
map regression exercise. This revealed a surveyed map from 1611, detailing the
location of the structure (Brophy, 2012:9).

Fig. 5: The remains of a medieval wheel pit, Nidderdale (Brophy and Hovell, 2010:14)

Upon excavation of the feature the remains of a wheel pit were discovered,
believed to have developed from an even earlier medieval culvert belonging to
the grange of Fountains Abbey that owned the area. The archaeological group
found both limestone, commonly used as a fluxing agent for iron smelting at this
period and Galena, a typical source of lead. Further test pits revealed the
surrounding ground consisted of considerable amounts of shale, the waste
product left over by Iron ore mining. Smelting positions were carefully selected
for their locality to the necessary resources such as fuel, wood, charcoal and later
the availability of water as a source of power to drive bellows and beneficiation
machinery (Claughton, 2013:5). On further inspection of the 1611 map,
additional structures possibly connected the refining of iron were recognised.
The Dacre pastures belonged to the Cistercian Abbey of Fountains, occupied by
the medieval monks who are believed to have carried out this operation. The
significance of Nidderdale as a centre for production may be due to its plentiful
resources and the availability of a good water supply from the River Nidd. The
significant smelting activity at this site indicates toward the manufacture of iron
for wider regions, rather than simply local use.
4.5 The post medieval and modern periods (AD1539-present)
Dacre pasture remained the site for large-scale bloomery smelting until around
1539, when the suppression of the monasteries led to the end of any iron
smelting activity.
5.0 The iron slag samples
The production debris from iron smelting sites can be found in large amounts
during archaeological excavations and Nidderdale is no exception. The evidence
produced from this region has provided extremely rare and informative features,
which offer greater insight into the overall nature of iron smelting in Nidderdale.
The range of archaeological material from the Iron Age to the beginning of the
post medieval period demonstrates different levels of production and
technological innovation. The information provided from the on-going
excavations offer supporting documentation for the current slag analysis report.
The current investigations being carried out by Iron Age (Nidderdale) focused
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largely on activity on Dacre pasture and Clocken Skyde Farm. Despite this being a
relatively small scale study, investigations in other areas of Nidderdale have
taken place, producing additional evidence for iron smelting. Amongst the finds,
a large quantity of iron slag has been uncovered and it is this material, which
forms the basis of this report. The entire sample being studied is from different
locations dispersed across the Nidderdale region of North Yorkshire.
5.2 Slag samples and sites
The ten samples, were uncovered from nine sites in total and they have been
previously assigned dates ranging from the Iron Age period to the post medieval
period. It is important to note that the heterogeneous nature of archaeological
slag require the investigation of large amounts of this material for a full
representative investigation to be achieved (Paynter, 2007:203). While limited
resources and time constraints mean that only a small number of slags find have
been analysed in this study, the evidence acquired will provide adequate
information in order to highlight key characteristics of each site.
Sample

Site Name

Grid Reference

Period

Number
1

N1

Summerbridge

SE1994762539

Post Medieval

2

N2

Kirkby Overblow

SE3244549100

Medieval

3

N3

Spofforth

SE3534350113

Medieval

4

N4

Hartwith

SE2187060316

Medieval

SE1371469068

Medieval/Post

Birchfield
5

N5

Lamb Close

Medieval
6

N6

Lamb Close

SE1371469068

Medieval/Post
Medieval

7

N7

Beamsley

SE0907752075

Medieval/Post
Medieval

8

N15

Sykes Bank

SE1104572658

?

1104572658

9

N18

Ivy House Farm

SE14627666890 ?

1462766890
10

N19

CS201.2011.05.17 SE1814560260

Iron Age

DIAS 7N
Fig. 6: Table of slag samples

6.0 Aims and Objectives:
Ten samples were chosen for investigation by scanning electron microscope with
energy dispersive spectroscopy (SEM-EDS). The aims of the current investigation
are as follows,


Phase composition: To demonstrate the phase composition of each slag
sample through SEM, using Back scattered electron (BSE) imaging mode
to highlight the different phases of each targeted area. To illuminate and
note the individual phases within the slag, which form under specific
physical conditions.



Structural features: To recognise and record any important structural
features indicative of particular smelting activities using SEM in BSE
mode.



Chemical Composition: To identify the bulk chemical composition of each
iron slag sample using energy dispersive spectroscopy (EDS). To establish
the elemental makeup of each phase within the slag by carrying out spot
analysis for each. To highlight any variability in the slag which is a result
of the chemical compounds existing during the smelting episode.
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By identifying the nature of each sample via the criteria expressed above, it
should be possible to answer a number of questions, surrounding the creation of
the iron slag. The questions that this research aims to answer are as follows


Raw materials: What raw materials were used? Where did the clay and
other raw materials come from? Which type of ore was used during the
smelt? Was there any intentional flux (such as lime) added to the charge?



Furnace Types: What type of furnace was used in each smelting episode?
Was this slag produced via a single smelt furnace?



Furnace conditions: Can aspects such as pressure, temperature and
furnace atmosphere of the furnace be recognised?

Can the furnace

temperature and viscosity of slag be inferred? Are these furnaces linked
to any particular period?


Production methods: What level of technological knowledge was required
in order to produce this form of slag? Was this an efficient or inefficient
slag?



Dating: Can the previously assigned periods for each sample be confirmed
or denied? Can a period be confirmed for any previously uncategorised
samples? Can the samples be grouped by period due similarities in
appearance and chemical composition?



Anomalies: Are there any unusual features in any of the slag sample,
which require explanation?

By implementing a systematic approach in order to answer the array of
questions suggested above, an overall picture may be formed about the nature of
metallurgical processes in Nidderdale. The recognition of varying degrees of iron
smelting across many periods and the identification of both efficient and
inefficient processes may be possible. The information held within the
archaeological slags will also help to piece together practices taking place at each
of the sites, from which they were uncovered. This could lead to the
acknowledgment of both similarities and differences between the find sites,
which in turn will help to characterise the iron smelting evidence for Nidderdale
as whole. This information can then be used as a starting point to help build a

data base for the Nidderdale slags, which can then be compared to other similar
finds across Britain.
7.0 Methodology
7.1 Sample preparation
Sample

preparation

is

essential

for

any

archaeological

investigation

implementing microscopic analysis and all specimens being studied with an SEM
follow a systematic method of sample preparation (Echelin, 2009:2).
Cutting: In order for analysis using the SEM to begin, the material under analysis
must fit inside the sample holder of the instrument. In the SEM, the sample
holder is only a few centimetres in diameter and any material larger than this
must be cut down to size. Representative samples were obtained from the large
pieces of iron slag, which form the basis of the current research. The iron slag
was cut using a low speed diamond saw to remove a small sized section. It is
extremely important that the area selected is characteristic of the entire sample,
so that accurate data can be obtained. A diamond saw is the preferred choice of
blade to carry out this task, because the extremely fine blade reduces the depth
of damage to the sample to around 10µm (Mukhopadhyay, 2003: 382).
Mounting: All samples are mounted within a low viscosity e-proxy resin to assist
subsequent surface preparation. The resin is poured into a disposable plastic
container, the same size as the SEM sample holder. This material begins as a
liquid, which permeates the sample and then is polymerised in order to form a
solid matrix (Echelin, 2009:93).
Grinding: The next step in the preparation of the samples is to grind them using a
planar grinding machine. This process reduces the damage created during
sectioning and makes sure the surface of the sample is exposed. Grinding takes
place, using decreasing abrasive/grit sizes sequentially, to achieve a surface
finish, which is ready for polishing. Coarse (600 grit) to fine (1200 grit) grit
papers were used in this investigation and were found sufficient in removing any
deformation caused by sectioning. Since the final polishing step removes very
little material, the grinding of a sample at this stage must be thorough.
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Polishing: Polishing must now take place in order to produce a flat and mirrorlike surface. This is achieved by using polishing wheels equipped with diamond
abrasive paste applied to polishing cloths. Three grades of diamond paste were
used, ranging from 6µm to1µm particle size. Polycrystalline diamonds are used
in the paste alongside polishing cloths for polishing because these exhibit a
number of tiny cutting edges, which scratch the surface of the sample, whilst
causing minimal surface damage (Echelin, 2009:66). The polishing wheels can
be rotated at different speeds in order to achieve the correct speed for the
material under investigation. Once the final polishing is complete, the sample
should display no scratches or defects on the surface giving a mirror like
appearance suitable for microanalysis.
Carbon Coating: The final step of mandatory sample preparation for analysis
using SEM, is carbon coating. In the SEM, electrically insulated specimens such as
slag absorb electrons and repel the electron beam needed for analysis. This
results in a build-up of electrical charge on the specimen, which corrupts the
images and analysis, making it difficult to produce useful results. In order to
combat this problem the sample is coated with a thin conducting film. Carbon is
the preferential choice of material for sputter coating because it has the least
detectable signal. This is important when carrying out elemental analysis using
the EDS because the carbon does not interfere with the chemical spectrum
(Murhopadhyay, 2003:386).
7.2 Methods for the scientific examination of the iron slag
The SEM-EDS is a high performance method of material analysis. This analytical
technique can be applied to investigations in numerous academic fields including
a wide range of biological and physical sciences, technology, engineering and
forensic examinations (Zhu and Inada, 2009:2275). This extremely flexible
imaging and micro-analytical system has proved particularly successful for the
investigation of archaeological material and yields excellent results when
investigating smelting process residues such as slag, which often contain
complex structures with a number of elemental phases (HMS, 2008:35).

