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ABSTRACT 

Few data exist on the burial environment condition and its affect on 

archaeological artifacts. Dowman ( 1970) introduced the need for archaeologists to 

incorporate the conservation of artifacts and analysis of soils into their field work. 

Fortunately the need for field conservation has been accepted by most institutes 

supporting archaeological research. Unfortunately extensive soil analysis has not been 

generally accepted as a means to understand better what has occurred to the buried 

artifact over time. The past few decades have seen Canadian and international 

archaeological sites excavated without soil data to aid the conservator in the stabilization 

of artifacts. During the years since Dowman's publication both archaeology and 

conservation methods have changed as technology advances and our understanding of 

past material culture grows. However our understanding of the burial environment has 

not grown at the same pace. Because of this void in data pertaining to the burial 

environment it is important that a concise survey of the techniques used for soil analyses 

be assessed. This thesis, in pan. provides a guide to methods and techniques which can 

be used for assessment of burial conditions. 

This thesis focuses on a seventeenth-century plantation site located at Ferryland. 

Newfoundland. This investigation centres on gaining a better understanding of the 

interaction between ferrous metals and the archaeological burial environment. whether or 
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not predictions of iron condition can be made based on soil analyses alone and evaluating 

the methods and techniques used to characterize the soils and iron. 

Analyses of soil samples involved chemical analysis by XRF, ICP-MS, soil 

solution ion activity by pH and conductivity meters. Corrosion rates were measured 

using a potentiostat, identification of mineralogy was performed using XRD, particle 

sizes were estimated by sieving, organic content was measured by weight loss after 

digestion and soil colour was evaluated using a Munsell colour chart. Iron preservation 

was determined qualitatively based on magnetic attraction and physical appearance. 

Analyses of individual iron nail samples, representing strata of varying depth and 

horizontal distribution, were performed using reflected light, transmitted light and 

electron microscopy to describe the metal, radiographic techniques to measure the metal 

loss and XRD for mineral identification of the exterior corrosion layer (corrosion halo). 

Colour of corrosion halos was measured using a Munsell colour chart. Chemical analysis 

of slag samples was performed using XRF. 

The results show that variations in iron preservation is linked to soil porosity, pH, 

conductivity, corrosion rate, Cl, SiO: and P:05 concentrations. Variation in soil colour, 

particle size distribution and element composition are linked to both the natural 

environment and the presence of the sevent<:enth-century colonists. The best preserved 

iron was excavated from soil with the following conditions; 43% gravel, 53% sand, 3% 
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clay, pH of 4.9, conductivity of24.9 micromhos, corrosion rate of0.09 mmpy, organic 

wt% of 12.7%, 54.8 wt% ofSi02, 2.5 wto/o ofP:05, Cl concentration of3,858 ppb for soil 

solutions and a Cl concentration of 417 ppm for soil samples. This soil was removed 

from events representing seventeenth-century occupation and subsequent destruction. 

Thus the bulk of the iron trom the Ferry land site is found in soil which offers good 

conditions for preservation. 

An extensive survey of iron and soil can therefore provide general information 

about the corrosive nature of the soil and identify areas of occupation and industry. 

Examining the soil environment, however, involves lengthy chemical processing and 

instrumental analysis. lt was hoped that one analytical technique, in this case the 

corrosion rate analysis, might provide the basic information necessary for predicting iron 

condition. However, this was not realized. Given the heterogeneous nature of the 

archaeological burial environment several techniques must be usl:d tC' describe the soil 

effectively. Of the methods and techniques used, those which show the greatest promise 

for future work include: element mapping using an electron microprobe and the elemental 

and chemical analysis using XRF and ICP-MS techniques. These methods of analysis 

examine the elemental compositions of iron and soil. Also the method for radiographic 

analysis used in this thesis, if adopted by other conservation laboratories, could facilitate 

a standardization of iron condition terminology for conservators. Thus this thesis 

provides a framework for future research in the field of archaeological conservation. 
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CHAPTER I: INTRODUCTION 

The deterioration of terrestrial buried archaeological iron is generally referred to 

as an electrochemical corrosion process occurring because of an aggressive soil 

environment. Electrochemical corrosion in an aggressive environment such as a chloride 

rich soil/soil solution results in a reduction of the original metal with much of the 

physical shape of the object being replaced by a corrosion product. 

The stimulus for this study is the need to stabilize archaeological artifacts as 

archaeological research relies in part on artifacts to interpret past cultures. These objects, 

having interacted with the burial environment, generally require stabilization once 

removed from this environment so that they will survive to be studied. 

Before the extent of deterioration can be predicted for a given iron artifact in a 

terrestrial burial environment, both the metal composition and soil environment 

(inorganic/organic composition and electrolytic solution) must be understood. Often 

conservators have the opportunity to examine the condition of artifacts only after 

excavation. This results in little being known about the reactions occurring during burial. 

The complex nature of soils suggests that several parameters (pH, conductivity, corrosion 

rate, organic concentration, element concentration and mineralogy) are variable in time, 

geographical location and depth. How this variation in soil composition effects the 



composition of buried iron is not well understood. 

The purpose of this study is to focus on the electrochemical/chemical processes 

occurring to buried iron in an attempt to understand how these processes might be 

influenced by variation in soil composition. A large part of this thesis investigates the 

value of using a wide range of analytical techniques to identify soils which are corrosive 

to bwied iron. Of interest is a potentiodynamic technique used to evaluate the corrosion 

rate of ferrous metal in soil solutions. 

The choice of this thesis topic was stimulated by the fact that the author currently 

heads the Archaeological Conservation Laboratory for Memorial University of 

Newfoundland's Archaeology Unit and more specifically the Ferryland Archaeological 

Project. To date, the Ferryland Project has produced approximately 60,000 iron artifacts 

providing many opportunities to view artifact condition at the time of excavation and 

after treatment. Also, the author has participated in iron treatment research projects 

(Costain 1985; Selwyn and Logan 1993). This first-hand research and treatment of 

archaeological artifacts provides the background information for this thesis. 

This thesis is divided into eight chapters. Chapter One provides an overview of 

current issues of concern to the profession of archaeological conservation with specific 

reference to the corrosion rate of ferrous metals in a terrestrial burial environment. A 
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background description of archaeological conservation, electrochemical deterioration of 

iron artifacts and the role of the burial matrix are presented in Chapter Two. Chapter 

Two also contains a brief introduction to corrosion rate measurement techniques. The 

location, regional geology and specimens selected for analyses are described in Chapters 

Three and Four. Chapter Five introduces the multi-survey qualitative and quantitative 

analytical techniques. The results from the soil analyses are described in Chapter Six. 

Chapter Seven includes the results pertaining to the characterization of nail samples. The 

results of measurements for the soils and iron nails are compared and discussed in 

Chapter Eight. The large sample size and numerous investigative techniques used for this 

thesis have resulted in a fairly large database. Within the text, only representative or 

distinctive samples are included. The bulk of the data such as chemical analysis for soil 

solutions. element concentrations for soil samples and image data are included here as 

appendices. 

The appendices are numbered according to the chapter to which they belong. 

There are three sections of appendices. Appendix Five includes procedures for 

processing the organic and clay components of soil samples. Appendix Six includes 

maps showing soil sample locations, the chemical analysis tables for soil solutions and 

element concentration tables for soil samples. Appendix Seven includes maps showing 

locations for nail samples, sketches of nail cross-sections showing metal phases and 

corrosion products, tables for element analysis of nail cross-sections with sketches 



showing points for analysis, element maps produced from the electron microprobe, 

photographs of nail x-radiographs and chemical analysis for slag samples. 

4 



CHAPTER 2: ARCHAEOLOGICAL CONSERVATION AND CORROSION OF 

FERROUS METALS 

2.1 Background on Conservation 

5 

Within a Canadian context, the act of conserving/restoring anifacts began in 1639 

at the Ursuline Convent in Quebec City (Hartin 1990). By the nineteenth century the 

profession had matured to a point where restorers routinely collaborated with scientists, 

expanding their knowledge of materials and the processes of deterioration (Brommelle 

1956). 

Public awareness of the importance of conservation practices was probably not 

realized until the 1960s to 1970s (Stolow 1972). It was at this time that the National 

Historic Sites Division of Parks Canada began a conservation program to facilitate the 

care and maintenance of both historic and archaeological sites. 

The incompleteness of the archaeological record demands the many techniques 

and methods ofboth archaeology and conservation (Deetz 1977:8). At the first level is 

the excavation, which enables the archaeologist to gain maximum information from the 

material buried beneath the earth. Objects are then described according to space, time 

and form (Deetz 1993:172). The conservator becomes a key player in this interpretive 

process as it is her/his job to identify and stabilize the material culture of the past. The 
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role of the conservator today is viewed as being distinct from that of the restorer of the 

past, who often altered the object in an attempt to remove the deteriorating effects of 

time. Conservators, by contrast. aim only to stabilize the anifact so that it will survive for 

future generations (Cronyn 1990: 1 ). It is the conservator's ethical responsibility to 

maintain the historic and aesthetic integrity of the objects being treated. The anifact is 

stabilized only to the point that it can be studied and viewed. 

Because archaeological remains have generally changed both physically and 

chemically, the act of stabilization becomes a challenge. Rarely can preventive 

conservation measures alone ensure the preservation of anifacts. The deleterious effects 

of time produce varying artifact conditions and therefore conservation measures must 

address a wide range of possible damage. We must choose treatments which will be 

sympathetic to and effective on the artifact. An understanding of the reactions occurring 

between objects and treatment solution must be realized for all treatments. However we 

must first understand the changes that have occurred to the artifact during use, burial and 

in the post-excavation environment. Thus the twentieth/twenty first-century conservator 

must also understand something of the surficial environmental/geological process(es). 

2.1.1 Previous Work 

Elizabeth Dowman (1970) introduced the use of soil analysis for the conservator 

to a general archaeological audience in her book Conservation in Field Archaeology. 



Unfortunately, either because of the expense, or the fact that much of the archaeology 

today is of a rescue nature (e.g. that construction demands that the "old things" be 

removed as quickly as possible), extensive soil analysis is rarely undertaken. 

2.2 Ferrous Metals and Conservation 

7 

Throughout the historic archaeological record iron has been used to manufacture 

everything from a nail to a gun lock (Noel Hume 1970:124,235,252,267, 274; 

Holmstrom 1904:9; Gaynor 1993:314). Because this was a multi-purpose material, it also 

represents one of the larger artifact groups from sites of the fourteenth to nineteenth 

centuries (Light and Unglik 1987: 18; Pogue 1993 :377). Thus, for the conservator the 

sheer number of artifacts makes their conservation difficult. Iron reacts readily with 

many of the components comprising most burial environments (Jones 1992:74; Gaynor 

1993:3 12 ), making it one of the most problematic materials in an archaeological 

collection. Research on treatments for excavated iron artifacts has been the focus for 

many conservators and conservation scientists for the last few decades (Argo 1981; 

MacLeod 1981; Gilberg and Seeley 1981; Rinuy and Schwerzer 1982; Turgoose 1982, 

1985; Carpenter 1986; Scoot and Seeley 1987; MacLeod 1989; Logan 1989; Carpenter 

and MacLeod 1993; Hjelm and Hansen et al. 1993; MacLeod et al. 1994; MacLeod 

1996). Understanding what happens while the artifact is buried and being able to predict 

its condition upon excavation is the next logical direction for the profession. 



2.3 Soil Properties and Corrosion 

No single soil property can be related to its corrosive properties. It is the 

combination of properties such as pH, conductivity, ion concentrations, particle size and 

mineral composition that gives a soil its characteristic corrosive quality (Harris and Eyre 

1994:79). Understanding the complete nature of soil structure would take into account 

particle size distribution, organic matter, moisture. gases, mineral phases and living 

organisms. Possibly the greatest influences on corrosive properties of a given soil come 

from the clay mineral phases present, pore spaces (which allow for water and gases to 

diffuse), water, oxygen, pH and conductivity (Harris and Eyre 1994:79). 

8 

Clays affect the physical and chemical properties of soils such as plasticity, cation 

exchange capacity (CEC) and moisture content (Harris and Eyre 1994; Qui and Zhu 1993; 

Bell 1993). A smectite clay, for example, having a high CEC (Moore and Reynolds 

1989) may release potassium and magnesium to the pore solution. The potassium and 

magnesium in the clay may be replaced with other ions present in the pore solution. This 

same clay type may absorb water, swell and produce plastic properties in the soil (Hundal 

1993; Eberl et al. 1993; Pollastto 1993; Schroeder 1993). A clay which is this reactive 

also has the potential to be corrosive to iron metal (Jones 1992:383). Kaolinite clay, 

having a lower CEC and generally being less reactive than smectite, will be less corrosive 

to iron metal (Harris and Eyre 1994:76; Moore and Reynolds 1989; Mathias 1996; 

Dowman 1970; Cronyn 1990). 
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Pore spaces within a soil may contain either water or gas (Varela et al. 1993). For 

a soil with a high clay concentration, the pore spaces will be small and therefore have a 

lower capacity for diffusion (Jones 1992:383). For a moist soil, with small pore spaces 

pockets of water stagnation can develop which can be detrimental to trapped metals. A 

sandy soil will have large pore spaces and therefore greater diffusion rate allowing for 

good drainage and better iron preservation (Mathias 1994). 

The oxygen content of the upper layers of a soil will be similar to the fixed 

oxygen content of the atmosphere. Because oxygen concentration is generally perceived 

to decrease with depth (as does biological activity and water content) we would also 

expect the corrosion reactions which are oxygen dependent to change with depth (Harris 

and Eyre 1994; Jones 1992; Varela et al. 1993 ). 

Water in a soil will contribute to the concentration of soil electrolytes (a solution 

of dissociated constituents resulting in free ions). The cations commonly present in the 

soil solution are potassium, magnesium and calcium. The abundant anions of the soil 

solution are chloride, iodide and bromide (Harris and Eyre 1994). 

Conductivity (the capacity to transmit electricity) of a soil is an important factor 

as this can be rate-controlling for the reactions occurring in a given soil. These 

electrolytes (usually chloride ions), which serve as paths tor electric (ionic) current, will 



10 

maintain the corrosive activity of a soil. Ionic currents can also be carried using sulphate 

(SO.~·) ions, often found associated with archaeological burial environments (Turgoose 

1989). Of the above-mentioned ions, the chloride ion has a greater mobility and 

therefore will predominantly carry the ionic current. However in environments where the 

sulphate to chloride ion ratio is high, sulphate will carry th~ ionic current (Turgoose 

1989). In general, studies of the electrochemical mechanisms of corrosion indicate that a 

highly conductive soil will also have a high corrosion rate (Harris and Eyre 1994:75; 

Miller et al. 1981 ). 

The soil pH value (pH defines the activity of the hydrogen ion for a specific 

solution), though not directly related to corrosion rates (Ramanoff 1957), can accelerate 

the corrosive processes. Soils with a pH of 4.0 and lower will cause rapid corrosion of 

bare metals (Cronyn 1990). Few soils, however, exhibit such low pH values with the 

exception of peat bogs or areas where acidic plant materials have accumulated. Soils 

generally range from pH 5.0 to pH 8.0 (Harris and Eyre 1994:79) though the 

heterogeneous nature of soils will allow for pockets with higher acidity (Mathias 1996). 

2.4 Corrosion Products Associated with Ferrous Metals 

Conservators and corrosion engineers agree that land site burial of iron results in 

the alteration products of iron oxyhydroxides. iron oxides, iron chloride, iron carbonate, 

iron sulphate and iron phosphate (Table 2.4 ). 
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Table 2.4 
Iron Corrosion Products 

CHEMICAL FORMULA NAME OCCURRENCE REFERENCES 

11-FeOOH goethite - almost every soil type Argo 1911 
or a-Fe10,•H10 and climate region Argyropoulos 

- typically formed under 1995,1996 
oxidizing conditions Binnie et al. 1992 

Cox and Lyon 1994 
Genens 1963 

Mathias 1993,1994 
Misawa 1973 

Nonh and Pearson 197S 
llinuy 1982 

Shima and Yabuki 1979 
Taylor etal. 1977 

Yamashita et al. 1994 
Zucc:hi et al. 1977 

y-FeOOH lepidoc:rocite - often associated with Argo 1981 

or y-Fe,O,•H10 goethite in soil Argyropoulos 1996 

- hydromorphic soil Binnie ct al. 1992 
where fel• in soil is Gilberg and Seeley 198 l 
generated by oxygen Mathias 1993, 1994 

deficiency Misawa 1973 

- common to gleys and Refait and Gcnin 1993 

pseudogleys which have Rinuy 1982 

a high clay content Schlesinger 1991 

Shima and Yabuki 1979 
Taylor ct al. 1977 

Yamashita et al.1994 
Zucc:hi c:t al I Q77 
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Table 2.4 continued 

CHEMICAL FORMU_l A NAME OCCURRENCE REFERENCES 

Fe30~ magnetite - reducing conditions Argo 1981 
Argyropoulos 

1995, 1996 
Binnie et al. 1992 

Cox and Lyon 1994 
Gettens 1963 

Mathias 1993, 1994 
Nonh 1976 

Pearson 1972 
Shima and Yabuki 1979 

Turgoose 1989 
Zucchi et al. 1977 

afe20 3 hematite - associated with Argo 1981 
goethite in reddish soils Binnie et al.l992 
oxidizing environment 

~-FeOOH akaganeite - chloride-containing Argo 1981 

or 13-Fe:O,•H10 environment Argyropoulos 1996 
MacKay 1962 
Misawa 1973 

Shima and Yabuki 1979 
Turgoose 1989 

Zucchi et al. 1977 

FeCI: Jawrencite - chloride-containing Lehmann and Nosek 
environment; high cJ· 1978 
concentration Nosek 1978 
occurs - maritime Nonh 1982 
terrestrial environment 
underwater environment 

FeCI1 molysite - same as for Lawrencite Lehmann and Nosek 
1978 

Nosek 1978 
North 1912 
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Table 2.4 continued 

CHEMICAL FORMULA NAME OCCURRENCE NCES 

Fc3(P04)2•8H:O vivianite - wet clay soils Booth 1962 
Farrer et at. 1953 

Gettens 1963 
Mathias 1993 

FcS pyrrhotite - anaerobic environment North 1976 

KFe2(S04MOH), jarosite - occurs in oxidizing Zucchi et al. I 977 
Nafe:(SO .. MOH)l environment containing 

sulfates 

FeCr.O chromite -eravel rich soil Mathias 1993 1994 

FeC01 siderite or chalybite - with clay minerals in Nonh 1976 
iron concretions under 
reducing conditions 



Although the structure of these corrosion layers is not well understood, this is 

rapidly becoming an area of interest to corrosion engineers (Yamashita et al. 1994). 

These structures are also of importance in artifact conservation. Unfortunately more 

work is needed in this area (Turgoose 1982, 1989; MacLeod 1981; North 1982; Argo 

1981; Gilberg and Seeley 1981 ). 

2.5 Description of the Corrosion of Ferrous Metals in a Terrestrial Burial 

14 

For the purpose of conservation, a metal can undergo two types of corrosion: dry 

or aqueous (Cronyn 1990: 166). During use an artifact will likely experience dry 

corrosion as the fresh metal surface reacts with oxygen, producing a metal oxide. This 

oxide film or patina. as it is sometimes called. often serves to protect the metal. Patinas 

are therefore considered to be a passive corrosion layer. Aqueous corrosive processes are 

considered active and deteriorating. Of greater concern to the conservator therefore are 

the aqueous corrosion processes, particularly because most burial environments contain 

moisture. 

Corrosion of ferrous metals is thermodynamically possible for all burial 

environments, however, chemical kinetics may exert an influence on the reaction 

products that are actually developed (Jones 1992:74 ). Corrosion in aqueous systems 

involving iron, which is the main concern for the conservation of the Ferryland 

assemblage (Mathias 1993), is governed primarily by electrochemical reactions. 



IS 

Electrochemical reactions involve the exchange of electrons between chemical species. 

The rate of electron flow to or from the reacting metal is a measure of the 

corrosion/reaction rate (Jones 1992:75). In this case corrosion of an iron artifact can be 

expressed by three half-reactions: 

anodic 

cathodic 

(1) 

(2) 

Fe ~ FeJ• + 2e· 

Oz + 2Hz0 + 4e· ~ 40H· 

OR 

(3) 2H20 + 2e· ~ H1 + 20H-

Because of the heterogeneity of soils the potential for iron to corrode is further 

enhanced. Different microenvironments may react on different parts of the same metal 

surface resulting in spatially different electrochemical potentials at the same 

metal/environment interface (Harris and Eyre 1994:75). This results in areas on the metal 

which are predominantly cathodic or predominantly anodic. The electrical circuit is 

completed by electronic movement in the metal and ionic movement in the soil solution 

(Turgoose 1982). Thus differences in aeration, pH or salt content will result in a 

corrosion cell. as just described, and hence the deterioration of the iron. 

Understanding the contents of the corrosion layers involves a study of the 

reactions occurring during burial, at the time of excavation and during storage in the 
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ambient environment. One of the species commonly identified on archaeological iron is 

an iron oxyhydroxide called goethite (a-FeOOH) (Table 2.4). It is believed that this 

phase is produced by the oxidation of the anodically produced ferrous ions of equation (I) 

in the presence of chloride ions. Rapid oxidation rates result in formation of P-FeOOH 

while a slower oxidation rate may result in y-FeOOH and Fe10~ (Misawa et al. 1971; 

Detoumay et al. 1976). Sulphate solutions may produce a-FeOOH, y-FeOOH or Fe10 4 

(Misawa et al. 1971 ). Essentially the above describes what would develop early in the 

burial history of an artifact. Over time, however, the aqueous solution appears to convert 

all forms of iron oxyhydroxide to an a-FeOOH (Turgoose 1982). Upon excavation, the 

artifact is once again exposed to rapid oxidation and it appears that P-FeOOH and y

FeOOH are produced. Many authors have identified these phases on excavated artifacts 

(Zucchi et al.1977; Lehman and Nosek 1978; North and Pearson 1975; Birchenall and 

Meussner 1977 :45; Argo 1981; Gilberg and Seeley 1981 ). 

2.5 .1 Role of Chloride 

Though it is a common belief that chlorides are primarily responsible for the 

corrosion of archaeological iron (Cronyn 1990; Organ 1977; Limbrey 1975; Dowman 

1970; Zucchi et al. 1977:104; Pourbaix 1975:674; North and Pearson 1978; Gilberg and 

Seeley 1981; Scott and Seeley 1987; Refait and Genin 1993) and that excavated iron not 

receiving treatment will fall apart because of chlorides in the pores of metal and corrosion 

layers, it has been difficult to pinpoint their physical state within archaeological iron 



17 

artifacts. The chlorides could be present as a solid chloride·rich component of the 

corrosion product, adsorbed on the surface of a corrosion product or in solution within the 

pores of the corrosion product. Evidence suggests that the latter is more likely the case 

(Parfitt and Russell 1977; North and Pearson 1977; Turgoose 1982). 

2.5.2 Possible Explanation for Physical Damage to Archaeological Iron 

Turgoose ( 1982) proposed the following model for the corrosion of 

archaeological iron (Figure 2.1 ). Though somewhat dated, conservation scientists are 

coming back to this model as a possible explanation of deterioration of iron (Selwyn. 

personal communication). 

The cracking and spalling of untreated excavated archaeological iron was initially 

attributed to the presence of chloride ions in the form of P· iron oxyhydroxide (Zucchi et 

al. 1977), ferric chloride (Organ 1977; North and Pearson 1978; Smith 1977; Nosek 

1978), iron oxychloride (Rinuy and Schwerzer 1982; North and Pearson 1975) and 

ferrous chloride (Nosek 1978). Turgoose ( 1982) suggested that the oxidation of the 

ferrous ions, resulting in precipitation of the ~-FeOOH, caused the physical damage to the 

artifact by occupying a greater volume than that of the ferrous ions in solution. He 

provided supporting evidence by observing that ferric chloride formed secondary to the 

iron oxyhydroxide. He explained this observation with the following scenario: 
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Structure of Corrosion Products at the Time of Excavation 

Solution within pores of corrosion deposit = ferrous ions (F~·) and chloride ions (Cl· ). 

After Excavation - Deterioration of Iron 

magnetite 

crystallization of P-FeOOH - akaganeite (results from ferrous ions being oxidized) 

(4) 4F~· + 0 1 + 6H10 9> 4FeOOH .... SH· 

if pH sufficiently acidic to produce ferric ions (FeJ•) reaction (5) can proceed. 

(5) Fe J• + 3Cl · c=4) FeCI) 

Fig 2.1 Model for the Corrosion of Archaeological Iron (after Turgoose, 1982). 
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Should reaction ( 4) occur at a distance from the metal surface, such that the hydrogen 

ions will not be consumed by reaction with metal, the pH value will decrease and the 

solubility of the FeOOH will become significant. This adds ferric ions to solution and 

these can react with the chloride ions to produce ferric chloride. Thus, the ferric chloride 

phase is produced after the FeOOH precipitation imparts physical damage to the artifact 

(Turgoose 1982). Regardless, the presence of chloride ions (if water is present to allow 

tor dissociation) will increase the rate of reaction ( 4) by increasing the conductivity of the 

electrolytic solution (Jones 1994; Singley 1988; Pourbaix 1977:2). 

Akaganeite- ~-FeOOH 

Conservators working with archaeological iron generally agree that the break-up 

of this material in the post-excavation environment is because ofthe presence of 

akaganeite (Logan and Selwyn. personal communication; Gilberg and Seeley 1981; 

Turgoose 1982; Selwyn and logan 1993; Zucchi et al. 1977; Scott and Seeley 1987). 

Akaganeite has been identified as a reddish-brown powdery deposit (Turgoose 1982) or 

as ··fuzzy,. orange crystals (Selwyn and Logan 1993). Visual description of the mineral 

may vary, but all authors associate akaganeite with actively corroding areas around a 

surface crack (Zucchi et al. 1977; Selwyn and Logan 1993; Turgoose 1982). Though 

chloride ions are not essential for the formation of akaganeite, experiments show that the 

bulk of absorbed chloride ion is taken up in its structure (Gilberg and Seeley 1981 ). Scott 

and Seeley ( 1987) suggest that chloride ions are also probably present in microcracks and 
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chemisorbed on iron oxide and iron hydroxide surfaces. If akaganeite has the greatest 

concentration of chloride ions compared to other iron oxyhydroxides (goethite and 

lepidocrocite) then it also would have the greatest potential to accelerate/promote 

corrosion processes upon the release of Cl ions (Turgoose 1982). Confusion in the 

identification of this mineral phase may arise because it is a product of the initial stage of 

ferrous ion oxidation upon excavation (reaction 4 ). For archaeological field conservation 

laboratories, where iron is stored in aqueous solutions prior to analysis (thus preventing 

extensive oxidation), the presence of this phase may not be detected. 