7.3.1 Scanning electron microscopy
In this particular study a JEOL JSM-5300 SEM, was employed for the
investigation of the slag samples. The SEM comprises of an electron gun, an
electron lens system, various electron beam deflection coils, electron detectors
and an imaging and recording instrument (Patrick, 2009:227) the scanning
electron microscope creates a beam of high-energy electrons that excite the
atoms that make up each sample. Heating a tungsten wire filament to extremely
high temperatures using a strong electrical potential produces the electrons.
They are accelerated in the direction of the sample from the electron gun at a
potential difference of 0.5-30Kv (Bhusan, 2012:2280). These electrons are
focused on a single point by an arrangement of lenses, which create an electronic
ray that is scanned over the sample.

Fig. 7: Diagram of a scanning electron microscope with energy dispersive spectroscopy
(Mukhopadhyay. 2003:10)

The electron condenser lenses inside the SEM de-magnify the source of electrons
to form a tiny probe on the specimen. The lenses allow for the beam of energy to
be moved across the sample and focused on a particular point (Freestone,
1985:67). The sample is scanned with the electron beam in a raster-scan pattern
over a rectangular area, which interacts with the sample and emits several
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different signal types. The secondary electron signals produced are then
collected by a detector, processed and then imaged by a cathode ray tube, which
creates a three-dimensional image of the sample (Miljkovic, 2004:19). The
electrons also produce signals that carry information about a samples
morphology, composition and chemical properties.
7.3.2 Methods in SEM
On and below the surface of the sample certain reactions take place when the
beam of energy meets the sample. In an SEM, two kinds of signals will be
produced; secondary electrons and backscattered electrons. The appreciation of
the different modes of analysis is necessary when carrying out archaeological
investigations on the archaeological material. It is important to note the different
information that each method can convey, in order to select the most useful
mode of analysis (Freestone, 1985:67).
7.3.3 Secondary electron imaging (SEI)
Secondary electrons are emitted when the electron beam collides with the
electrons in the sample and generates the most common mode of image
formation in scanning electron microscopy. Inelastic electron scattering caused
by this collision results in the release of low energy electrons from the
immediate surface of the sample. A secondary electron detector has a positive
potential surface, which easily attracts the electrons emitted from all over the
sample surface. This low energy imaging mode exhibits two key benefits for the
investigation of archaeological material; 1) Low energy electrons are easily
collected by a detector, 2) The electrons emitted from the sample, do so from a
very thin layer of the surface sample. Only the secondary electrons positioned
close to the surface are released and therefore topographic information of the
sample can be obtained (Froh, 2004:160). This occurs because the varying
topography of the sample surface influences the total number of electrons that
reach the detector. It is the difference in the concentration of electrons, which
creates the high-resolution image of the sample morphology. If the electron
beam scans a pit in the sample then the amount of electrons emitted from the
sample is reduced and this is reflected as a dark spot on the screen. Similarly, if

the incident beam hits a raised region of the sample then it produces a bright
spot on the screen. Secondary electrons are therefore useful when studying the
morphology of archaeological materials and are particularly informative when
analysing artefacts made of wood or bone, or for the investigation of tool and
wear marks on items (Freestone, 1985:67).
7.3.4 Backscattered electron imaging (BEI)
In backscattered electron mode the instrument produces images that show a
samples surface topography, but also has the added capability of highlighting the
elemental compositions of a specimen through image contrast. In backscattered
electron mode, the secondary electrons produced by the electron gun have
returned from the surface of the sample after a number of inelastic scattering
actions. A small quantity of these incident electrons emerge from the target
surface at angle greater than 180˚. This is because backscatter electrons are
higher energy and therefore penetrate the nucleus of an atom where they are
disturbed by the electro-static field of the nucleus (Pollard and Heron, 1996: 52).
Due to this reaction, the efficiency (η) of backscattering electrons increases
alongside the atomic weight (and therefore atomic number) of the current
interacting nucleus (Froh, 2004:161). Heavier elements are more effective
electron reflectors than the lighter elements present within a sample (Freestone,
1985: 67). The different levels of x-ray production make the elements with a
higher atomic number appear brighter than those elements with a low atomic
number. Since backscattered electrons have a higher energy than secondary
electrons, data from a relatively deep area of the sample may be obtained in this
mode. The backscattered electrons are therefore (1) particularly sensitive to the
chemical structure of a specimen and (2) irregularities in the surface create a
higher intensity of returning backscattered electrons. Both these phenomena can
be observed in order to view the compositional make-up as well as the
topography of the surface. The acquisition of backscatter electron data requires
the introduction of an appropriately positioned detector arranged around the
electron beam.
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Fig. 8: Diagram of the pathways followed by BSE and SE (Witte, 2008:
www.4.nau.edu.co.uk)

The backscatter electron mode is particularly well suited to the investigation of
iron slag because; it is able to easily distinguish between the different phases and
inclusions in the specimen. Iron slag typically contains a variety of mineralogical
inclusions with varying structures, all of which are indications of the processes
employed to create them. Backscatter electron imaging mode allows for the clear
visual identification of these different phases and their structure.
7.4.1 Principles of x-ray spectroscopy
X-rays are created whenever energetic electrons infiltrate into a material. In
their normal state, the number of electrons within a sample is equal to the
number of protons that exist within the nucleus. All orbital states have fixed
energies, which are defined by the atomic number of the nucleus. The population
of the inner shells of an atom follow the ‘Pauli exclusion principle’, which
confirms that single electrons have a definite set of quantum numbers. This
means that the amount of energy in the electron shells are different depending
on which element it represents. When the sample material is excited with a beam
of energy, energy absorption from the primary beam occurs. The transferred
energy results in the removal of electrons from the inner orbital electron shells
of target atoms. The ejection of electrons from the atom creates a vacancy in the
inner structure orbit. In an attempt to revert, back to its natural state the atoms
from the outer shells drop down to fill the gaps. In the course of this reaction, a

photon with energy equivalent to that of the difference in energy levels of the
two shells may be emitted. X-ray photons produced by inner shell ionization are
characteristic of the element from which it escaped and therefore by measuring
the X-rays it is possible to determine the elemental composition of a target area
(Severin, 2004:4).
7.4.2 Chemical analysis with energy dispersive spectroscopy
The majority of SEM systems are equipped with elemental analysis systems that
allow for the identification of the samples elemental composition. As an
analytical tool, the microscope may commonly be combined with an energy
dispersive detector. The energy dispersive spectroscopy used in this study can
produce a high quality x-ray spectrum of elements within an extremely short
acquisition time. When an energy beam excites a sample, both SEI and BSE
electron signals may be produced, in addition to this a third signal in the form of
x-rays are generated. The x-rays emitted from a sample are a form of
electromagnetic radiation and their wavelength is characteristic of the energy
they possess. The electron detector implements a sensitive single crystal created
from silicon, this is drifted with lithium in order to counteract any impurities that
may exist within the silicon lattice (Brundle, et.al:126). This detector absorbs the
energy from the ejected electrons via a process of ionisation, which in turn
produces an electrical charge bias, which is proportional to the x-ray energy.
Each of the chemical elements releases a spectrum of X-rays, which are exclusive
to that element. A sample which is composed of a number of elements will emit
several X-rays, each proportional to the amount of the element present within
the targeted area (Freestone, 1985:67). The x-ray spectrum that is produced is
capable of providing semi-quantitative or in some instances qualitative
elemental analyses of the sample (Severin, 2004:5). The energy spectra is
collected and analysed by computer software, in this case PGT Spirit software
was used. All elements in the periodic table above carbon may be detected and
the minimum detection limit (MDL) for any elements possessing an atomic
number greater than Z = 11, can be as low as 0.02% w.t.
The

investigation

of

archaeological

material

using

energy

dispersive

spectroscopy is useful when attempting to gain semi-quantitative information
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about the chemical composition of entire samples and selected spot areas. In
spot mode the EDS is capable of acquiring a full elemental spectrum for any
chosen region in a matter of seconds. This is particularly helpful for the
identification of unknown areas, including complex multi-phase materials such
as iron slags. The high spatial resolution allows for the reliable identification of
the different phases in a slag sample and aids the acquisition of consistent
elemental analysis.
For the accurate quantitative analysis of archaeological samples to be achieved,
an analyst requires a set of standards to be used to create reference spectra
against which the software can mathematically compare sample spectra to
generate compositional data. The current study used standard reference
materials from a specially manufactured standard block produced by the
Department of Materials at Oxford University in order to ensure the accuracy of
the investigation. All the analytical totals were normalised in order to allow
comparisons to take place with samples of variable porosity (Paynter, 2002:20).
The average of three selected areas of each section are presented as
representative of the whole. All the iron detected in each sample is calculated as
FeO, however a small number of other iron oxides would be present in the
sample.
8.0 Slag analysis
During a smelt, slags are formed when silica (SiO₂) and iron oxide (FeO)
combine, forming a liquid that separates from the iron bloom. A slag is produced
when these two components combine; a ratio of 2:1 is required in order for
separation to occur. This means that two parts of ferric oxide for every part of
silica is lost in order to yield a slag that is fluid at around 1200˚C. Therefore iron
slags routinely demonstrate a composition of 2FeO. SiO₂. This is referred to as a
fayalitic slag which commonly displays a largely crystalline structure and often
contains small amounts of pure iron oxide - wüstite (FeO), formed by the cooling
of surplus iron within the slag. Aluminium (Al₂O₃) found within the ore, furnace
lining and/or flux combine with the silicate (SiO₂) material to form a glassy
matrix. Other elements, sodium (Na₂O), magnesium (MnO), phosphate (P₂O₅),