2.6. Previous Work on the Ferryland Site- Soil Properties and Artifact Condition 

The Ferryland site soil matrix has been described as a wet soil environment with 

areas ranging from clay to silica rich. The site"s close proximity to sea water introduces 

chloride rich salts to the soil (Mathias 1996). Previous artifact condition observations 

indicate that iron not receiving treatment will fall apart in the ambient environment 

because of chlorides in the soil solution (Dowman 1979: 14; Rinuy and Schwerzer 1982; 

Turgoose 1982; Cronyn 1990: 195; North and Pearson 1977; Organ 1977; Blackshaw 

1982; Knight 1982; Arg)Topoulos 1996; Selwyn et al. 1993). This information provided 

the basis for the soil characterization used for the corrosion rate analyses for this study. 
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CHAPTER 3: STUDY AREA 

3. 1 Choice of Study Area 

The province ofNewfoundland is as unique culturally as it is geographically. 

Cultures as old as 9,000 years to the seventeenth-century European colonists have settled 

here and built their lives on the once-rich fishing resources of the Atlantic. 

The bedrock varies from ocean floor and mantle rock of the Bay of Islands, to the 

continental margins of Humber Arm region to the Archean granitic basement rock of Red 

Bay, Labrador. Such diverse rock formations have resulted in soils with varying physical, 

chemical and mineralogical properties. Working with artifacts from this broad spectrum 

of burial environments, one realizes that this diversity explains to some extent the 

variation in artifact condition. However. differences in soil properties and artifact 

condition are usually not observ~d within one archaeological area. The Ferryland 

archaeological site, located approximately 80km south of St. John's on the Avalon 

Peninsula, is unusual in exhibiting both variation in burial environment and artifact 

condition (Figure 3.1). This makes Ferryland ideal for a study of the present type and was 

therefore chosen as the study area. (n addition. approximately 500,000 artifacts had been 

excavated over the past five years of excavation affording many samples for scientific 

research purposes. 
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3.2 Local Geography 

The seventeenth-century archaeological site at Ferryland is located on an arm of 

land that extends into the Atlantic Ocean at latitude 52°53'45"N and longitude 

47°0l'OO"W. Figure 3.2 shows the site location. Just behind the highway running 

through the community, the land rises to 80 metres above sea level. This area is referred 

to as "the Gaze". The "Ferryland Head'' located to the east of the site has an elevation of 

41 metres above sea level. The section of land connecting the Ferryland "Pool" area to 

the community or "the Gaze" is a tombolo beach. The Ferryland site is one of the lowest 

elevated areas of the community, affording easy access to the ocean-going trade and 

fishing operations. 

3.3 Local Geology 

Once an object has been discarded or lost to the terrestrial burial environment it 

begins to react attempting to attain a state of chemical equilibrium. The interpretation of 

any corrosion product must therefore include an investigation of the country rock and soil 

matrix into which these artifacts fall. 

The rocks of Eastern Newfoundland. which form part of the Avalon zone, are of 

Late Precambrian to Early Paleozoic age. Flanking the Appalachian orogen these rocks 

are fairly well exposed and have been described by many authors (Rose 1952; McCartney 

1967; Williams et al. 1974, 1995; King 1989). The rocks comprise a sequence oflate 
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Precambrian volcanic and sedimentary rocks, which subsequently were intruded by a 

granitoid pluton of Late Precambrian age and unconformably overlain by sediments of 

Lower Paleozoic age. 

25 

The local geolo~ of the Ferry land area consists of rock formations of the 

Conception, Signal Hill and St. John's Groups (King 1990). The Renews Head 

Formation, belonging to the St. John's group, lies directly below the Ferryland 

archaeological excavations. This formation consists of interbedded gray/black shale and 

thin buff/rusty weathering sandstone. Seaward of this area, the bedrock consists of 

thickly bedded greenish-grey sandstone, siltstone and tuff of the Gibbet Hill Formation 

and the red sandstone of the Ferry land Head Formation. The Fenneuse Formation, 

Trepassey Formation, Mistaken Point Formation and Drook Formation, all located on the 

landward side of the site, consist of gray black shale with laminae of siltstone and 

sandstone, gray tufaceous siltstone and argillaceous sandstone, interbedded greenish grey 

and reddish purple tufaceous siltstone, shale and sandstone and yellow-green siliceous 

siltstone and sandstone, respectively (King 1990). 

The Avalon Peninsula was glaciated throughout the Wisconsin Period ( 13000yr 

BP) (Hodych et al. 1989). The till material of the "Downs" (located to the west of the 

archaeological site) was derived from local bedrock to the east of the site probably as far 

away as 10 kilometres (King, personal communication). The till is dominated by 
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sedimentary material of the Renews Head and Fenneuse formations with a small 

component of the Harbour Main Volcanics (Plate 1 ). The seventeenth-century colonists 

altered the original terrain of the Ferryland "Pool" area by filling the original topography 

using the glacial till material ofthe Ferryland "Downs" (Tuck 1993). 

3 .4 Local Environment 

The climate of Ferryland is controlled by proximity to the Atlantic ocean. The 

total mean annual precipitation of the area is 100 to 165 em (Heringa 1981 ). From this 

we can confidently assume there to be a high water to artifact ratio. The average July 

temperatures range from 13 to l6°C. Winter temperatures range from -4 to -2°C tor the 

months of December to February. According to Heringa (1981) the main trees ofthe 

A val on peninsula are balsam fir, black spruce, white spruce. tamarack, white and yellow 

birch and alder. The local soils have been described as being coarse to medium coarse 

texture, stony, acid to extremely acid and wet (Heringa 1 981 ). 

3.5 Seventeenth Century Occupation at Ferryland 

In 1621 George Calvert (later the first Lord Baltimore) sent Captain Edward 

Wynne and a group of West Country and Welsh settlers to Ferryland with the intention of 

establishing permanent settlement (Wynne 1622). Historical documents indicate that 

these first colonists constructed a mansion house, brew house, salt works, forge. hen 

house, kitchen, fishing stores and dwellings (Pope 1986: 19). Lord Baltimore visited his 
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Plate 1. Glacial till deposit of the Ferryland "Downs". 
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colony in the summer of 1627 and returned with his family in 1628 (Tuck 1996). Perhaps 

because the climate was not suitable for the Baltimores, they left one year after their 

arrival. However, archaeological evidence indicates that the colony continued after their 

departure (Tuck 1993). Sir David Kirke, who was granted Newfoundland in 1637, 

assumed responsibility for Ferryland (Pope 1986). The Dutch attacked the area in 1673 

inflicting a great deal of damage on several plantations, especially Ferryland (Lovelace 

1673). The area recovered from thls attack but after the French captured the settlement in 

1696. activities at the site appear to have been greatly reduced. 

3.6 The Ferryland Project 

The present Ferry land Project, under the direction of Dr. James Tuck began 

excavation in July of 1992. Tuck (1985, 1986, 1992) has established that the area of 

excavation which surrounds the present day "Ferryland Pool" dates to the seventeenth 

century. The site itself is believed to cover an area of approximately 30,000 m2
• To date 

about 1000 m2 have been excavated and designated as Areas A, 8, C, D, E, F and G 

(Figure 3.3). The areas under investigation for this study include Area B which is a 

house, Area C which is the waterfront with a working area, cesspit and cow barn and 

Area D which is a house. 

Although the seventeenth century is the focus of this study, the area has been 

occupied since the sixteenth century when the Beothuck natives and seasonal fisherman 
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from several European countries visited. Excavation has provided evidence of 

eighteenth- nineteenth- and twentieth- century inhabitants as well (Tuck 1993 ). Areas B. 

C and D have not been built upon or disturbed significantly since the seventeenth century. 

Areas B and C had been used as gardens during the twentieth century. Thus the upper 1 0 

- 20 em of the stratigraphic column represents a "mixed" or disturbed component. 

Although chemical fertilizers had not been used, in most years dead fish remains 

(capelin) were spread over the gardens (Mrs. Elizabeth Costello, personal 

communication). 

3. 7 Background on the Archaeology 

The archaeological stratigraphy for the seventeenth-century Ferryland 

Archaeology site is described using an event system (Tuck 1985, 1986. 1992; Pope 1986, 

1993 ). Each event describes a different layer or lens in the site. Area A was excavated in 

search of the "palisado", or exterior fence (Pope 1993 ), but unfortunately only nails, 

tobacco pipes, a few ceramics and glass were found (Tuck 1985). Area B was identified 

as a forge. probably the one built by Captain Wynne in 1622 (Tuck 1985; Carter 1997). 

Area Cis a portion of the waterfront. Area D, located to the east of Area C, represents a 

late seventeenth-century dwelling. Area E, located up the slope trom Area C, provided 

evidence for several different occupations and activities including defensive works and a 

tavern (Tuck 1993). Area F has yielded much in terms ofhigh quality domestic artifacts. 

It seems possible that the mansion house will be located in this area. Area G appears to 
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be a continuation of Area C. Common to all areas was the use of local slate (as a roofing 

material) and building stone (for walls) for the construction of the plantation. 

3.7.1 Description of Area B 

The Area B house was in use in the late seventeenth-century around the same time 

that the Area D house was occupied (Tuck, personal communication). A tireplace, 

cobble stone hearth and stone wall foundation represent the structural remains of the 

house. The events of interest as they were used for the thesis experiments were: 133, 134, 

138, 143, 145, 177 and 178. Events 134 and 143 represent fill deposited by the colonists. 

This material was obtained from the local glacial till. 

3.7.2 Description of Area C 

Area C (Plate 2) is located closest to the sea, for the areas of excavation. Note 

that because of its close proximity to the sea, Area C floods each spring. Along the 

northern boundary of Area C is a seawall which defines the seventeenth-century pool 

edge. Several well-laid stone walls were uncovered with the excavation of Area C. The 

structure features both flagstone and cobblestone floors (Tuck 1993 ). This structure 

probably represents some sort of outbuilding or barn (Gaulton 1997). A drain from the 

cobblestone floor leads into the cesspit. 
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Plate 2. Flooding of Area C, Ferryland archaeological site. 
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Samples for the project were taken from the cesspit and surrounding sections of 

Area C. Of interest to the study, as they were used for experiments, were events 0, 16, 

19, 22, 55 and 195. Sections of Area C were deliberately filled to provide a level surface. 

Events 8, 22 and 55 represent fill events. 

3.7.3 Description of Area D 

Area Dis located along the "Downs" and further from the Pool than Areas 8 or C. 

[t represents a dwelling, probably dating to the latter part of the seventeenth century, as 

evidenced by artifactual remains. A fireplace, cobble stone hearth and some burnt boards 

(possibly floor or wall boards) are aU that remains of this structure. There is no evidence 

of stone wall construction thus implying that the structure was made of wood. The 

structure was burnt in the French raid of 1696 (Tuck 1993 ). It should be noted that Area 

D does not appear to have been filled or levelled off by the seventeenth-century 

inhabitants. The events of interest, as they were used for the experiments to follow, were 

62, 63, 88, 96 and 141. Figure 3.4 shows typical soil profiles for Areas 8, C and D. 
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Figure 3.4 Typical soil profiles for Areas 8 , C and D. 
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CHAPTER 4: STUDY SAMPLES 

4.1 Choice of Materials for Study 

A total of 6,961 iron nail samples from Areas B, C and D were selected for a 

visual survey of condition. From this group 3 5 nails were selected for detailed analyses. 

A representative wrought iron nail section, free of corrosion and included chlorides, was 

used for all of the corrosion rate experiments. 25 soil samples were collected 

representing areas which contained iron nails. 46 iron slag santples from Areas B and C 

were collected. 

Sampling of soil, slag and nails was dictated by the areas undergoing excavation 

for the 1994/1995 field seasons. Two areas representing dwellings (Area D and the house 

associated with the Area B forge) were chosen for the study. This type of feature usually 

offers the most interesting and largest quantity of artifactual remains making the 

"dynamics" of deterioration of interest to the conservator. The exposed sections of Area 

C were also sampled. Because Area C provided no evidence of human domestic 

occupation it would provide a contrast to Areas Band D. 

4.1.1 Metal Samples for Scientific Analyses 

Unlike most samples used for scientific purposes, archaeological artifacts 

generally cannot be destroyed. Exceptions to this rule are made, however, if for example 



the selected samples are part of a large collection of similar objects with Little museum 

display potential. Excavated materials of this province are protected by the Historic 

Resources Act ( 1985). 
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At the Ferryland site wrought iron nail fragments were most suited for analytical 

purposes. These samples which are numerous (approximately 14,000 specimens to date) 

afforded sampling for scientific examination. Moreover, wrought iron nail samples share 

a common manufacturing technology and they do not receive chemical treatment for 

conservation. Upon excavation these samples were air-dried and stored in a controlled 

environment. All samples were documented to include site location, visual artifact 

condition assessment, an artifact tracing, measurement of length. width and thickness and 

an x-radiographic assessment. 