sulphur (SO₃), potash (K₂O), calcium (CaO), Titanium (TiO₂) and manganese
(MnO) enter the slag from the raw materials and may therefore also be present
in small quantities. The chemistry of ancient iron slags are ultimately confined by
a few integral parameters; 1) they must have a chemistry sufficient to allow
smelting to occur at these low temperatures, 2) they must have a high sulphur
removal capacity (CaO plays the most prominent role in the removal of sulphur),
3) they must maintain a low viscosity so that the slag can flow easily from the
bloom, this is automatically achieved when the first requirement is achieved
(Rehren et.al 2009:213, Waelkens & Jeroen, 1995: 275). Although most iron slags
possess these common features, it is the small differences in relative composition
amounts and structural indicators that allow for the smelting materials and
conditions to be inferred. There are many factors, which may have affected the
choices that ancient metallurgists made when carrying out smelting activities
(Humpris et.al, 2007:356). Initially it is the raw materials available in the
surrounding area, which dictates the required smelting process. Low quality
ores containing under 70% iron oxide require beneficiation and within the
furnace high quality ores, may require the addition of a silica flux such as sand to
aid separation of the unwanted material from the metallic iron. When carrying
out a smelt, ancient metallurgists must also weigh up the risk and cost of each
smelt. For example, extremely rich iron oxide ores require a stronger reducing
atmosphere to convert the iron oxide into metallic iron. This necessitates
additional amounts of fuel to provide the greater reducing conditions and
therefore increases the overall expense of the smelt (Rehren, et.al: 213). The
multitude of human decisions facing the ancient metallurgist during the entire
smelting process can have a huge impact on the resulting slag that forms. The
naturally occurring ore, gangue, flux and furnace lining all lead to the chemical
composition of the subsequent slag. Other influences include the temperature of
the furnace which is controlled by the choice of fuel and the air supply. Also the
reducing conditions of a furnace are influenced by the choice of fuel. Together
the conditions in the furnace and the chemical composition of the material have a
huge impact on the slag that is produced. It is the measurable differences in
morphological structure and elemental compositions that can be studied by
archeometallurgists in order to infer the efficiency of the smelt. Though all of
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these variables exist and greatly impact on the quality of the iron produced, it is
through technological skill that an ancient ironmaster may produce consistent,
quality iron despite the variable chemistry of the raw ingredients (Charlton et.al,
2010: 133).
8.1 Morphological characteristics and microstructure
The chemical composition of a furnace charge and the conditions within the
furnace effect how each of the phases in a slag form (Paynter, 2007: 207). As the
material within a furnace solidifies on cooling the different chemical constituents
crystallise. Therefore the types of structures that form are indicative of both the
rate of cooling and the chemical recipe of the smelt. The investigation of a slags
microstructure exposes these different chemical phases and the organisation of
the phases within a sample. All of this information is revealing of the specific
technological choices and furnace conditions.
The most common crystal structure within ancient iron slag is olivine fayalite
(Fe₂SiO4). The identification of the key characteristics of fayalite crystals, enable
for estimates of the rate of cooling and aspects of furnace design to be obtained.
Small fayalite crystals are representative of a fast cooling rate because crystals
freeze before they have time to fully form. Alternatively crystals formed through
fast cooling will often possess a skeletal or lath like form appearance. Larger
crystals having time to develop demonstrate that a slag was cooled slowly
(Humphris, 2010:47).
The cooling rate of a slag largely depends on furnace design and the whether the
slag solidified inside or outside of the furnace. The crystal structure can be used
to determine between two broad types of smelting slags; 1) tap slags and 2) non
tap slags. Slag samples that possess relatively coarse heterogeneous
microstructures are associated with slow cooling, often inside the furnace as
furnace bottoms. When slag is collected inside the furnace it slowly accumulates
in a pit below the superstructure of the furnace, as the slag fills this cavity it
enters the inactive part of furnace cooling slowly as it gathers. Most slags that
have been tapped away from a furnace during smelting are characterised by a
fine microstructure. In order for successful tapping to take place, the furnace

must been capable of reaching higher temperatures to ensure the slag remained
in a liquid state and enable tapping. Besides these two forms of ‘true smelting
slags’ another type of slag, one formed during the smithing process may also be
recognised by microstructural pointers (Freide, 1982:45).
Other common phases in iron smelting slag include wüstite or magnetite (FeO);
these crystals represent unreduced iron oxide within the sample. If the amount
of iron oxide (FeO) in a smelt mixture surpasses the required amount needed to
combine the silica and aluminium together, then the additional iron oxide
crystallises usually as magnetite or wüstite. These crystals can be recognised as
‘free iron oxides’ under microscopic investigation. Wüstite can be identified with
ease as it displays a clearly recognisable tree like structure, known as a dendrite
(Muralha et. al, 2011:1). These crystals are particularly significant pointers when
attempting to reconstruct the redox conditions within a furnace. In samples with
a high aluminium content, other less common crystals of hercynite (FeOAl₂O4)
may be visible. Although the identification of these crystals require confirmation
using elemental analysis, they can be viewed as small angular crystals within the
sample (Humphris, 2010: 48). Another important phase in the slag is the dark
glassy siliceous matrix including other minor components such as calcium oxide
(CaO) and Aluminium (Al₂O₃). The identification of the different phases within
the sample combined with the elemental analysis of the composition provides an
indication of conditions of the smelt.
8.2 Chemical composition and ternary Diagrams
In order to produce a successful iron yield, the chemical composition of a furnace
charge must enable an efficient slagging process. The overall chemistry of the
resultant slag is a reflection of the furnace conditions such as the redox level,
temperature and the viscosity. Other variable elements of the smelting process
will also have significant effects on the chemistry of a slag, therefore particular
choices made by the ancient metallurgist can be deduced.
Investigations into iron slag have clearly demonstrated that while most slags
contain numerous elemental inclusions in small amounts, they are largely a
mixture of three key oxides, FeO, SiO₂ and Al₂O₃ (Tylecote, 1987:294). The
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description of this composition using phase diagrams using only these three key
components allow for the approximate smelting conditions of each slag to be
reconstructed. After the ‘normalisation’ (summing to 100%) of the composition
this information can be presented in a ternary diagram in order to infer the
smelting temperature and viscosity of the slag. In addition the reducing
conditions within the furnace may also be reconstructed from these data. This
can be done by referencing the data attained against known standards
accomplished through investigatory research.
Raw materials: The processing of iron ores for iron production is directly related
to the creation of the slag as they are the critical accumulations of natural
impurities from the raw ingredients. Studies relating slag chemistry to ore
chemistry have attempted to ascertain the type of ore used to create particular
slags, analysing the trace elements of a slag sample and linking this to an ore
type.

The

accuracy

of

this

method

is

consistently

debated

among

archaemetallurgists as linking trace elements to ores can be affected by other
variables such as furnace lining, fuel and flux (Gordon, Paynter 2002a, 2007).
While the identification and comparison of specific ore types in Nidderdale is out
of the scope of this study, it may be possible to determine differences in ore use
amongst the set. Three key ore resources were available in the Nidderdale area,
which included carboniferous iron ore from shale beds and glacial drift and bog
iron ore. It is highly likely that each type of iron ore featured at some point on the
smelting sites and some may even have been exploited within the same smelting
episode. If a mixture of ore types were used then the recognition of the ore in the
production of the waste slag may prove difficult (Paynter, 2007:205). Without
reference material from the archaeological sites in questions, it is difficult to
infer the elemental constituents of the raw materials (ore, furnace lining) used in
the creation of these slags. This being said, general inferences about the raw
materials can be made from the compositional data. For example, if a richer FeO
ore was selected (in excess of 75 wt.%) for smelting then the presence of a large
quantity of the siliceous furnace lining would be mandatory. On the other hand if
a larger amount of quartz rich iron ore were employed then only a limited
contribution of the furnace lining would be needed (Paynter, 2002:24).