4.2 Purpose for Condition Survey of Nails 

The condition survey of 6,961 nails ass~ssed iron condition following the 

approximate 350 years of burial. Iron condition was assessed as good or bad. This 

condition survey allowed for the identification of trends within samples. For detailed 

analyses nails were separated based on their condition. For example, if all the nails from 

Area 8 were in good condition and nails from Areas C and D were in poor condition, the 

nails for the detailed study would be sorted accordingly and tested in two groups. 



37 

4.2.1 Sectioning for Analysis 

For the purpose of analysis, apart from the condition survey, the nail shaft was the 

focus of study. Also note that the nail once manufactured would react to the air fanning 

an iron oxide layer on its surface (Jones 1992). Archaeological evidence indicates that 

most nails recovered had been driven into wood in the construction of buildings. 

Therefore, nail samples could react with both cellulose and oxygen prior to burial. 

4.2.2 Nail Terminology 

Figure 4.1 shows a complete nail with a head, shaft and point. The nail also has a 

thick corrosion halo surrounding the iron core. For the purpose of this study reference to 

any component of the corrosion layer will be referred to as a .. corrosion halo" and 

reference to the metal component of the nail will be as an "iron core". For the purpose of 

this thesis nails will be described by type in pennyweight (d) which was the measurement 

of the seventeenth century (Bodey 1983:3 1; Edwards 1993:43 ). Table 4.2.2 presents the 

range of nail types found at the Ferryland site. 
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Figure 4.1 Complete iron nail with corrosion halo. 
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Table 4.2.2 
Nail Type Descriptions in Pennyweight 

Pennyweight (d) Length (mm) 

8d 64 

lOd 76 

l6d 90 

20d 102 

30d 115 

40d 127 

4.3 Soil Sampling 

Because concentrations of chloride were to be analysed, crew members used 

sterile polyethylene plastic bags for collection and avoided hand contact. Both culture 

and fill layers were collected for analysis. although few to no nail samples existed for the 

fill sections. The soil samples were air dried. All laboratory analyses (unless otherwise 

stated) were performed on particles of less than 1.25 mm size obtained using a dry sieve. 

Sieving of soil samples to the 1.25 mm size removed stones. Stones in soil samples 

would interfere with the corrosion rate analyses. 

4.4 Slag Sampling 

Slag samples were randomly selected from Areas B and C each of which had a 
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slag heap. The slag of Area B represented the forge (Tuck 1996). It was uncertain ifthe 

slag from Area C had been dumped in that location after the Area B slag heap was full. 

Determination of a similar composition of the Area Band C slag would provide evidence 

that the Area B forge was the only one in operation for the Colony of Avalon. Also this 

would indicate a similar composition for the nails given that slag is the by-product of nail 

manufacturing. Because nail samples could not be processed for chemical analysis, as it 

would be totally destructive and required a larger sample size than an individual nail 

provided, it was decided to substitute slag for nails. 

4.5 Wrought Iron 

The manufacturing technique used to produce seventeenth-century nails will be 

described to explain the metal phases and textures. Wrought iron was the raw material 

used for manufacture (Noel Hume 1970:253; Gaynor 1993:312). The term wrought iron 

essentially describes the pure iron prepared from pig iron (pig iron is produced when iron 

ore is reduced by fusion in a blast furnace) (Sinha 1989). Wrought iron has a fibrous 

structure appearance, is strong, bends and forges easily (Unglik 1987:70; Rostoker and 

Dvorak 1990). It melts at about 1500 oc (Parkinson 1967 :4; Holmstrom 1904:50; 

Meilach 1977:65). It is probably the oldest commercially available form of ferrous metal 

produced (Unglik 1987:91; Higgins 1973; Parkinson 1967:4; Deetz 1993:68: Hodges 

1964:80). 
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4.5.1 Metallographic Structure for Iron/Carbon Steels 

Wrought iron consists of an a-ferrite phase with a carbon content of 0.1% (by 

weight) or less (Higgins 1973; Parkinson 1967:4; Rostoker and Dvorak 1990). Because 

this metal can exhibit a heterogeneous composition, sections can exist with a carbon 

content greater than the 0.1% (Rostoker and Dvorak 1990). The "pure" a-ferrite 

composition of the metal can be altered by variation in heat treatment and carbon content 

during manufacture (Higgins 1973). Figure 4.2 describes the iron-carbon phase diagram. 

Pure ferrite exists for a fairly narrow carbon range but remains stable tor a wide 

temperature range. Ferrite can exist, however. with other phases such as pearlite, 

cementite and austentite. These other phases differ from ferrite by having a greater 

carbon content. Because the transformation of metallic phases is essentially controlled by 

diffusion in the solid state this allows for the preservation of various phases outside of 

their stability range through heat treatment, undercooling and quenching (fast cooling in 

water or oil) (Alexander and Street 1979:64). The blacksmith therefore had much more 

control over his material because of the "flexibility" of the metallic structure than the 

potter using crystalline clays. Thus when looking at the metallic structure of 

archaeological iron one must consider the raw material, forge environment, 

manufacturing techniques and possible burial environment alterations. 
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4.5.2 Impurities in the Wrought Iron 

The iron ore deposit could contain many impurities including silicates, carbonates 

and oxides (Scott 1989:8; Hodges 1964:81 ). These were generally considered 

undesirable by-products and were removed when possible, usually at the bloomery. Any 

remaining impurities could be removed by the blacksmith as a slag by-product of working 

the nail. Slag can generally be described as a mixture of noncombustible material in the 

coal/charcoal matrix (Weygers 1974:11 ). Some of the slag was incorporated into the 

final product as inclusions. During the working of the iron, slag inclusions would be 

stretched and thinned and transformed from a liquid to crystalline state (Alexander and 

Street 1979:72; Unglik 1987:66; Rostoker and Dvorak 1990; Scott 1989:8). Carter 

( 1997) has determined that the source of heat for the Ferryland forge was probably 

charcoal and coal, introducing carbon, phosphorous and sulphur to the iron. Slag found 

at the site could provide information as to th~ identity of these impurities in the Ferry land 

manufactured iron artifacts (Frurip et al. 1983 :3). 
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CHAPTER 5: METHODS AND TECHNIQUES 

5.1 Qualitative Methods 

5.1.1 Methodology Used for the Artifact Survey 

The survey of iron nail fragments involved 1. 718 specimens from Area B. 3.599 

from Area C and 1,644 from Area D. The condition of each nail was documented upon 

excavation (pre-storage condition) and before drying as nail fragments were measured 

and traced. Condition was assessed based on attraction to a magnet. Three categories 

were used: lots of iron (strong magnetic attraction), some iron (weak magnetic attraction) 

and no iron (no magnetic attraction). Artifacts were individually stored in polypropylene 

zip lock bags with the corners removed to allow for air circulation. Persons handling 

ferrous metals wore latex gloves to prevent chloride contamination. Area B nails were 

stored for 12 months. Area C nails were stored for 2-7 months and Area D nails for 5-8 

months. Conditions of storage were 17 to 21 "C and relative humidity in the range of 50-

60% (summer) and 29-42% (winter). Condition was recorded again after storage {post

storage condition). Artifact condition was then recorded as ''stable" (no change) or 

"cracked" (implying that change had occurred to the artifact). 

5 .1.2 Munsell Colour Chart 

The colour of25 soil samples, 35 corrosion halo samples and 46 slag samples was 

compared to a Munsell Soil Colour Chart ( 1992) consisting of 25 I standard colour chips. 
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Colour comparisons were performed on air-dried soil and, for the nails and slag, 

powdered samples. The Munsell system describes colour by hue, value and chroma. The 

hue describes the colour in relation to red, yellow, green, blue and purple. Value 

describes the lightness of the colour and chroma represents the strength of the colour. 

The nomenclature used by the system employs both a colour name and notation. The 

order given to the Munsell notation is hue. value and chroma (e.g. a designation of 

7.5YR 4/2 translates to 7.5 YR hue, 4 for value and a 2 chroma). 

5.2 Quantitative Methods for Soils 

5.2.1 Particle Size Distribution 

Particle-size analysis provides a basis for soil texture classification that is not 

greatly modified by cultivation or human occupation (Sheldrick and Wang 1993:499; Day 

1965:546). Sieving was used to separate the air-dried soil by particle size. Soil samples 

were initially hand-picked to remove roots, twigs and leaves then passed through sieves 

of mesh size: 2 mm, 1.25 mm and .063 mm sieves. Because concentrations of chloride 

were to be analysed, sterile polyethylene plastic bags were used to contain samples and 

persons handling soils wore latex gloves. Table 5.2.1 describes the system of texture 

grades in this study (based on the Canadian Soil Survey Committee (CSSC) System) 

(McKeague 1978). After removal of gravel and stones the remaining sand, silt and clay 

fractions were used to measure organic concentration, pH, conductivity, corrosion rate, 

element concentrations and mineralogy. 
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Table 5.2.1 
System of Texture Grade (in mm) 

Gravd Coarse sand Coarse to tine sand silt/clay 

>2 2-1.25 1.25-0.063 <0.063 

5.2.2 Organic Component of Soil Samples 

The abundance of organic matter was determined only for those soils with an 

associated nail sample. The organic component of the less than 2 mm size fraction was 

measured as a weight loss after digestion with hydrogen peroxide (Appendix Sa). 

5.3 Qualitative Analyses for Quantitative Methods 

Prior to performing instrumental analyses, radiographic and reflected and 

transmitted light microscopic analyses were performed on nail samples. 

5.3.1 Radiography ofNails 

Photographs were taken using a Phillips Super 70 radiography machine under two 

sets of conditions. Settings of SSkV/SmA provided x-rays of wavelength 0.45A; settings 

of80kV/4mA provided x-rays ofwavelength 0.38A. The fonner were used to image 

artifact exteriors and the latter to image the interiors. Exposure time was l/120 sec for 

both settings. lmages were produced on Ultra-vision G (Dupont) x-ray film. 
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5.3.2 Preparation of Thin-sections for Microscopic Identification 

Nail shaft sections were found to be fairly consistent in terms of condition and 

were chosen for sectioning. Section locations were chosen to have a representative 

corrosion halo. Nails were impregnated with Epo-Kwick Epoxy hardener and resin, then 

cut perpendicular to their length using a water-cooled diamond saw. Sections were 

polished to a thickness of 30,um. Polishing was performed with 1.0 and 0.3 ,um alumina. 

followed by ultrasonic cleaning and sealing in plastic (to exclude air). 

5.3.3 Retlected and Transmitted Light Microscope Analysis ofNail Thin-Sections 

A metallographic analysis of the iron core and an examination of the corrosion 

halo was conducted to characterize mineral(s) and metal phase(s). Initial transmitted light 

and reflected microscopy was performed on un-etched samples immediately after thin 

section preparation. Results were recorded using sketches and photographs. This 

allowed for a characterization of metal phase(s), inclusions, and the nature of the 

metal/corrosion interface and corrosion halos. 

5.4 Instrumental Methods 

Most of the instrumental techniques applied are those used in geochemical and 

mineralogical analysis. The technique employed for the corrosion rate measurements was 

adapted from similar applications used in engineering science. Corrosion rate, 

inductively coupled plasma-mass spectrometry (ICP-MS) and x-ray fluorescence (XRF) 
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analyses were performed specifically for those samples with an associated nail sample. 

5.4.1 XRF Analysis for Soils and Slag 

Soil and slag samples were analyzed for 30 elements (Na, Mg, AI, Si, P, S, Cl, K. 

Ca, Se. Ti, V, Cr, Mn, Fe, Ne, Cu, Zn, Ga. As, Rb. Sr, Y, Zn, Nb, Ba. Ce, Pb, Th and U) 

using a Fisons/ ARL model 8420 sequential wavelength dispersive X·ray spectrometer. 

Samples were prepared as pressed pellets using BRP·5933 Bakelite phenolic resin 

(Longerich 1995). 

The standard laboratory data acquisition protocol for geological samples was 

employed for the soils (Longerich et al. 1993 ). Slag samples were calibrated using an 

internal standard and an iron ore standard (Lincolnshire Iron Ore deposit • Bureau of 

Analysed Samples. ltd. No. 301). The internal standard was produced by mixing powder 

from all46 Ferryland slag samples. Two pressed pellets, produced from the powder, 

were then analyzed. The XRF analyses were repeated, on the two pellets, to test for 

consistent results. 

Detection limits range from 100 ppm for the light major elements such as Na and 

Mg down to 0.6 to 0. 7 ppm for the less abundant elements of Rb, Y and Nb (Longerich 

1995). 
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5.4.2 XRD Analysis for Soils, Clays and Nail Corrosion Halos 

Bulk soil samples, extracted clay phases and corrosion halos were investigated to 

identify mineral phases. Samples were ground to a fine powder and mounted on a glass 

slide for analysis. 

For clay identification, a less than 1.25 mm soil fraction was processed to separate 

the clay fraction from the soil using the combined methodology of Jackson ( 1964) and 

Moore and Reynolds ( 1989). Appendix 5b describes the procedure for the clay mineral 

separation. Slides of the clay fraction were prepared by depositing a clay suspension in 

water from a Sec syringe drop-wise onto a glass slide. The slides were then allowed to air 

dry. After recording the XRD spectra, these slides were exposed to ethylene glycol 

vapour for a 12 hour period at 60°C. The glycol treatment distinguishes illite from 

smectite clay phases as smectite expands on glycolation and gives a different XRD 

spectra. Slides were also exposed to glycerine as this will distinguish vermiculite from 

illite and smectite. Vermiculite expands when exposed to glycerine. Glycerine was 

applied to the slides by syringe until saturated and the slides were then air-dried. 

Corrosion halos were removed from the iron surface using a scalpel, then ground to a fine 

powder for mounting. 

X-ray diffractograms were obtained using a Rigaku RU-200 diffractometer using 

CuKa radiation at 40k V and I OOmA with a diffracted beam monochromator engaged. 
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Other details of operating conditions are given in Table 5.4.2. 

Table 5.4.2 
Diffractometer Operating Conditions for XRD Analysis 

Sample Scan Spc:c:d Stan angle Stop angle scan mode goniometer divergence: receiving 
a."< iS slit width slit width 

clay 10"/min 5"29 70"28 continuous 2 9/9 I o 0.15" 

soil 5"/min 10"29 70"29 continuous 2 9/8 I o 0.15° 

corrosion 5"/min 10"28 70°29 continuous 2 9/8 I o 0 .15" 

Identification of crystalline components was carried out using the XRD pattern-

processing programme JADE ( 1991) and the International Centre for Diffraction Data 

(lCDD) and Powder Diffraction Files (PDF). Difficulties in interpreting patterns were 

encountered because of the heterogenous nature of the samples. Categories of 

identification were used which included: good pattern- 80% of peaks matching PDF (X 

or~), fair pattern - 50% of peaks matching PDF (?) and poor pattern - 40% of peaks 

matching PDF (??). 

5.4.3 ICP-MS Analysis for Soil Solutions 

Inductively coupled plasma-mass spectrometry (lCP-MS) analyses were 

performed on soil solutions prepared using a 1:10 soil to water ratio. The solution was 

stirred vigorously and allowed to stabilize for approximately 30 minutes before filtration 



51 

through a Millipore filter system (Whatman 0.45 .um cellulose nitrate membrane filter 

paper) and washed with 10% HCl. The filter paper was placed in a refluxing test tube. 

Five ml of concentrated HN01 were added to dissolve the filter paper. Concentrated HCl 

was added to dissolve all precipitate. The solution was then diluted to 100 g with 

deionized water. 

Solutions were analyzed for 41 elements (Li, Be, B, C, N, Mg, AI, Si, P, S. Cl, Ca, 

Ti, V, Cr, Fe, Mn, Co, Ni, Cu, Zn, As, Br, Se, Rb, Sr, Mo, Ag, Cd, Sn, Sb, I, Cs, Bs, La, 

Ce, Hg, Tl. Pb, Bi and U). The instrument employed was an ELAN model 250 (SCIEX, 

Thornhill, Ontario, Canada). Modifications to the instrument are described by Longerich 

et al. ( 1986, 1987) and Jackson et al. ( 1990). Operating conditions are presented in Table 

5.4.3. 

5.4.4 Conductivity Measurements for Soil Solutions 

A solution was prepared using a I: 10 volume ratio of soil to solution. This was 

stirred vigorously and allowed to stabilize for approximately 30 minutes prior to making 

the measurements, for which a Fisher Scientific Conductivity Meter, Model number 09-

327, was used. 
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Table 5.4.3 
ICP-MS Operating Conditions 

lnd~~~:uvely coupled plasma: 

forward power 1,200W 

retlected power <~W 

Argon ps tlows: 

plasma Couter) 131 man: ' 

aUXIliary (intermediate) II min: • 

nebulizer (iMer) llmm: ' 

sampling distance tload c:allto sampler 21mm 

iipenurc) 

sample uptake rate 0.64mlmm: • 

antcmal standard uptaltc nue 0.36 ml man: ' 

Typtelli ron lens scnmp: (digrpol): 

B lens (bam:l) 95 

P lens (plate) -4 

E-1 lens lEinzcl) 70 

S·l lens (stop) 0 

Data IICqUISIIiOn paramctcn: 

measurement mode mutucluanncl 

dwell time SO IRS 

rntegration nme I~ 5/nuw 

wash time 240 s 

sample cqualibrallon nmc 90s 
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5.4.5 pH Measurements 

Soil pH was measured in the laboratory using l :2 soil-to-water and soil-to-0.01 M 

CaCl: solutions by volume. The latter demonstrates the buffering capacity of the soil. 

The CaCl: solution forces all of the hydrogen ions into solution as they are displaced by 

calcium. Thus the value obtained has a lower value than it would with water if the soil 

contains a phase capable of absorbing hydrogen ions (Rempel et al. 1996). Fisher 

Scientific Model 910 pH meter and electrode Model 13-620-285 were used for the 

experiments. The meter was calibrated prior to each measurement using Fisher Scientific 

pH 4 and 7 standards. 

5.4.6 Electron Microprobe Analysis 

A Carneca SXSO electron microprobe was used to map element distribution in 

iron nail sections using a beam current of20nA, an accelerating voltage of 15 kV and a 

magnification of IOOOX. Elements S, P, Cl, Fe, and Si were detected using Energy 

Dispersive Spectrometry (EDS). Chlorine was monitored using Wavelength Dispersive 

Spectrometry (WDS). The calibration standard used for the WDS analyses was 

tugtupite. The crystals employed were TAP and PET. A dwell time of 5 milliseconds 

was used to produce a 256: pixel map (equal to area of 2mm:). Data were reduced using 

ZAF corrections. 
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5.4. 7 Elemental Concentrations 

Iron nails representative of each area of the site were analyzed to identify element 

concentrations in the corrosion halo and nail core. Additional samples were examined to 

identify mineral inclusions in the corrosion halo and carbon concentrations in metal 

phases. The following elements were analysed using EDS: S, P, AI~ Si, Fe, Ca, K. Mg 

and Mn. WDS was used to measure Na, Cl and C concentrations. These elements were 

calibrated using albite, tugtupite and siderite standards. Crystals used for the study were 

TAP and PET. A current of 10 nA and an accelerating voltage of 15kV was employed. 

Data were reduced using ZAF corrections. All samples were analysed using the Ka line. 

5.5 Instrumental Methods for Monitoring Corrosion Rates 

Other analytical techniques (pH, conductivity, XRD, ICP-MS and XRF) used for 

soil characterization in this thesis have been extensively tested (ASTM 01125, ASTM 

GSI-77, Longerich 1995, Moore and Reynolds 1989; Taylor et al. 1977). Though 

corrosion rate measurements are used to interpret soil condition the application used in 

this thesis has not yet been tested. Therefore the following descriptions of the corrosion 

rate measurements are included both to justify why corrosion rate measurements were 

included and to demonstrate the importance of this soil parameter to the understanding of 

iron deterioration. 

Corrosion scientists have developed a variety of techniques for evaluating 
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corrosion rates (Rocchini 1994). For a uniform corrosive process or localized attack 

either electrochemical techniques or method of weight loss can be used (Stem 1958; 

Jones 1992:24). The latter method uses coupons (uniform rectangular pieces of the metal 

under investigation) which have been exposed to a known environment. However, the 

analyses are time-consuming, provide only average values, and are valid only when the 

metal's mechanical properties and resistance to localized attacks are considered (Feitler 

1970; Binnie. personal communication). Electrochemical methods allow for rapid 

calculation and are theretore preferred (Rocchini 1994). 

5.5 .1 Background for Corrosion Rate Measurements 

Electrochemical reactions involve the transfer of electrons between an anode and 

a cathode (Pourbaix 1977:3). Current, I- units in amperes, is a measure of the electron 

flow to and from a given metal surface. Faraday's Law describes the proportionality 

between current and the reacted mass (m). 

(I) m=lta 
nF 

F =Faraday's constant 
n = number of electrons transferred 
a = atomic weight 
t =time 

If equation ( 1) is divided by unit area. A, and time, t, an equation for corrosion rate (r) is 

obtained. 
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(2) r = !!L = i a 
tA nF 

i =current density, IIA amps/unit area 

Equation (2) shows the relationship between mass loss per unit time per unit area and 

current density. Because current can be measured precisely to very low values, it allows 

sensitive electrochemical measurements of corrosion rate (Jones 1992:75). 

The fundamental thermodynamic parameter for an electrochemical reaction is the 

half-cell electrode potential (Richardson and McSwen 1989; Jones 1992:75). For 

example. iron in an aqueous solution of hydrochloric acid would produce the following 

reaction: 

(3) Fe + 2HC1 <=i> FeCI~ + H~ 

This reaction involves a change in free energy, as would any chemical reaction. If we 

write reaction (3) as a simple ionic reaction for metal it becomes: 

Reaction ( 4) can be broken down into half-cell electrochemical reactions: 

(5) anodic 

(6} cathodic 

The free energy change (l1G ) is related to the electrochemical potential (E), at 

equilibrium by the equation: 



(7) a a= -nFE 

Half-cell reactions (5} and (6) have specific free energy changes. The sum of their 

corresponding half-cell electrode potentials e. (for the anodic reaction) and ec (for the 

cathodic reaction) is: 

(8) E =e.+ e. 

Changes to an electrochemical system are described in terms of electrochemical 

polarization, arising from the potential change (E- e) from the half-cell electrode 

potential at equilibrium as electrons are supplied to the cathodic half-cell or removed 

from the anodic half-cell. The term overpotential is often used to describe this build-up 

or depletion of electrons. For anodic overpotential (or activation polarization as it is 

sometimes called) polarization is positive and for cathodic overpotential polarization is 

negative (Jones 1992:80}. 

The overpotential ('1) and current density (i., i. for anodic and cathodic half-cell 

reactions, respectively) are related by: 

(9) anodic polarization '1. = 13. log i/ io 

( l 0) cathodic polarization 'lc = Pc log iJ i o 

~.and 13. are the Tate( constants (for activation polarization) for the half-cell reactions. 
iu =total current exchanged between cathode and anode. 
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For many reactions, both anodic and cathodic half-cell reactions occur 

simultaneously. Each will have separate half-cell electrode potentials and exchange 

current densities. For them to coexist on the same electrically conductive surface each 

half-cell electrode potential must polarize to a common value. This common value is 

known as the corrosion potential (steady-state corrosion potential) or Ec:orr, the ''mixed 

potential" (Shreir 1993:20:3-6). Its relationship to the half-cell electrode potentials and 

Tafel region is shown graphically in Figure 5.1. 

5.5.2 Background for Polarization Methods to Measure Corrosion Rate 
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The mixed potential theory allows an electrochemical means to calculate 

corrosion rates. There are two methods of measurement of Ec:orr: Tafel extrapolation and 

polarization resistance (Jones 1992:94 ). The easiest is Tafel extrapolation for 

determining i c:orr (Jones 1992:94). The second method is preferred, however, as it 

requires only a few minutes to determine corrosion rate, is sensitive and does not require 

increased temperatures to accelerate reactions. It is also non-destructive (Jones 

1992: 143 ). This is the method used in this study. 
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Figure 5.1 
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5.5.3 System set-up for Corrosion Rate Measurements 

Corrosion rates of soil samples were measured using an EG & G Applied 

Research Potentiostat Model 273A with SoftCorr II corrosion measurement software. 

Initial research has shown a correlation between soil corrosion rate and artifact condition 

(Mathias 1996). The specimen used for corrosion testing was a single iron nail. This was 

used for each experiment. Though randomly selected. the nail was in excellent condition. 

and had been treated with an aqueous 1% NaOH solution for 1 year to remove chlorides. 

The working electrode was constructed using a section (2mm thickness) sliced from the 

shaft of the iron nail. Because the nail cross-section was small. a corrosion flask 

(EG & G model K047) was used for the corrosion cell (Figure 5.2). Figure 5.3 shows the 

holder and assembling procedure for the working electrode suitable tbr the corrosion cell. 

The iron surface was cleaned after each experiment using silicon carbide and diamond 

papers down to 600 grit. followed by rinsing with deionized water and solvent drying 

using acetone. 

For all experiments the cell was set-up as in Figure 5.2. A reference electrode 

(saturated calomel electrode- SCE Ag/AgCl/lM KCl) (model number SL0032 tbr 

Agl AgCl section and model number RDE0022 for KCl section) was placed within 1 mm 

of the working electrode and carbon rods provided the cathode. A soil solution 

(described below) served as an electrolyte. 
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For a working electrode in contact with a soil solution, the electrode potential is 

the corrosion potential of the metal in the soil solution relative to the reference electrode. 

The soil solution in contact with the metal and the solution of the reference electrode 

must be connected by a salt bridge which has no diffusion potential. In this study, a 

Vycor tip and a saturated potassium chloride solution in a Luggin-Haber probe provided 

the salt bridge. 

Soil solutions were prepared using a 1: 10 soil to water ratio. The solution was 

stirred vigorously and allowed to stabilize for 30 minutes before being sieved through a 

0.5 mm mesh to remove large stones (which damage the cell). The solution was poured 

into the cell. Dissolved oxygen is responsible for an increased rate of many corrosion 

related phenomena. Therefore, the cell was purged with nitrogen gas for 20 minutes 

(Robert Hopkins and Creig Monahan, personal communication ). After purging, the cell 

was monitored using a Fluke Digital Multimeter model 801 OA to determine the point of 

stabilization. When the voltage was stable the cell was connected to the potentiostat. 

The electrical connection from the cell to potentiostat may be specific to the 

Model 273A potentiostat, therefore, check colour codes if using other models. The 

working electrode flange made contact with a brass holder plug which connected to the 

sample (Figure 5.3). The reference electrode lead was plugged into the reference 

electrode jack on the electrometer thus completing the connection from cell to 
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potentiostat. Table 5.5.3 presents the operating conditions. For these experiments the 

cell was cleaned after each run as was the working electrode. The working electrode was 

not re-weighed after each run nor was there any temperature control for the cell. 