Temperature: The acquisition of elemental information when plotted onto a
ternary system can aid the interpretation of the maximum temperatures
achieved within the furnace during each smelt. Morton and Wingrove (1969)
clarify that the melting point of a slag is the moment at which the final crystalline
phase dissolves. A slag becomes molten and free flowing just above their melting
point and therefore the working temperature of the furnace would often be in
the same region as the melting point (Morton and Wingrove, 1969:1560).
Viscosity: It is known that ancient bloomery furnaces could reach a maximum
temperature of around 1400˚C and therefore the furnace charge must possess a
low viscosity for the waste product to easily separate from the bloom (Tylecote,
1987:295). The data obtained for furnace temperature may also be used to
estimate the viscosity of iron slag (Paynter, 2005:207).
Ternary Systems: It has been demonstrated that the creation of bloomery
smelting slags follow an extremely systematic pattern of formation with a highly
repetitive composition. The vast majority of iron slag plots around the fayalite
area of the FeO- SiO₂- Al₂O₃ ternary system, demonstrating relatively low
temperatures with a low viscosity and reasonable reducing conditions (Rehren
et.al, 2007:214). Ternary diagrams clearly demonstrate the limitation of varying
chemical compositions of a smelt, which is confined by the attainable furnace
temperatures of between 1100˚and 1400˚C. In a pioneering investigation,
Morton and Wingrove (1969:5538) used the ternary diagram system for
anorthite (CaO.Al₂O₃.2SiO₂), suggesting that the ternary system of anorthite was
more useful for the investigation of slag, because minor elements, such as
magnesium MgO and manganese MnO, are usually dissolved within the glassy
silicate phase. They also specified that the formation of anorthite within a slag
sample was largely dependent on the levels of CaO and Al₂O₃ available as there
was already an abundance of SiO₂ present While the anorthite ternary system
has been routinely implemented to produce successful results within
archaeometallurgical research, it’s accuracy has been debated in recent years.
Archaeologists commonly believe that the over simplification of this model, could
lead to large errors in the estimation of smelting temperature (Freestone,
1982,1988). Recent archaeometallurgical investigations using ternary diagrams
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have estimated the liquidus temperatures of slags using only the FeO-SiO₂-Al₂O₃
system (Paynter, 2007, Rehren et.al, 2007). Through an experimental slag study
Rehren et.al (2007) demonstrate that ancient iron slags may be plotted between
two optimums on the FeO-SiO₂-Al₂O₃ system diagram. A number of influencing
factors such as ore, ceramic furnace lining, tuyeres and flux alter where the
individual slags plot between these two optimums. The location of the slag
sample within the FeO-SiO₂-Al₂O₃ system ternary diagram offers insight into the
forming conditions of the slag. The investigation by Rehren et.al (2007:215)
recognised that slags plotting closer to the optimum 1 would have possessed
increased ceramic inclusions and those plotting nearer to optimum 2 would have
had surplus iron oxide. The occurrence of excess iron oxide within a slag can be a
clear indication of poor reducing conditions within a furnace. This is because the
reducing atmosphere has not been sufficient enough to convert the iron oxide
into metallic iron. On the other hand an iron poor slag may be an indication of
the removal of metallic iron during the smelt, through tapping or the addition of
aluminium or a silicate based material.

Fig. 9: FeO-Al₂O₃-SiO₂ ternary diagram system showing the two optimum positions of early
medieval smelting slag, plotting around the fayalite region of the diagram (Rehren et al
2007:212).

The melting temperature of the slag samples may also be obtained by the
comparison of other similar ternary phase diagrams (Rehren et al, 2007, Paynter,
2006 etc.). It has been demonstrated that ternary diagrams may offer important
information about the formation of slag samples. This being said there are two
key factors that may affect the results of the ternary system and must be
considered; 1) the ternary diagram systems are constructed using the main
components of iron slag. Additional components such as CaO, K₂O, TiO₂ and MnO
are omitted from the analysis, although they can often make up around 10% of
the total. Some slag samples often contain remnants of the initial furnace charge
which remained un-smelted, therefore often the bulk of slag is not equal to the
composition of the smelt. Most of the main constituents in the Nidderdale sample
equal 90%-98% of the bulk slag sample and therefore the ternary results for
samples N1a, N2, N15, N18 and N19 should provide sufficient data for analysis.
In the remainder of the samples N3, N4, N5 and N6, the three key components
equal 85%-88% of the bulk. In an attempt to provide more accurate results the
wt% of both FeO and MnO have been combined.
9.0 Results of SEM-EDS
The slag samples are initially discussed separately in order to provide sufficient
details on the individual characteristics of each. The microstructure, chemical
composition and plotted location of each on the ternary diagram system are all
examined in order to gain the most amount of information from the samples.
9.1 Slag Sample N1a: Summerbridge
Sample N1a included two separate sections within one complete block.
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Fig.10 Bulk sample N1A demonstrating large FeO inclusions and smaller iron prills (white) set
within a glassy silicate matrix (dark grey). 350x back scattered electron image.

Section 1: The first section is dominated by two clear phases, the first metal rich
FeO phase (64.53% iron oxide) set within a porous glass like phase, which
together forms the bulk sample. No fayalitic crystals can be seen within this
region and the large areas of unreduced iron oxide and other smaller prills are
the key features. The large metallic iron inclusion which can be seen in the
bottom right of Fig.10 is around 5mm in diameter and clearly visible by eye. The
presence of excess iron inclusions indicates that the iron that has failed to come
together as a bloom upon smelting, demonstrating poor separation between
metal and slag. This, along with the heterogeneous nature of the overall sample
suggest that a less efficient process created this particular slag.
Bulk EDS analysis of this section demonstrates a high iron oxide content of
61.21% and lower quantities of silica (25.80% SiO2) and aluminium (5.85%
Al₂O₃). This section also contains small amounts of sulphur (1.99% SO₃),
titanium dioxide (1.05% TiO₂) and manganese (1.13% MnO). The high iron oxide
is largely due to the high levels of metallic iron inclusions within this sample.
Section 2: It is difficult to distinguish any real microstructure from this bulk
section of the sample (Fig.11). The fayalitic material appears mixed with the
silica glass, and a small iron prill can be seen set into the matrix.

Elemental analysis reveals a high level of aluminium (19.79%), high levels of
Silica (50.48%) and drastically low iron oxide (23.18%).

Relatively high

amounts of potash (1.83%), titanium dioxide (2.27%) and manganese are
evident in this region of the sample.

Fig. 11: Heterogeneous sample with very porous structure and large metallic iron prills. 350x
magnification under backscattered electron imaging.

Overall the slag was of an extremely heterogeneous nature, exhibiting minimal
crystal structures within the overall sample and the typical ferrous-silicate glassy
matrix is the main component in most areas. The sample has unusually high
amounts of metallic iron inclusions, signifying great losses of iron during the
smelt.
EDS analysis of this sample shows the average content of the key oxides being
low in iron oxide at 39.19%, high in silica at 41.98% and a high aluminium
content overall at 11.99%. The high levels of aluminium could have entered the
slag from the natural occurring iron ore or may have been added intentionally.
The presence of high levels of aluminium would have ultimately resulted in
difficult smelting conditions that are corroborated by the microstructure of the
slag.
When plotted onto a ternary diagram the position is relatively higher than the
rest of the samples, resting way above the optimum 1 for smelting slags. The
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samples lie between the iron cordierite regions of the ternary diagram (Table 1)
and would have a melting point of around 1078˚-1205˚C. This information would
also agree with the view that this was an inefficient slag; the high viscosity of the
sample would have required higher melting temperatures and therefore could
have been exhaustive on resources such as fuel. This slag represents an
inefficient process and would have led to higher losses of iron, as demonstrated
through the large iron oxide inclusions.
9.2 Slag Sample N2: Kirkby Overblow
Sample N2 is an extremely homogenous sample, with fayalitic olivine being the
main component overall. The crystals of fayalite are clearly visible as extremely
large euhedral grains set within a glassy matrix.

Fig. 12: Sample showing large euhedral fayalitic crystals and underdeveloped feathery fayalite
(grey), set within a glassy matrix (black). A number of dendritic wüstite (white) and visible
crystals of hercynite (black). 350 x back scattered electron imaging.

The size and shape of the grains demonstrate slow cooling, most likely within the
enclosing walls of the furnace. A smaller quantity of underdeveloped feather-like
fayalite crystals can also be seen set within the glass. Further well-formed
crystals of hercynite rich magnetite also dispersed throughout the entire sample,
in both the fayalitic and glass phase. Hercynite spinels form when there is a high
aluminium content within a slag and can be identified microscopically by their

tetrahedral and octahedral crystal shape. The bottom right corner of the image
shows wüstite dendrites, which along with the inclusions of hercynite suggests
poor reducing conditions within the furnace.
The presence of hercynite rich magnetite was confirmed by elemental analysis.
Hercynite crystals have an average aluminium content of around 60% and
elemental spot analysis revealed around 46.12% aluminium leading to the
conclusion that these crystals are hercynite rich magnetite. Compared to the
other samples, N2 displays higher levels of iron oxide at 57%, however this is
well within the range expected for iron smelting slag. Small amounts of
magnesium oxide (1.19%), phosphate (0.65%), potash (1.46%), lime (0.78%)
and titanium dioxide (1.91%) are also present. When plotted onto the FeO-SiO₂Al₂O₃ ternary diagram system (Fig.12) the sample plots directly between the
fayalite and hercynite regions. These plots are compared to the ternary systems
proposed by Rehren et. al (2007) (Fig.9). Although outside the optimum zone for
smelting slag, this sample would have formed under relatively efficient
conditions with an easily attainable melting point of around 1200˚. Even though
large amounts of iron oxide were sacrificed in the smelt it was overall a relatively
effective smelt.
9.3 Slag Sample N3: Spofforth
This sample is similar to N2 and demonstrates large well-formed fayalite crystals
set within a silicate groundmass. The glassy matrix is precipitated by the iron
oxide wüstite, which presents as dendritic tree-like structures. The wüstite also
appears as oval shaped inclusions, this occurs when a dendrite is cut in the
creation of the section (Fig. 12). This sample is extremely similar to N2 in the
dataset due to the relatively high volume of dendrites dispersed throughout it.
Elemental analysis of this sample revealed a few interesting inclusions. Spot
analysis confirmed the smaller crystals to be hercynite rich magnetite. The
composition of which was mainly comprised of aluminium (48.85% Al₂O₃) and
iron oxide (45.66%. FeO). Iron aluminium oxide crystals are indicative of excess
aluminium in the smelt. The sample also contains a high level of lime (5.48%
CaO) indicative of lime being added to the smelt. Spot analysis reveals that the
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high lime content occurs in the glassy silicate phase, which contains 11.71%,
calcium oxide

Fig. 13 large crystals of fayalite, other crystallising fayalitic material can be seen dispersed
throughout and appears as feather like crystals (dark grey). Wüstite dendrites and globules also
present (white) with some porosity (black) and hercynite rich magnetite crystals (dark grey) set
within a glassy matrix. 350x magnification under back scattered electron imaging.