Table 5.5.3 
Potentiostat Model273A Operating Conditions 

condition ume cr. pass s 

c:ondition porcnual CP ·pass v 

rnatial delay ID ·pass s 

sc:an rate SR 0.3333 mVts 

sc:an rncn:ment Sl 1.0000 mV 

line: sync. LS no 

ructrmc: RT high slllbrliry 

workrn11 elec:trocle WE solid 

sample area AA 0.722S em: 

dcnsiry DE 6.82S gtml 

initial potential IP specrlic to sample 

final potenual FP specalic to s;unple 

curtent ran~ooc CR auto 

step trme ST 3.000 s 

IRmode IR none: 

filter FL otT 

reference elec:trodc RE -user 0.000 v 

equivalent we1ght of EW 27.9211 

iron 

With the cell connected and the system stabilized, a rough measurement of the 

free corrosion potential is obtained using the computer (Soft Corr II software). The free 
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corrosion potential was used to set limits and operating conditions. The cell is polarized 

to values ±0.025 Von either side of this initial potential. The computer collects the data 

and a plot similar to Figure 5.1 is obtained. The measured current density (which is 

obtained as the intersection of tangents to the anodic applied current curve and the 

cathodic applied current curve) intersects the X axis at the value for E carr. 

5.5.4 Derivation of Corrosion Rate 

Many researchers (Stem and Geary 1957; Simmons 1955; Skold and Larsen 1957) 

have contributed to the development of polarization methods for measuring corrosion 

rates. A synthesis has resulted in the acceptance of the inverse relationship between the 

slope at the origin of the polarization curve and the corrosion rate. This method of 

determining corrosion rates has become known as the polarization resistance method. 

The common method for measuring polarization resistance is the .. potentiostatic" or 

''potentiodynamic" technique employed for this project. This method was selected 

because of its simplicity. When a controlled overvoltage is applied to the corroding 

electrode. the applied current density (lapp) is directly proportional to the corrosion rate as 

current density (lcorr)· 

Rp =polarization resistance 
~E = change in overvoltage 
~ = proportionality constant 

It is therefore possible to obtain the corrosion rate directly from readings of applied 
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voltage versus measured current (when (3 is known). When a potentiodynamic scan is 

applied. the current will follow the controlled overvoltage and the polarization resistance 

curve can be plotted automatically (Figure 5.1 ). 

The method used by the SoftCorr II software package to determine corrosion rate 

is related to the theoretical approach of Stem and Geary ( 1957). This approach assumes 

that a typical corroding system involves only 2 electrochemical reactions - oxidation and 

reduction. Equation (12) is that proposed by Stem and Geary. 

( 12) ( (E) = lc:orT ( 10 tE·Ec:orrliPa - 10 (Ec:orr·Elilk] 

where [ = net or total current flowing at specific applied potential (E), 
Ec:orr =open circuit potential for the system, 
rJa = Tafel proportionality constant for anodic reaction, 
rJc: = Tafel proportionality constant for cathodic reaction. 

When the applied potential (E) is equal to E,orr, equation (12) predicts that the current 

density (I) will equal zero. If the applied potential (E) is close to the open circuit 

potential (Ec:orT) equation (11) can be simplified to relate E to 1: 

( 13) I = 2.3 Ico"<P. + rJJ (E-Ecorr) I (13.13J 

Equation ( 13) predicts that current density (I) will be linearly related to applied potential 

(E) when potentials are close to open circuit potential (Ec:orr>· The slope Ell is called the 

polarization resistance. 

( 14) Polarization resistance (Rp) = P.l3c: /[2.3 lcorr <Pa +rJc:)] 

For this study, the Quickcalc and Parcalc Tafel analyses (Model352/252 SoftCorrll user's 
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guide, 1992) were employed to calculate corrosion rates. Quickcalc relies on the linear 

least-squares treatment of selected points to calculate the results. It performs three linear 

least squares analyses of the data to obtain values for Ec:orr• lc:orro ~. and ~c:· Parcalc uses all 

the data to perform a nonlinear least-squares fit. Once lcorr is obtained a corrosion rate can 

be determined using the equation: 

(15) Corrosion rate= C (EW/d) (lcojA) 

EW = equivalent weight of sample in grams 
A= sample area {cml) 
d = density g/ml 
C = conversion constant = 3 .268x 10, for corrosion rate in millimetres per year (mmpy). 



CHAPTER 6: PHYSICOCHEMICAL CHARACTERISTICS OF THE 

FERRYLAND SOIL 

6.1 Introduction 
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Table 6.1 contains a brief description of the soil samples used for the study and a 

list of the associated nails. Appendices 6a-c contain Figures 6.1, 6.2 and 6.3 which show 

soil sample location for areas of excavation, the results for the chemical analysis for soil 

solutions and element concentrations for soil samples. 

6.2 Particle Size Distribution 

Tables 6.2a and b show the particle size distribution for soil samples from Areas 

B. C and D. Results shown in Table 6.2a represent occupation and destruction events, 

those in Table 6.2b represent filling and building events. The data correspond to gravel 

loa.'lly sand on the classification scheme of Clarke ( 1971 :45). These results support the 

field observation and historic records indicating that the area was filled or levelled off by 

the colonists from the glacial till deposit of the Downs (Tuck 1996). Percent standard 

deviations are 20% and 1 Oo/o for the soil from the occupation/destruction and fill/building 

events, respectively, indicating greater variation between samples from 

occupation/destruction events. Standard errors are small and identical for soil from both 

event groups indicating little variation of sampling distribution around the sample mean. 



Table 6.1 
Soil Samples from Areas B, C and D 

Area Sample: Event Event Co-ordinate Depth (cm) 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

c 

c 

c 

c 

c 

c 

D 

D 

D 

D 

D 

D 

D 

D 

D 

Description 

B-l 133 destruction E3NO 54 

B-2 134 till EONt1 38-69 

B-3 134 till E3N3 55 

B-1 134 till E3N2 57-68 

B-5 134 till WIN7 59 

B-6 138 building E3N3 85-120 

B-7 143 occupation E2N7 72-80 

B-8 145 occupation E2NS 75-97 

B-9 177 building E2N6 80-85 

B-10 178 occupation E3N6 95-110 

C-11 0 occupation E89N29 0-30 

C-12 ss till E88N29 46-53 

C-13 19 destruction E88N29 53-57 

C-14 22 till E89NJS 57 

C-15 16 buddinii/OCQIIIAIIOn E88N36 85 

C-16 195 oc:c:upation E88N29 89-121 

0·17 62 occupation EI37N8 28-40 

D-18 62 occupation El38N8 28-40 

D-19 62 occupation El47N8 28-40 

D-20 62 occupation EIJSN7 30 

D-21 62 occupation El49N9 34-38 

0-22 63 till E148Nl2 16·26 

D-23 96 destruction EI48N12 53 

D-24 88 subsoil El41Sll 32 

0-25 141 subsoil El47N8 62 

(•) naal sample docs not have adcntac:al c:o-ordanates to soal sample 
(N/A) ·artifacts not found in the soil 

Associaaed Nail 

106289 

115811 

115294 

97546 

115470.115772• 

IISS21 

120161 

120531 

120340 

120389• 

128193• 

128190•,128192• 

128189• 

128195• 

128304• 

128290• 

94158,94160 

94120,94121.94123 

94742.947·'3· ,94745,94785 
94786,94787.94788, 

94758,94759 

87872 

94737• 

99060 

NIA 

NIA 
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Sam ph: Sample: 
Size: (gJ 

8-1 603 

8-7 360 

8-8 253 

B-10 391 

C-11 1446 

C-13 491 

C-16 659 

D-17 412 

D-18 348 

D-19 553 

D-20 502 

D-21 357 

D-23 57-I 

Mc:an 535 

Standard deviation 

Standard error 

Table 6.2a 
Particle Size Distribution for Soil Samples 

from occupation/destruction events 

occupation/destruction events 

Event Co- Depth (em) Particle Size (WI%) 
ordinate: 

>2mm 2mm- 1.25mm-
(gravel) 1.25mm 63J.lm 

(sand) (sand) 

133 E3NO 54 64 2 31 

143 E2N7 72-80 48 7 34 

145 E2N5 "·97 44 9 -14 

178 E3N6 95-110 56 15 26 

0 E89N29 0-30 so 12 35 

19 E88N29 53-57 33 17 -16 

195 E88N29 89-121 39 20 38 

62 El37N8 28-40 37 16 40 

62 E138N8 28-·10 37 13 45 

62 El47N8 28-40 53 21 23 

62 El35N7 30 45 13 38 

62 EI49N9 34-38 41 13 39 

96 E148NI2 53 .-o 13 46 

45 14 37 

9 s 7 

2 I 2 

70 

<63J.ltn 
(silt/ 
clay) 

3 

I 

3 

3 

3 

~ 

3 

7 

5 

3 

4 

7 

I 

4 

2 

I 



Sample Sample 
Size (g) 

B-2 659 

B-3 452 

B-4 200 

B-5 778 

B-6 857 

B-9 406 

C-12 707 

C-14 687 

C-15 789 

D-22 352 

Mc:an 589 

Standard deviation 

Standard error 

D-24 591 

D-25 617 

Table 6.2b 
Particle Size Distribution for Soil Samples 

from filllbuilding events and subsoil 

tiiUbuilding events 

Event Co- Depth (em) Particle Size (wt%) 
ordinale 

>2mm 2mm- 1.2Smm-
(gravel) 1.2Smm 63J.Jm 

(sand) (sand) 

134 EON6 38-69 50 IS 33 

134 E3N3 55 48 18 30 

134 E3N2 57-68 53 21 25 

134 WIN7 59 2• 5• 90• 

138 E3N3 85-120 54 10 28 

177 E2N6 80-85 50 18 29 

55 E88N29 46-53 47 14 36 

22 E89N35 51 49 12 33 

16 E88N36 85 44 13 40 

63 EJ48NI2 16-26 38 9 47 

48 14 33 

5 4 7 

2 I 2 

subsoils 

88 EI41Sll 32 63 6 23 

141 El47N8 62 36 17 46 

•value not included in mean or standard deviation for fill/building events 
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<63J.Jm 
(silt/ 
clay) 

2 

4 

I 

3• 

8 

3 

3 

6 

3 

6 

4 

2 

I 

8 

I 



Soil samples D-25 and D-24, representing subsoil or soil tree of artifactual remains, are 

located below the Area D house and outside of the Area D house, respectively. Sample 

D-25 has a particle size distribution similar to the soils representing occupation of the 

house. Sample D-24. however, has a greater gravel component, lower sand component 

and larger clay traction compared to other soil samples related to human occupation. 

6.3 Soil pH. Conductivity, Corrosion Rate and Organic wt% 
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Tables 6.3a and b contain measurements of soil pH, conductivity, corrosion rate. 

organic wt% and Cl concentrations. The Cl concentrations will be discussed later in the 

chapter. These data representing occupation/destruction and fill/building events are 

sorted by increasing pH for water solutions. The averaged soil pH is similar for both the 

occupation/destruction and fill/building events. Soil from occupation/destruction events 

in Areas C and D becomes more acidic with depth. Other soil samples indicate that the 

remaining areas of excavation have soil profiles which become more alkaline with depth. 

Events 195, 133. 19 and 62 (sample D-20) are more acidic than the other soils. Events 

178, 145 and 62 (D-17,18 and 19) are more alkaline than the other soils. Events 178, 145 

and 62 (D-17,18 and 19) are more alkaline than the other soils. 

With the standard deviations, soil samples from occupation/destruction and 

fill/building events do not exhibit large differences in soil pH for H~O and CaCl2 solutions 



Table 6.3a 
Comparison of soil pH, conductivity, corrosion rate, organic wt% and Cl concentration 

or sot rom occupatio estrucuon events ft 'I fl . n/d . 

uccupatiun/dcslruclion c\'cnls 

Sample Event Co· Depth pli ConduCiancc Conos10n Or game Cl conccntrath •n Cl concentration 
ordinllc (em) (micromhos) Rate "1'Yo for soil fur soli solut iuns 

11,0 CaCO, (mmpy) (ppm) (ppb) 
QuJclo.calc 

C-16 19S Eli8N29 89·121 4 37 lSS 29.9 0.11 19.2 1446 16-132 

D·l 133 EJNO 54 HI 181 377 010 100 351 2952 

1>·20 62 EJ35N7 30 4 71 3 85 16.8 006 6.0 70 957 

C·ll 19 E88N29 53·57 UJ 364 294 0()6 29 8 37l 5066 

().23 96 El48NI2 53 4.90 407 8.7 0.08 8.6 110 13436 

D-21 62 EI49N9 34-38 494 198 81 -··-- 60 282 -·- ··· 

IJ.7 143 E2N7 72-80 4.97 407 433 006 25.0 378 2348 

C·ll 0 E89N29 0-30 5.04 3.70 260 0.09 17.0 667 4939 

1>-19 62 E147N8 28-40 5.24 435 184 0.07 54 206 618 

0·17 62 E137N!I 2840 5.34 4.16 7.7 0.11 5.9 393 1056 

D-18 ttl E138NH 2840 540 451 10 b 007 6.0 129 514 

D·H 145 f:2N5 75-97 Sbl 461 llo 0 II 20 421 1038 

B-10 178 E3N6 95· 1 10 5.74 4.23 299 005 5.6 359 1063 

Mean 5.03 404 21 s 008 11.3 399 4202 

Stand11d Deviation 043 033 11 .9 002 8.7 352 5290 

Standard c:nor 0 12 0 09 33 0 01 2.4 67 1527 



Table 6.3b 
Comparison of soil pH, conductivity, corrosion rate, organic wt% and Cl concentration 

ft "I fl fill/b "ld" or so1 rom 1 Ul mg events 
filllbuildmg events 

Sampk: Event Co-ordmatc Dcplh pH Conductance Conosaon Or game Cl conccntratton Cl concentration 
(em) (micromhos) Ra1e ~t% for soil fi1r soil solutions 

u,o CaCJ, 
(mmpy) (ppm) (ppb) 
QuicL:calc 

8-4 134 E3N2 S7-68 3.81 l4S 3S.O 0.06 10.6 313 1074 

8-2 134 EON6 38-69 3.99 166 S2.2 0.07 6.9 217 1780 

0-22 63 E148NI2 16-26 4.04 3.56 52.8 022 8.0 368 5630 

8-5 134 WIN7 S9 4.4S 361 11.2 0.03 1.8 100 635 

C-12 ss EIIN29 46-53 4.4S 3.53 286 014 121 593 6788 

8-3 134 E3N3 55 4.70 3.97 20.0 0.02 17.8 209 1691 

C-14 22 E89N3S S7 4.93 4.16 733 0.12 IS .2 784 33109 

8-9 177 E2N6 80-85 4.96 3.96 14.7 0.06 41 382 2240 

0-6 138 E3N3 8S-120 4.99 3.98 IS .2 0.09 2.0 157 11171 

C-IS 16 E88N36 85 5.60 442 29.6 0.08 29.4 462 10049 

Mean Ul l8S 33.3 0.09 10.8 358 6487 

Standard deviation 0.58 0 32 203 006 8.4 211 IJ8H 

Standard error 0.18 010 6.42 002 2.7 67 3110 

subsmls 

D-24 88 EI41SII 32 ·UI2 3.54 104 Oil S.IJ <I.D 773 

D-25 141 EI47N8 62 591 ·05 S.7 0.09 2.0 28 476 
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(Table 6.3a and b). The greatest difference is observed for soil from 

occupation/destruction events. Soil pH for CaCll solutions has similar % standard 

deviations and errors for both event groups. Percent standard deviation and error for soil 

pH (H:O) is greater for soil from fill/building events indicating variation between samples 

and variation in sampling distribution around the sample mean. 

Soil conductivity for occupation/destruction events is lower than for fill/building 

events, however there is much overlap. Soil samples decrease in soil conductivity with 

depth for Areas Band D. With exception of sample C-14, soil conductivity is uniform 

for the events from Area C. Soil conductivity is lowest for samples from Area D. 

Samples B-7 (event 143), C-14 (event 22) and D-22 (event 63) have the highest soil 

conductivity for the site. 

The soils from the two event groups have similar averaged corrosion rates. 

although the standard deviation indicates significant variation in corrosion rate between 

individual soil samples. Percent standard deviation is greatest for the soil from 

fill/building events indicating greater variation between samples. Percent standard error 

for this group is also higher suggesting greater variation in sample distribution about the 

mean. Soil from fill/building events also has greater percent standard deviation and 

standard errors for soil conductivity. The most corrosive soils are from events 55 and 63, 

both located near the surface. The least corrosive soils are from events 96, 62. 16, 19, 
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143 and 134. 

The organic soil component for all soils from Areas B, C and D represents 

approximately 10% of the soil by weight. The weights for individual soil samples before 

digestion range from 3. 7 to 5.8 g and weight changes after digestion range from 0. 1 to 

1. 7 g. The organic soil fraction from the occupation/destruction events and the 

fill/building events is similar. The % standard deviations for soil from both the 

occupation/destruction and fill/building events is 77% of the mean organic weight % 

indicating similarly high variability within each data set. Standard error tor soils from 

occupation/destruction and fill/building events is similar indicating variability of 

sampling distribution around the sample mean is equal. Soil samples from Areas C and 

D show an increase in organic concentration for samples with depth. Organic weight% 

for soil from Area B fluctuates with depth. Soil from Area C has a higher concentration 

of organic maner than soil from Areas Band D. 

Figures 6.4 and 6.5 are schematic drawings of soil profiles showing variation in 

soil pH, conductivity, corrosion rate and organic wt%. A visual examination of these 

prot1les indicates that some correlations between pH, conductivity, corrosion rate and 

organic content exists. For example, an acidic soil pH correlates with high soil 

conductivity and high organic wt%. This is true for events 143, 22, 19 and 195. Note 

that these events have a low soil corrosion rate. Also soil from events 145, 178, 16 and 



Figure 6.4 
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62 are more alkaline, and have the lowest soil corrosion rates. Soil from events 55 (Area 

C) and 63 (Area D) have the highest corrosion rates. 

Soil from Area C has the highest conductivity, has the highest corrosion rate and 

organic wt%. With exception of soil from event 63, soil from Area D is less conductive 

and has the lowest corrosion rate and organic wt% than soils from Areas Band C. 

Subsoils, represented by event 88 and 141, are less conductive, have lower corrosion rates 

and organic wt% than most of the other soil samples. 

6.4 Elemental Analyses for Soils 

Tables 6.4a-d (Appendix 6b) contain the elemental analyses for soil samples from 

the occupation/destruction and fill/building events in Areas B. C and D. Element 

concentrations at or below detection limits and for which analysis has no significance will 

not be discussed. Table 6.4e presents averaged totals of weight %, standard deviation, % 

standard deviation, standard error and% standard error for soils grouped by area and 

events. Note that averaged totals for element wt% are closer to 100% if the measured 

organic component is added back. For the inorganic soil component, differences in% 

standard deviation and % standard error are lower when samples are grouped by area and 

will therefore be discussed by area. For the organic soil component differences in % 

standard deviation and % standard error are lower when samples are grouped according to 

the archaeological stratigraphic location (event) and will be discussed by event. 
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Table 6.4e 
[n organ1c + 0 ·c rg_amc omponents o fS 'l ti 01 rom Ar eas B C . an dD 

Inorganic 

Measurement AreaS AreaC AreaD 

Mean total wt% 83 .6 83.5 90.8 

Standard deviation 3.8 2.6 4.4 

% Standard deviation .u 3.1 -1.9 

Standard error 1.2 1.1 l.S 

% Standard error 1.4 1.3 1.6 

Organic 

Mean total wto/o 8.6 20.5 6.0 

Standard deviation 7.6 1.5 1.8 

%Standard deviation 89.0 36.0 31.0 

Standard error 2.4 3.0 0.6 

% Standard ~:rror 280 36.0 10.0 

Inorganic + Organic 

Total \vto/o 92 .2 104.0 96.7 

Inorganic 

occupation/destruction till/building 

Mean total wto/o 86.0 84.9 

Standard deviation 5.8 3.0 

% Standard deviation 6 .7 3.5 

Standard error 1.6 1.0 

o/o Standard error 1.8 1.1 

Organic 

Mean total wto/o 11.3 10.8 

Standard deviation 8.7 8.4 

% Standard deviation 77.0 78.0 

Standard error 2.4 2.7 

o/o Standard error 21.0 25.0 

Inorganic +Organic 

Total wt% 97.3 95 .7 
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From a geological perspective, elements are divided into 3 groups based on their 

abundance. Major elements each constitute more than 1.0% of a rock, minor elements 

represent from 1.0 to 0.1 %, while trace element concentration represents less than 0.1% 

of the rock (Philpotts 1990:88). The seven major oxides which are found in the Ferry land 

soil are; SiO~, A1~01, FeO (Fe10]), MgO, CaO, N~O and K!O (Tables 6.4a-d). Overall 

the data revealed a consistency for elements probably representing a soil mineralogy 

dominated by quartz, feldspar, clay and mica. XRD analyses to follow confirm this 

observation. 

Tables 6.4f and g (Appendix 6b) contain data showing concentrations of S, Cr, 

Fe:01, Cu. Pb and Zn which are probably derived from buried artifacts. Concentrations of 

S, Cr. Fe:Ou Cu, Pb and Zn are consistently greater than detection limits ( 19 ppm. 7 ppm, 

0.006wt%, 4 ppm, 4 ppm and 4 ppm, respectively). Table 6.4h (Appendix 6b) shows that 

concentrations of Cu, Zn, Pb, Cr, S and Ba were highest for events representing 

occupation and therefore containing artifacts. Large % standard deviations indicate 

variation between events. Sample D-23, event 96 of Area D has greater concentration of 

S, Zn. Pb, Cr, Sand Ba. Concentrations ofCu, Zn, Pb, Cr, Sand Ba were lower for 

subsoils. Subsoil D-25, located below the Area D house, had higher concentrations of the 

metals than subsoil D-24, located outside of the house, probably because of a leaching 

effect from the soiJs above. Table 6.4h (Appendix 6b) also contains data showing 

concentrations of elements derived from the environment. Percent standard deviation for 
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soils from both occupation/destruction and fill/building events are lowest for 

concentrations of SiO:, Rb, Sr, Ba and Ce. Concentrations of SiO: decrease with 

occupation while chlorine concentrations increase with occupation. Table 6.4i (Appendix 

6b) contains data showing that the concentrations for Cu, Pb, Cr and S were highest for 

Area B. Figures 6.6 and 6. 7 show schematic drawings of typical soil profiles showing 

variation in soil SiO:, Fe10], P:O, and Cl concentrations. 

Concentrations of SiO:, Fe:Ou P:05 and Cl were examined to identify 

relationships between them as they represent both environment and occupation and are 

ubiquitous throughout the site. Overall Area D soil samples had a higher Si02 

concentration and lower Cl, Fe:O] and P:O, concentration than Areas Band C. Soil from 

Area C had a similar Si01 concentration and the highest Cl concentration compared to 

other soils. Table 6.4j summarizes the relationship between SiO:, Fe:OH P :0~ . and Cl 

concentrations for soil from Areas B, C and D. Note that if SiO: concentrations are high. 

concentrations of Fe:O~> P20, . and Clare generally low and vice versa. The exception to 

this is soil from Area C which has a high Cl concentration regardless of other soil 

parameters. For soil from all three areas P10, concentrations were highest for soil 

associated with human occupation and high soil organic concentration. 
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Soil profiles showing variation in soil Fe20 3 and chlorine concentrations. 
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Table 6.4j 
Comparison of Soil from Area B, C and D based on SiO, Concentrations 

Area Si02 (wt%) Fe20 1 (wt%) P!05 (wt%) Cl (ppm) 

B JJ. 1t 1t 1t 

c 1t JJ. JJ. ii 

D 1t JJ. Jj. JJ. 

6.5 Chemical Analysis for Soil Solutions 

Tables 6.5a-h (Appendix 6c) contain the chemical analysis for soil solutions 

from occupation/destruction and fill/building events of Areas 8, C and D. Results tbr 

sample D-21, Area D event 62, differ from other analyses and, as yet, there is no 

explanation for this variation. Therefore sample D-21 is not included in the statistical 

analyses of the data. This analysis is included to provide information about the 

corrosive potential of the soil solution. The observed standard deviations indicate 

variation between soil samples from different events. This variation suggests a 

heterogeneous mixture of soluble species. 

Variation in Cl concentration between the soil solutions from the different 

areas is similar to that for dry soil samples. Table 6.5i contains data showing chlorine 

concentrations for soil and soil solutions. Figure 6. 7 shows that Cl concentrations for 
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Table 6.5i 
Chi onne concentrauon 6 .• or sm so utlons an dd 'I try SOlS 

occ:upotionldestruction 

Sample Event Depth (em) soil soil soil 
solution (ppm) (ppb) 
(ppb) 

D-18 62 28-40 514 129 0.1 

D-19 62 28-40 618 206 0.2 

D-20 62 30 957 70 0.1 

B-8 145 75-97 1038 427 0.4 

D-17 62 28-40 1056 393 0.4 

B-10 178 95-110 1063 359 0.4 

B-7 143 72-80 2348 378 0.4 

B-1 133 54 2952 351 0.4 

C·ll 0 0-30 4939 667 0.7 

C-13 19 53-57 5066 373 0-l 

0·23 96 53 13436 Ito 0.1 

C-16 195 89-121 16432 1446 IS 

D-21 62 34-38 282 0.3 

liiUbuilding 

B-5 134 59 635 100 0.1 

B-4 13-1 57-68 1074 313 0.3 

B-3 134 55 1691 209 0.2 

B-2 134 38·69 1780 217 0.2 

B-6 138 85-120 1871 157 0.2 

B-9 177 80-85 2240 382 0.4 

0·22 63 16-26 5630 368 0.4 

C·l2 ss 46-SJ 6788 593 0.6 

C-IS 16 85 10049 462 O.S 

C·l4 22 57 33109 784 0.8 

subsoils 

D-24 88 32 773 <LD 0.8 

D-25 141 62 476 28 o.s 
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soil solutions are highest for Area C and lowest for Area D. Table 6.5j compares, as a 

ratio, concentrations of Cl, Cu, Zn, Pb and Ba between soil and soil solutions from 

occupation/destruction and fill/building events. Concentration of Zn, Ph and Ba are 

greater for both soil and soil solutions from occupation/destruction events. 