When plotted on the FeO-Al₂O₃-SiO₂ phase diagram, the slag rests just within the
hercynite region of the diagram and out of the optimum zones for smelting slags.
The position of sample N3, places it within an area that requires slightly higher
operating temperatures. Samples plotted in the hercynite region are inclined to
the development of aluminium rich phases, demonstrated in a number of the
Nidderdale samples. This inference is substantiated by the microscopic evidence,
which demonstrates a less efficient process, dominated by unreduced iron
oxides, wüstite (Fig.13) and hercynite or hercynite rich magnetite.
9.4 Slag Sample N4: Hartwith Birchfield
The microstructure of the slag shows a dominance of fayalitic laths, all resting in
a single clear direction. The crystals shown are indicative of tapping and
relatively fast cooling outside of the furnace. A small amount of dark grey
crystals are present (Fig.14), once again they are possibly hercynite rich
magnetite suggesting a high content of aluminium. There are virtually no free

iron oxides within the sample suggesting good reducing conditions and therefore
indicates effective smelting conditions.

Fig. 14: Four identifiable phases, fayalite laths (light grey), magnetite spinel’s (dark grey) with
some zoning and a glassy matrix (grey) displaying fine feathery grains of fayalite crystals. 350x
magnification at backscattered electron imaging.

The chemical composition is in keeping with the common ranges for iron
smelting slag, with the three key oxides dominating, aluminium 10.84%, silica
27.18% and iron oxide 49.80%. As with the majority of the samples the
aluminium content is relatively high, when compared to other ancient bloomery
slag from other sites across Britain (Paynter, 2006). High levels of the minor
constituents are also present manganese 2.06%, potash 2.26%, lime 3.03% and
magnesium 4.15%. The EDS spot analysis carried out on this sample did not
confirm the dark grey crystals to be hercynite rich magnetite, however the
elemental composition is extremely similar to that of the surrounding glass
phase. This is quite possibly an error caused by the poor positioning of the cross
hairs when carrying out the energy dispersive spectroscopy analysis. When
plotted on the FeO-Al₂O₃-SiO₂ phase diagram, the slag sample N4 overlaps the
fayalitic and hercynite regions. This suggests an effective technological process
producing adequate amounts of iron with low slag smelting temperatures and
moderate viscosity to allow tapping from the furnace.
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9.5 Slag Sample N5: Lamb close
An extremely homogeneous sample displaying similar phases and crystal
structures across each of the three areas investigated. The arrangement of
skeletal fayalite laths (Fig.15) represents a tapped slag, the lack of other
inclusions within the slag indicate that it was an efficient process. The broken up
laths represent partial melting after recrystallization has occurred showing it
cooled outside the furnace after being tapped.

Fig. 15: Sample N5 displaying Elongated broken up crystals of fayalite lath appearing as feather
like needles, set within the dark grey silicate matrix, amongst additional underdeveloped
crystals. 350-x magnification under back scattered electron imaging.

Elemental analysis of this sample shows average quantities of aluminium
(10.64%), silica (33.93%) and iron oxide (42.35%). A high amount of lime
(5.63%) was identified, although this is not unique to the Nidderdale data set
with another three sample (N3 N7 and N15) all displaying similar levels of lime.
Once again relatively high levels of magnesium (2.80%), potash (1.39%) and
manganese (1.84%) exist within the slag sample. When plotted onto the FeOSiO₂-Al₂O₃ sample N5 lies directly within the optimum 1 for iron smelting slag.
Slags formed in this region have a melting temperature of around 1200˚ C, which
offers a maximum slag fluidity in relation to the output of energy.

9.6 Slag sample N6: Lamb close

Fig.16: Dense fayalitic region (light grey), globules of iron rich wüstite (white) set within a glassy
matrix (dark grey), some inclusions of. (Dark regions). 350-x magnification under back-scattered
electron-imaging mode.

This sample demonstrates an extremely dense iron rich fayalitic region across all
three areas investigated. Whilst large, the anhedral fayalitic crystals (Fig.16) are
poorly formed and have no real structure at all. Also present are large blobs of
iron rich material set within the glassy silica groundmass. This slag specimen
was recovered at the same site location as sample N5 and have such been dated
to the same period, however the morphological characteristics of both samples
are very different. This suggests that they were created under very different
conditions.
Elemental analysis of the sample indicates typical levels of aluminium (10.64%),
silica (33.93%) and iron oxide (42.35%). However, much like the majority of the
samples it is relatively high in aluminium and low in iron oxide. High levels of
manganese (4.95 % MnO) has been identified within the fayalitic crystals, similar
results have been obtained for samples N4 and N18. Since manganese is included
within the FeO content of the phase diagrams the effects of this element in high
levels can be suggested. When plotting this sample N6 on the ternary diagram
system, FeO-SiO₂-Al₂O₃, it rests within the optimum 1 for iron slag smelting. This
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is undermined by the presence of wüstite in the sample, which suggests that an
ideal bloomery operation was not achieved during this smelt.
9.7 Slag Sample N7: Beamsley
Elongated crystals of fayalite, broken up and partly dissolved in the silicate
groundmass, also appearing as feathery needle like structures. The flowing
structures of these crystals also suggest it was tapped. Once again crystals of
hercynite rich magnetite present themselves throughout the sample. This sample
is very similar in appearance to sample N4 (Fig. 14).
The elemental composition of the sample once again, reveals high levels of
aluminium (12.36%), a clear trend amongst the Nidderdale slags. This is
accompanied by high levels of calcium oxide or lime (6.09%), which has been
evidenced in a number of the samples (N3, N7, N15). The FeO-SiO₂-Al₂O₃ phase
diagram for sample N7 rests in the hercynite region of the ternary system, just
below the optimum 1. The melting temperature would be relatively low around
1100˚C and the chemical composition would yield sufficient levels of iron from
the smelt. The existence of no free iron oxides in the sample confirm an effective
and skilful smelt
9.8 Slag Sample N15a: Sykes Bank
This is an extremely homogeneous sample displaying similar microstructural
features across each bulk areas investigated. Elongated fayalite crystals with
additional feathery fayalitic structures are the most prominent phase, both set
within the silica groundmass. The moderate crystal size is indicative of fast
cooling and the structure demonstrates a tapping furnace created this particular
slag. The lack of any other metallic inclusions such as magnetite, suggests both an
effective reducing atmosphere and a skilled overall smelting process. This
sample is extremely similar in microstructural composition to sample N5.
Elemental analysis of the three main oxides in the sample demonstrates a similar
chemical composition to the rest of the Nidderdale samples; 12.36% Al₂O₃,
32.7% SiO₂ and 43.02% FeO. The sample is particularly rich in minor inclusions,
most notably the lime (6.74% CaO) content is considerably higher than in the
majority of samples. On the ternary system the sample plots into the iron

cordierite region and has a melting temperature of around 1205˚C. While resting
a little higher than the optimum 1 zone, the overall morphological and chemical
composition of the sample, demonstrates an extremely efficient slag.
9.9 Sample N18: Ivy House Farm

Fig.17 Large cathedral crystals of fayalite (grey) distributed throughout the silica glass (black),
additional feathery devritrification of fayalite interspersed amongst the matrix. Small crystals of
hercynite rich magnetite (dark grey). Backscattered electron image at 350x magnification.

Large subhedral fayalite crystals can be seen displaying a clear directional
orientation, indicative of a moderately cooled tapped slag. Small poorly formed
crystals of a low atomic number are also dispersed throughout the slag. The lack
of free iron oxides indicates sufficient reducing conditions within the furnace
(Fig.17).
EDS analysis reveals that the 53.32% iron oxide content of this sample is
relatively higher than in the rest of the samples from Nidderdale. Although
compared to other data sets from Britain, the iron oxide content is relatively low,
with standard amounts ranging from 40-70%. The other key oxides rest within
limits more typical of bloomery smelting slag; aluminium 7.89% and silica
29.62%. The other minor components are also within typical limits, although the
sample does display relatively high amounts of manganese (5.54%). Rehren et.al
(2007:212) describes the two key technological methods that can lead to the
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formation of this desirable iron poor eutectic. The first is by removing more iron
from the slag through stronger reducing conditions inside the furnace. The
second is to add more aluminium and silica to the charge, usually by positioning
ceramic tuyeres into the furnace so that the material melts away.
The slag sample sits well within the fayalitic region of ternary system FeO-SiO₂Al₂O₃. The position suggests low melting temperatures and low viscosity. The
microstructure, chemical composition and position within the phase diagram all
support the conclusion that this slag is indicative of an efficient smelting process.
9.10 Sample N19: DIAS 7 N

Fig. 18 large poorly formed iron oxide crystals (light grey) set within a silicate groundmass (dark
grey). Backscattered electron image at 350x magnification.

Sample N19 was recovered from the Dacre Iron Age Smithy and has been
preliminarily categorised as an Iron Age Slag. The microstructure of this
particular slag is noticeably different to the others being investigated. This
sample is extremely porous with two main phases visible in the microstructure,
however there is no clear separation of these two phases as they appear to be
mixed into one another (Fig.18).
EDS analysis reveals a very different chemical composition than the other
Nidderdale samples. While the slag demonstrates usual quantities of silica
(39.83%) and iron oxide (56.61%), it is extremely low in aluminium (1.94%).

This is in stark contrast the noticeably high levels of this material evidenced
throughout the rest of the Nidderdale data set. Additionally the minor
constituents are all displaying very low values; phosphate 0.04%, sulphur 0.04%,
potash 0.84%, calcium 0.25%, titanium 0.11% and manganese 0.19%. Other
elements, sodium and magnesium oxide, are below detectable limits for the EDS.
This sample is therefore is unique to the Nidderdale set for its high amount of
iron oxide and low quantities of the remaining elements. Spot analysis of the two
identified phases show an almost identical chemical composition for each,
supporting the view that this sample is a ferrous-silicate agglomerate.
The chemical composition of the slag on the FeO-SiO₂-Al₂O₃ ternary phase
diagram plots in the Ferro silicate region of the diagram with a melting
temperature of around 1200˚C. Easily achievable in Iron Age bloomery furnaces,
this slag appears to be indicative of very early smelting practices.
10. Discussion
10.1 Discussion of the microstructures
A number of revealing morphological features can be perceived within all of the
iron slags from across Nidderdale. The results of each phase will be discussed
separately, so similarities and differences amongst the samples may be
recognised.
Fayalite: The most indicative phase within bloomery slags is the fayalitic olivine
crystals. The fayalite inclusions range from small skeletal laths to large wellformed crystals. It has previously been demonstrated within this report that the
size and distribution of fayalite within a sample is suggestive of typical furnace
types, such as tapping and non-tapping. Only a small number of the samples from
Nidderdale are from non-tapping furnaces. Larger well-formed crystals
demonstrate slower cooling; generally this is indicative of slowly cooling slag.
Slowly cooled slag often occurs inside a furnace structure that does not possess
tapping capabilities. A non-tapping slag usually exhibits a coarse heterogeneous
microstructure (N1 and N19) due to the accumulation of slag residues at the
bottom of the furnace. A general assumption is that non-tapping furnaces
represent early examples of furnace designs. Evidence of non-tapping furnaces
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have been found in Nidderdale at the DIAS and were recognised as pits in the
ground, some still containing ancient smelting residue. On the other hand,
underdeveloped crystals are clearly representative of fast cooling. When a slag
cools quickly the material set before the fayalite crystals have had enough time
to fully develop. Fast cooling of a slag usually happens outside of the furnace and
represents tapped slag. The majority of the Nidderdale samples studied here are
tapped slags, which tend to have a more homogeneous microstructure and fine
fayalite crystals (N3, N4, N7, N15, N18). Tapped slag samples require a low
viscosity in order for the slag to easily flow from the furnace during tapping, this
creates a more homogeneous slag microstructure (Paynter, 2006:208).
Wüstite: Another important microstructural feature of iron slags in the presence
or absence of wustite dendrites. A number of the Nidderdale samples (N2, N3)
display this characteristic phase. Wustite dendrites only occur in slag samples
with a surplus of iron, beyond that which reacts with the silica. The appearance
of wüstite dendrites is therefore a clear indication of a heavily reducing
atmosphere within a furnace.
Spinel: A number of the Nidderdale samples contain a significant amount of
spinel. These present as small well-formed crystals with a low atomic number
and appear in back-scattered electron mode as dark grey inclusions. Spinel can
be evidenced within a number of the Nidderdale samples N2, N3, N4, N18, N7, as
small euhedral crystals (from 5µm-40µm). They occur as inclusions set within
both the fayalitic crystals and the glassy matrix. The presence of the spinel,
hercynite or hercynite rich magnetite is typical of iron slags created from
carboniferous ores with high aluminium content. Morton and Wingrove, (1972:
483) demonstrate that the slags produced by smelting this ore have a common
spinel microstructure.

Other samples N5 and N15, which display a high

aluminium Al₂O₃ content, do not show hercynite crystals in the microstructure.
The presence of a higher lime content may have inhibited the formation of
hercynite (Morton and Wingrove, 1972: 485). No wüstite crystals are present in
these samples reflecting an efficient process for smelting carboniferous ores.

10.2 Discussion of the chemical composition
All iron slags are primarily composed of three major oxides; iron, silica and
aluminium. Elemental analysis confirmed that these three key components of
iron slag broadly fall within the typical limits for smelting slag.
Whilst the samples stay within the common ranges for iron slag in Britain, on
average they are all relatively high in aluminium, (in excess of 7wt%). Sample
N19, is the only exception to this and shows an extremely low aluminium content
(1.94%). The very high quantity of aluminium is reflected in the abundance of
hercynite in a number of Nidderdale samples. Morton and Wingrove 1969, 1972
believe that slags rich in hercynite are indicative of medieval iron smelting slags.
They attribute the increased level of aluminium to the smelting of clay stone ores
from carboniferous coalfields common in the medieval periods. The exploitation
of such material in Nidderdale has been evidenced through historical and
archaeological accounts (Speight 1989, Brophy and Hovell 2010 and Brophy
2012). Spinel rich smelting slags are commonly connected to the intensification
of smelting practices and the introduction of water powered bloomery around
14th – 15th centuries (Dungworth, 2010). Evidence for a water powered bloomery
or 17th century ‘smelt house’ has been uncovered during the Nidderdale
excavations. The samples displaying a hercynite rich content would have been
difficult to smelt without the use of a water-powered bloomery because the
liquidus temperatures of the slags rise rapidly. The presence of these particular
elements in large quantities making up almost 19% of the entire sample
demonstrates some form of technical manipulation by the smelter. The
introduction of these components into a smelt show clear technological
knowledge and skill because the microstructure is that of a highly controlled and
effective smelt. The silica content of each specimen is relatively high, between
26.5 - 42 wt%, and the samples exhibit moderately low levels of iron oxide (3857wt%). The comparatively low iron oxide content of the samples is consistent
across each slag specimen regardless of period. When combined the silica and
iron oxide content accounts for 72-97wt% of each slag. The different ratios of
SiO₂-FeO for the Nidderdale samples are shown in Fig.19, which demonstrate a
set of samples with very different chemical compositions overall. This suggests
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variation in the raw resources used to create these slags, an indication of slags
from different periods.
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Fig. 19 Plot of silica and iron oxide concentrations for the analysed slag samples

Paynter 2006, recognised that regions throughout England have distinct
geological resources, which has led to the formation of compositionally distinct
sets of slag. In the investigation ‘regional variations in bloomery smelting slag of
the Iron Age and Romano-British periods’, Paynter documented a number of key
factors that impact the overall elemental configuration of a smelting slag. Firstly
the chemical composition of the ore is a key contributor to the slag and the
utilisation of the same type of ore such as bog iron etc. from a single region leads
to regionally distinctive data sets. However when attempting to identify the type
of iron ore commonly used during smelting, other factors may affect the results
gained from EDS. For example, the recognition of a lime rich slag could be
indicative of a lime rich ore, alternatively it could suggest the addition of CaO
from a lime rich furnace lining. Unfortunately this would be difficult to ascertain
with the Nidderdale samples as no data has been retrieved to date on the
elemental composition of the different furnaces. However, it is known that many
of the later medieval furnaces were constructed using stone, which would lead to
limited additions from the furnace.
The glass phases of the samples vary from very small interstitial amounts (fig.
14) to the large bulk of some samples (fig. 10.) The chemical composition of the
glass phases were analysed using EDS and the samples displayed the expected
concentrations of SiO₂-Al₂O₃-FeO, with these three components making up 75-

97wt% of the samples. In the samples showing lower concentrations of these
three oxides (N3, N4, N5, N7, N18), higher levels of lime CaO were found to be
present in glass phases (4.92-11.78wt%). Since the samples N3, N4, N5, N7, N15,
N18 contain the unusually high amounts of lime, it would be acceptable to
suggest a shift to the use of a lime rich ore from the medieval period onwards.
Paynter, (2006: 272) demonstrates that other resources such as charcoal can
affect the chemistry of a slag. Ash from charcoal embedded within slag can be
suggestive of the type of wood species used. For example tree species such as
beech, pine and oak are rich in elements such as CaO (lime), K2O (potash) and
MgO (magnesia). Other minor inclusions such as MnO (manganese) and P2O5
(phosphorus) may also be evidenced. A programme of chemical analysis of the
charcoal samples found during the Iron Age (Nidderdale) excavations, would
help to establish elemental inclusions from the fuel. At present it is difficult to
determine a distinctive regional trend for the Nidderdale slags. While a number
of trends have been established amongst the Nidderdale slags (high aluminium
and silica content and low iron oxide), the current data set is not big enough to
successfully confirm a characteristic database for Nidderdale. There is a great
deal of variation of both major and minor elements in the Nidderdale samples,
suggesting a clear shift in raw resources from the medieval period onwards. The
utilisation of a different ore over time, is possibly the best explanation for the
striking differences in chemical composition between particular Nidderdale
samples. It seems reasonable to assume that the utilisation of the wood species
and clay resources would be relatively constant over long periods of time,
however the shift from clay furnaces to ones built from stone should be
considered. Further slag analysis should be carried out on more slag samples
from this region in an attempt to form a clear picture of smelting technology for
each period, beginning with the Iron Age. Once a strong data set has been
achieved for each period in Nidderdale, comparisons between other sites in
Britain may be more successful. A number of the minor elements however do
demonstrate some unusual concentrations indicative of specific conditions. Some
of the elements such as magnesia, phosphorus, lime, aluminium and titanium in a
number of samples are present in notably different amounts.
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Fig. 20 Coefficient graph showing the level of variation between the Nidderdale samples

Distinct differences in elemental quantities of the minor inclusions can be seen
amongst the data set. This could be due to the period range of the slag samples
from Iron Age to medieval, signifying a change in resources and/or technology
over time. The majority of the Nidderdale samples show elevated levels of
manganese (1.22-5.54 wt% MnO) excluding samples N2, N3 and N19 which are
all within typical limits. High levels of manganese can enter the slag from a
number of sources, namely the ore, furnace or fuel.

Investigation into the

elemental composition of the raw material resources would be beneficial in
determining the source of these high concentrations of manganese. A number of
the iron slags (N3, N5, N7 and N15) have a high calcium oxide (lime) content. The
existence of lime in a smelt recipe improves the overall yield. This could
therefore have been added intentionally as a flux or may have derived from the
iron ore. The addition of a lime flux was common in the medieval period to
improve the quality of the iron bloom, however a consequence of additional lime
is higher melting temperatures. Earlier furnaces were not capable of achieving
the higher melting temperatures required to effectively smelt the lime rich
furnace charge. Only with the introduction of water powered bloomeries in the
medieval period, could the necessary temperatures be reached. Slags
demonstrating high levels of lime can therefore be assigned to the medieval or
post medieval period. The Sample N15 was previously of unknown date,

however it can be assumed with confidence to date from the medieval to post
medieval period. The high levels of lime in sample N15, along with morphological
indicators of an efficient process suggest this date. Other minor elements that
can be seen in higher quantities in the majority of samples include potash (1.392.47%) (excluding N18 and N19) and titanium (0.5-1.91%) (excluding N2, N4,
N5 and N19).
Sample N19 is particularly unusual because it shares no commonalities with any
of the other samples from Nidderdale and stands alone. This sample is more in
line with typical values for other slag samples across Britain. This sample
recovered from the Dacre Iron Age Smithy, represents the earliest forms of iron
smelting in this region, one entirely different from later practices in the area.
Further analysis of slag samples of different dates from Nidderdale will help to
confirm if this is a distinct regional trend.
10.3 Discussion of the ternary diagram results
When plotted onto a ternary diagram, the elemental analysis of each slag offers
some information about the likely furnace conditions. The temperature, redox
levels and viscosity of each sample can all be inferred from this data (Dungworth,
2009:16). When plotted onto the FeO-Al₂O₃-SiO₂ diagram the slag samples
appear dispersed throughout three regions.
Fayalite: Samples N6 and N18 clearly fall within the fayalite region of the sample,
with N18 resting close to the hercynite-fayalite divide. Slags within the fayalite
region have a low melting temperature of around 1088-1205˚C, a low viscosity
and suitable reducing conditions formed in the furnace. When comparing this
data to the SEM images obtained in backscattered electron mode, sample N18
shows large fayalitic regions and small spinel inclusions. Chemical analysis of the
small spinel crystals confirm them to be hercynite, which is reflected in the close
proximity of this sample to the hercynite region. Sample N6, also possesses a
dense fayalitic region, with large inclusions of metallic iron, suggesting large
amounts of iron were lost during this smelting episode.
Hercynite: A number of the samples fall within the hercynite region of the ternary
diagram (N2, N4, N3, N6, N7), which can be seen in fig. Plotting all slag in this
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Al2O3-SiO2-FeO ternary diagram suggests that the furnace was operated at
attainable temperature of 1150-1200˚C. The high aluminium content of these
iron poor eutectic slags demonstrates that the operators had a good knowledge
of iron smelting practices and produced a good yield from a high aluminium ore.
Hercynite-Iron Cordierite: Sample N1 rests between the hercynite- iron cordierite
divide.
Optimum 1: Sample N5 sits directly within the optimum 1 zone for smelting slag,
set out by Rehren et.al 2007. This sample would be liquid at around 1200˚C, with
a low viscosity and ideal reducing conditions. The morphological analysis of this
sample (Fig.15) reflects an efficient slag produced through a high level of
technological skill. While N15 rests within the iron corederite region of the
sample, it also lies just within the optimum 1 zone. This sample shares the
distinctive morphological traits of sample N5 and therefore they have been
grouped together.
Iron Cordierite: Sample N19 lies within the iron cordierite area of the ternary
phase diagram, with a melting point between 1178-1470˚C with a high quartz
content. The sample would be highly viscous and difficult to control.
Table 2.
Sample

Site

Age of slag

Temperature

Possible flux

Furnace
atmosphere

n/a

Position
on ternary
diagram
Iron
cordieritehercynite
Hercynite

N1a

Summerbridge

???

1178-1205˚

n/a

N2

Kirkby Overblow

Medieval

1200˚

N3

Spofforth

Medieval

1205-1300˚

n/a

Hercynite

Poorly reducing

N4

Hartwith Birchfield

N5

Lamb close

Medieval

1200˚

lime

Hercynite

reducing

Post medieval

1088-1205˚

lime

reducing

Lamb close

Medieval

1088-1178˚

n/a

Optimum
1
Fayalite

N6
N7

Beamsley

Medieval

1088˚

lime

reducing

N15

Skyes Bank

Medieval

1178˚

lime

N18

Ivy House Farm

Post medieval

1088-1205˚

n/a

N19

CS201 2011 05. 17
DIAS

Iron age

1178-1470˚

n/a

Optimum
1Hercynite
Iron
coredrite
HercyniteFayalite
Iron
coredrite

Roasting
efficiency

reducing

High
(-0.6%)

reducing

High
(-0.92%)
High
(-0.65%)
High
(-0.985)
High
(bd)
High
(bd)
High
(-.91%)

Poorly reducing

reducing
reducing
n/a

High
(-.0.90%)
High
(-.0.87%)
High
(0.96%)

‡ - low roasting efficiency corresponds to S total > 1wt%, whereas high roasting efficiency corresponds to S total < 1wt% in slags

11. Conclusion
The archaeometallurgical analysis of a small number of iron slag samples from
different sites across Nidderdale offer a glimpse into the smelting practices of

this region. Information ascertained on both the microstructural features and
chemical composition of the slag has led to the general understanding of the
resources and technologies employed. The investigation was largely successful in
answering a number of research questions, including the types of ore, flux and
furnace conditions. The elemental character of each sample was identified and
applied in order to reconstruct aspects of smelting process such as the individual
furnace conditions. The elemental analysis of the samples, also led to the
acknowledgement of some distinct traits for the Nidderdale area. This
information can then be incorporated, along with future analysis in this area to
form part of a regional data base of iron slags. In order to build a fully
comprehensive view of iron smelting technologies across the Nidderdale area,
further investigations into the elemental analysis of the raw materials should be
carried out. Elemental analysis of possible ore sources, charcoal and clay
resources in the area will help to understand the origin of elemental variations
with the iron slags. The examination of larger quantities of slag samples from in
and around Nidderdale, will help build a reliable database of samples for this
area. The formation of regional databases detailing the varying elemental
compositions of bloomery slag and the raw resources has a range of useful
applications with archaeological investigations (Paynter 2006, Dungworth
2010). Easy access to this information can allow for the comparison of smelting
across Britain and other areas. Distinct elemental compositions of slag, dictated
by the local resources will also transfer into the resulting bloom used in the
formation of objects. These data can also be used as a way to provenance any
important iron objects, serving to extract as much important information from
exceptional artefacts. By gathering detailed information through slag analysis,
regionally distinct characteristics can be recognised. It is through the creation of
regionally distinct data bases on the macro level that archaeologists can hope to
build a true picture of the ancient practices throughout the prehistoric periods.
Nidderdale has so far proved a pivotal site for the understanding of iron smelting
in North Yorkshire. No other sites of this kind have been discovered in this
region and the extraordinary preservation of furnace structures from as early as
the Iron Age, offer remarkable possibilities for the understanding of iron
smelting. The information gathered from the current metallurgical sample is
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supported by archaeological evidence from the Nidderdale excavations. Further
archaeological investigation of the Nidderdale material offers great potential for
the future.
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Appendix 1
Table 1: EDS slag analysis results from Nidderdale
Sample
N1A

N2

N2

N3

N4

N5

N6

Area

Na₂O

MgO

Al₂O₃

SiO₂

P₂O₅

SO₃

K₂O

CaO

TiO₂

MnO

FeO

Bulk 1

bd

0.04

5.85

25.80

1.76

1.99

0.78

0.45

1.05

1.13

61.21

Bulk 2

bd

0.07

19.79

50.48

bd

0.19

1.83

0.84

2.27

1.33

23.18

Bulk 3

0.02

0.14

10.34

49.68

0.21

0.65

1.77

1.06

2.43

3.44

30.19

Mean
Bulk

0.00

0.08

11.99

41.98

0.65

0.94

1.46

0.78

1.91

1.96

38.19

Bulk 1

0.12

0.67

10.18

27.30

0.96

0.07

2.07

1.62

0.33

0.80

55.82

Bulk 2

0.02

1.62

10.09

26.47

0.30

bd

1.34

0.88

0.30

1.00

57.91

Bulk 3

0.19

1.28

8.11

28.29

0.55

0.05

1.99

1.19

0.31

0.69

57.30

Mean
Bulk

0.11

1.19

9.46

27.42

1.44

0.08

2.07

1.23

0.31

0.83

57.01

Fayalite

bd

0.08

0.97

27.78

0.09

Bd

0.12

0.60

0.24

0.87

69.22

Wustite

bd

bd

5.88

9.24

0.54

0.37

1.96

1.13

7.76

Bd

72.89

Grey

bd

0.43

46.12

1.79

0.04

0.02

0.17

0.08

1.29

0.09

49.92

Bulk 1

0.35

1.88

11.25

25.25

2.06

0.30

2.14

4.61

0.20

2.11

49.80

Bulk 2

0.89

0.09

9.79

27.05

3.28

0.68

3.38

7.42

0.62

1.21

45.55

Bulk 3

0.53

1.40

7.36

27.46

1.90

0.07

1.80

4.42

0.66

1.47

52.87

Mean
Bulk

0.59

1.12

9.46

26.5

2.41

0.35

2.44

5.48

0.49

1.59

49.40

Glass

1.10

bd

16.09

35.10

1.58

1.74

8.04

11.71

0.97

0.08

23.54

White

bd

0.04

4.66

6.18

1.45

0.36

0.39

2.85

4.86

0.71

78.44

Grey

bd

2.19

48.85

0.93

Bd

Bd

0.14

0.16

1.39

0.64

45.66

Fayalite

0.70

5.47

0.94

29.05

0.36

0.12

0.35

0.79

bd

2.66

59.51

Bulk 1

bd

2.06

11.22

27.13

0.33

bd

2.19

2.99

0.44

4.23

49.36

Bulk 2

bd

1.92

10.25

27.57

Bd

bd

2.22

3.00

0.07

4.16

50.78

Bulk 3

bd

2.21

11.05

26.84

0.87

0.07

2.39

3.12

0.07

4.06

49.28

Mean
Bulk

bd

2.06

10.84

27.18

0.4

0.02

2.26

3.03

0.19

4.15

49.80

Fayalite

bd

7.04

1.97

28.08

0.14

0.03

0.12

0.56

0.06

5.23

56.72

Grey

0.23

bd

11.55

30.84

2.04

1.79

5.99

6.47

0.75

2.57

37.55

Glass

0.03

bd

13.49

29.83

2.04

1.98

6.13

7.88

1.16

2.24

35.15

Bulk 1

0.29

2.43

11.34

34.16

1.35

bd

1.54

5.95

0.26

1.82

41.80

Bulk 2

0.17

2.85

10.31

33.94

1.15

bd

1.27

5.68

0.29

1.56

42.73

Bulk 3

0.16

3.13

10.27

33.7

1.17

bd

1.38

5.27

0.17

2.14

42.53

Mean
Bulk

0.20

2.80

10.64

33.93

1.22

bd

1.39

5.63

0.24

1.84

42.35

Fayalite

bd

8.23

0.98

30.33

0.01

bd

0.04

0.64

bd

2.35

57.41

Glass

0.43

0.45

15.42

40.21

2.32

bd

2.84

10.89

0.07

1.20

25.84

Feather
y grains

0.27

0.65

16.12

37.02

1.84

bd

1.64

9.35

0.66

1.26

31.13

Bulk 1

0.26

0.04

8.17

33.83

2.04

bd

1.36

1.50

0.60

4.24

47.92

Bulk 2

0.41

0.07

8.54

34.85

1.94

bd

2.27

1.71

1.15

4.94

44.06

N7

N15

N18

N19

Bulk 3

0.31

0.06

7.44

34.42

1.67

bd

2.34

1.57

0.92

5.69

45.52

Mean
Bulk

0.32

0.05

8.05

34.36

1.88

bd

1.99

1.59

0.89

4.95

45.83

White

bd

0.31

0.58

28.73

0.33

bd

0.15

0.14

bd

5.48

64.24

Grey

0.20

bd

8.13

33.52

2.00

bd

1.45

1.54

0.78

4.09

48.22

Glass

0.73

bd

19.77

51.66

2.56

0.88

4.50

4.66

3.06

0.91

11.23

Bulk 1

0.15

0.79

10.83

34.62

1.67

bd

2.05

6.58

0.62

1.55

47.07

Bulk 2

0.92

2.40

11.99

31.61

1.34

0.23

2.07

5.26

0.55

1.10

42.46

Bulk 3

0.26

1.68

14.27

31.89

1.52

0.04

2.42

6.43

0.85

1.03

39.54

Mean
Bulk

0.44

1.62

12.36

32.70

1.51

0.09

2.18

6.09

0.67

1.22

43.02

Fayalite

bd

1.92

3.67

31.71

0.37

bd

0.75

2.12

0.18

1.92

52.63

Grey

0.41

0.61

18.43

39.93

3.21

0.14

4.68

13.10

1.73

0.61

17.65

Matrix

0.57

0.66

17.17

39.50

3.57

0.37

5.11

11.78

1.72

0.66

19.33

Bulk 1

0.19

4.74

11.87

39.48

bd

0.01

2.41

6.83

0.85

1.78

31.80

Bulk 2

0.11

4.89

11.84

40.00

bd

0.23

2.66

6.69

0.48

1.93

31.48

Bulk 3

0.26

5.10

11.53

38.95

bd

0.07

2.35

6.72

0.48

1.99

32.47

Mean
Bulk

0.18

4.91

11.74

39.47

bd

0.10

2.47

6.74

0.60

1.9

31.91

Fayalite

0.20

5.75

8.08

36.95

bd

bd

1.56

4.48

0.08

2.06

40.77

Glass

0.43

1.65

13.68

39.87

0.21

0.31

2.28

7.35

0.61

1.79

31.76

Feather
y grains

0.13

8.13

3.74

33.45

bd

0.06

0.70

1.84

0.06

2.88

48.96

Bulk 1

0.29

0.03

8.63

29.88

0.53

bd

0.89

1.07

0.66

5.27

52.66

Bulk 2

Bd

0.17

5.90

29.40

0.68

0.29

0.58

0.76

0.46

6.24

55.46

Bulk 3

0.18

bd

9.15

29.60

0.60

0.11

1.10

1.32

0.88

5.13

51.86

Mean
Bulk

0.15

0.06

7.89

29.62

0.61

0.13

0.85

1.05

0.67

5.54

53.32

Fayalite

Bd

0.33

0.68

29.36

0.33

bd

0.06

0.23

bd

7.30

61.68

Glass

1.17

bd

14.03

44.68

2.65

0.41

3.90

4.92

2.64

2.16

23.10

Grey

Bd

bd

39.50

2.86

0.04

0.18

0.16

0.19

2.04

1.86

53.12

Bulk 1

Bd

bd

2.33

32.91

0.35

0.25

0.89

0.27

bd

0.51

62.45

Bulk 2

Bd

bd

1.72

47.68

bd

0.03

0.77

0.21

0.09

bd

49.45

Bulk 3

Bd

bd

1.78

38.87

bd

bd

0.87

0.28

0.15

0.06

57.94

Mean
Bulk

bd

bd

1.94

39.82

0.04

0.04

0.84

0.25

0.11

0.19

56.61

Fayalite

bd

bd

1.51

37.72

bd

bd

1.09

0.07

bd

bd

59.58

Matrix

bd

bd

3.01

42.61

bd

bd

1.16

0.15

0.68

0.06

52.29
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Appendix 2

Ternary System FeO-SiO₂-Al₂O₃

100
SiO₂

N15
N6N5 N1
N4 N7
N18
N3
N2

N1

FeO
100

Al₂O₃ 100