Concentrations of Cl are greater for soil solutions from fill/building events. 

Concentrations of Cl and Cu are greater for soil from occupation/destruction events. 

Overall there appears to be a greater percent of soluble chlorine in the soil, however 

the experimental method was not designed to allow for precise interpretation of the 

soluble soil fraction. [t is sufficient to know that an increase in chlorine concentration 

will occur in the presence of water. 

6.6 Munsell Colour Separation of Soils 

The colour data are presented in Tables 6.6a and b. Figure 6.8 is a schematic 

drawing of soil profiles showing variation in soil colour. The soils trom Areas B, C 

and D range in colour from dark grey to brown to yellowish brown. The subsoils are 

pale to dark yellowish brown. Soils from the occupation/destruction events are 

generally dark in colour. Soils from the fill/building events are generally light in 

colour. Dark colours correspond to higher concentrations of either or all of organic 

matter, Fe:01 and P20 5, for example soil from events 143 (Area B), 16 (Area C) and 

19 (Area C). Soils having a dark yellowish brown colour had lower concentrations of 

Fe:01 and P:Os, for example event 145 (Area B). Soils from events 88 and 141, 



Chemical 
Species 

Cl 

Cu 

Zn 

Pb 

Ba 

C1 

Cu 

Zn 

Pb 

Ba 

Table 6.5j 
Chemical Species for Soil and Soil Solutions 

from occupation/destruction and fill/building events 

Soil Solutions 

occupation/ tiiUbuilding ratio subsoil 
destruction events (mean old to t7b (0-24) 
events (mc:an ~oncc:ntration-
concentration - ppb) 
ppb) 

3169 6 .. 87 1 :2.1 773 

II 12 1: 1.1 <6.20 

72 32 2.3:1 8.04 

6 5 1.2:1 1.62 

20 13 1.5:1 1.25 

Soil 

0.399 0.358 1.1: 1 <LO 

0.15 I 0.091 1.7:1 0.005 

0.153 0 .118 1.3:1 0.012 

1.110 0.814 1.4:1 0.089 

0.770 0.109 7.1:1 0.459 

88 

subsoil 
(0-25) 

476 

6.63 

-..'/.32 

0.68 

0.41 

0.028 

0.023 

0.073 

0.048 

0.555 

representing subsoils, are dark yellowish brown and pale brown, respectively. These 

soils have high silicate concentrations and low iron and phosphate concentrations. 

Soil from events 62, 63 and 96 of Area D also have low concentrations of iron and 

phosphate but higher silicate concentrations. Soil colour for soil from events 62, 63 

and 96 is greyish brown to dark grey indicating other properties in the soil such as 



Sample Event 

B-8 145 

B-10 178 

D-19 62 

D-21 62 

C-11 0 

B-1 133 

D-20 62 

C-16 195 

B-7 143 

D-17 62 

D-18 62 

C-13 19 

D-23 96 

Table 6.6a 
Colour of Soil 

from occupation/destruction events 

occupntion/dc:struction events 

Co· Depth (em) Colour Hue 
ordinate 

E2NS 75-97 dark yellowish IOYR 
brown 

E3N6 95-110 dark yellowish IOYR 
brown 

El47N8 28-40 pale brown IOYR 

El49N9 34-38 pale brown IOYR 

E89N29 0-30 brown 7.5YR 

E3NO 54 brown 7.5YR 

El3SN7 30 brown lOYR 

E88N29 89-121 dark brown IOYR 

E2N7 72-80 very dark IOYR 
brown 

E137N8 28-40 greyish brown 2.5Y 

El38N8 28-.0 greyish brown IOYR 

E88N29 53-57 darkish IOYR 
greyish brown 

El48Nl2 53 dark grey IOYR 

89 

Vwue Chroma 

4 4 

4 4 

6 3 

6 3 

4 3 

4 2 

s 3 

3 3 

2 2 

5 2 

5 2 

3 2 

4 I 



Sample Event Co-
ordinate 

B-3 134 E3N3 

C-12 55 E88N29 

B-6 138 E3N3 

B-2 134 EON6 

B-ol 13 .. E3N2 

B-5 13 .. W1N7 

C-l.a 22 E89N35 

B-9 177 E2N6 

D-22 63 El48Nl2 

C-15 16 E88N36 

D-24 88 E141Sll 

D-25 141 El47N8 

Table 6.6b 
Colour of Soil 

from fiiVbuilding events 

till/building events 

Depth (em) Colour 

55 yellowish brown 

.a6-53 dark yellowish 
brown 

85-120 pale brown 

38-69 brown 

57-68 brown 

59 brown 

57 brown 

80-85 greyish brown 

16-26 greyish brown 

85 dark greyish 
brown 

subsoils 

32 dark yellowish 
brown 

62 pale brown 

90 

Hue Value Chroma 

10YR 5 .. 
10YR 4 .. 

IOYR 6 3 

IOYR 5 3 

7.5YR 5 .. 
IOYR s 3 

10YR .. ) 

IOYR s 2 

2.5Y s 2 

IOYR 3 2 

IOYR 4 .. 

IOYR 6 3 
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SOIL COLOUR 

Area 8 

Area C 

Area D 
0yellow/pale brown very darlc brown 0 not analysed 

brown greyish brown/darlc grey 

Figure 6.8 Soil profiles showing variation in soil colour. 
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carbon from the destruction of the area have influenced soil colour. 

6. 7 Soil Mineralogy 

Tables 6.7a and b contain the mineral identifications for soil samples from the 

occupation/destruction and fill/building events. Figures 6.9, 6.10 and 6.11 show 

representative XRD spectra for soil samples from the occupation/destruction and 

fill/building events. The XRD spectra obtained for soil samples can be obtained from 

author by request. The interpretation of the XRD patterns indicate that the soil 

mineralogy for the subsoil consists of quartz (SiOl), albite (NaAlSi10 1) and 

phlogopite. Soil from occupation/destruction events consists of quartz, albite, 

sepiolite and phlogopite. Soils 8-l, C-11, D-18, D-19, D-21 and D-23 also contained 

muscovite. Soil samples C-13, C-16, 8-7 and D-20 contained illite. Soil from 

fill/building events contained quartz, albite, sepiolite and phlogopite. Samples 8-9, 

B-5 and C-15 contained illite. Samples 8-5 and C-1 S contained graphite. The former 

sample is from an area next to the seventeenth-century forge, the latter represents 

building rubble after destruction. 

6. 7.1 Identification of Clay Minerals 

Samples from Area D selected for the analysis represent the seventeenth

century occupation plus the subsoil. The soil consisted of a mixture of quartz, illite 

and kaolinite. Samples were further tested for smectite by glycolating. Vermiculite 



Sam pi!! Event 

B-1 133 

C-11 0 

D-18 62 

D-19 62 

D-21 62 

D-23 96 

D-17 62 

B-8 145 

B-10 178 

C-13 19 

C-16 195 

B-7 143 

D-20 62 

Table 6.7a 
Mineralogy of Soil 

from occupation/destruction events 

occupation/destruction !!vents 

Co- Depth qtz alb san mus 
ordinate (em) 

EJNO 54 X ? X 

E89N29 0-30 X X X 

E138N8 28-40 X X X 

E147N8 28-40 X X X 

EI49N9 34-38 X X X 

EI48NI2 53 X X X 

EI37N8 28-40 X X 

E2N5 75-97 X ? 

E3N6 95-110 X ? 

E88N29 53-57 X X 

E88N29 89-121 X X 

E2N7 72-80 X X 

E135N7 30 X X X 

? = 50% of peaks match PDF 
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scp phi il gr 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X 

X X 

X X 

X X 

X X X 



Sam ph: Event 

8-3 134 

C-12 55 

D-22 63 

U-2 1.14 

C-14 22 

H-6 138 

U-4 134 

U-9 177 

8-5 IH 

C-15 16 

U-24 88 

D-25 141 

Table 6.7b 
Mineralogy of Soil 

from fill/building events and subsoil 

fiiJihuilding e\•ents 

Co- Depth (em) qtl alb scp 
ordinate 

E3N3 55 X X 

E88N29 46-53 X X X 

EI48NI2 16-26 X X 

EllN6 JIHCJ X X 

E89N35 51 X X '! 

E3N3 85-120 X X 

E3N2 57-68 X X 

E2N6 80-85 X X X 

WIN7 59 X '! X 

E88N36 85 X X X 

subsoils 

E141SII 32 X X X 

EI47N8 62 X X 

? = 50% of peaks match PDF 

phi il gr 

X 

'! 

X 

X 

X '! 

X X 

X X X 

X X X 

X 

X 
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Figure 6.1 0 Representative XRD spectra for soil samples from Area C. 
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Figure 6.11 Representative XRD spectra for soil samples from Area D. 
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was sought using glycerine. Because of the fairly consistent results within each event it 

was decided to reduce the number of samples by using one representative sample (based 

on pH, colour and particle size) for each event. Table 6. 7.1 presents the data. Event 62 

generally had neither smectite nor vermiculite. Samples from events 88, 96 and 141 have 

some smectite but were dominated by illite. Moore and Reynolds ( 1989) and Deer et al. 

(1993 :364) indicate that wide peaks would be associated with an illite/smectite phase. 

Given the narrow peaks from the Area D clay samples and experimental results one can 

say with confidence that the Area D soil and event 88 subsoil contain quartz, kaolinite 

and illite. 

Table 6.7.1 
Clay Mineralogy for the Ferryland Archaeological Site 

Sample: Event Co-ordinate Depth qiZ II sm venn mus kao sep 

(em) 

D-17 62 EI37N8 28-40 X X X 

D-18 62 EI38N8 28-40 X X X X 

D-19 62 E147N8 28-40 X X X X 

D-20 62 EIHN7 30 X X X 

D-21 62 EI49N9 34-38 X X X 

D-23 96 EI48Nl2 S3 X X X X 

D-24 88 EI41SII 32 X X X X X 

D-2S 141 EI47N8 62 X X X X X X 
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6.8 Discussion 

Particle size and size distribution are major controls on a soil's capacity for fluid 

movement while a pH and conductivity measurement will indicate the ionic concentration 

of the soil. Soil colour separates a soil by the constituents from which it was derived. 

The organic concentrations for soil from an archaeological excavation is probably an 

indication of human/animal occupation. The elemental concentration of soils will help 

define the mineral composition. Soil solution chemistry will indicate what is available to 

react with buried artifactual remains. Tables 6.8a-c summarize these results and compare 

changes in soil characteristics to changes in archaeological events. Tables and Figures 

presented earlier in this chapter show there are no clear cut patterns in this data. When 

measurement and instrumental errors are accounted for, differences in soil composition 

are not significant. However, if true, then the burial environment is relatively 

homogenous and should impart a uniform effect of artifact condition. Therefore the 

results obtained in this chapter will be examined to predict iron condition based on soil 

condition. The soil assessment, with respect to the predicted iron condition, will be 

compared to the results of artifact analysis to follow in Chapter 7. 

Some differences in soil from different events and areas of excavations did exist 

along with significant anomalies in the data. These will be discussed below with 

suggestions of other parameters which may affect artifact condition more significantly. 

For example, residence time of soil solutions may vary with soils from different events. 



Table 6.8a 
Soil Description by Archaeology and Soil Chemistry 

AreaB 

Archaeology Soil Chemistry 

E 133 -destruction corrosive; silica rich soil 

E 134 - fill - artifacts date to 1640? silica rich; high zinc concentration 

E 138 - possible cobble deposit corrosive; silica rich 

E 143 -possibly same layer as E145, chlorine, iron, lead, sulfur. copper, zinc 

100 

contains artifacts and phosphate in soil; organic rich; highly 
conductive 

E 145 -artifacts, lots of nails, dates to mid chlorine, iron, lead, calcium and 
1 7'h century, post-dates forge phosphate rich; corrosive; organic poor; 

pH-5.63 

E I 77 - sand/gravel floor, some artifacts, iron, copper, zinc and phosphate rich; 
dates with E 177 organic poor 

E l 78 - first occupation, contains artifacts iron, calcium, sulfur and phosphate rich; 
pH-5.74 



Table 6.8b 
Soil Description by Archaeology and Soil Chemistry 

AreaC 

Archaeology Soil Chemistry 

EO - plow zone with mix of 171h to 201h silica and organic rich; pH-5.04 
century artifacts 

E5 5 - pebble fill silica rich; corrosive 

E22 - cobblestone fill chlorine, sulfur and silica rich; highly 
conductive, corrosive 

E 19 - charcoal destruction layer - iron, phosphate and organic rich 
associated with second construction phase 
- destroyed in 1696 

E 16 - represents the destruction and iron, phosphate, sulfur, lead and silica 
collapse of the waterfront storehouse built rich; pH-5.60 
in 1620 and destroyed in 1673 

101 

E 195 - secondary waste deposit of 171
h silica and chlorine rich; corrosive; organic 

century artifacts dating to first half of rich 
century- not associated with Area C's 
occupation 



Table 6.8c 
Soil Description by Archaeology and Soil Chemistry 

AreaD 

Archaeology Soil Chemistry 

E63 - fill - artifact assemblage dominated chlorine. zinc and sulfur rich; highly 
by 20'h century with some 17'h century conductive; corrosive 
objects 

E61 - plow zone - mix of 17th to 20'h plow zone 
century artifacts 

E62 - 1 7'h century occupation - second silica and barium rich soil; pH -5.12 
half of 17'h century may not be associated 
with primary occupation 

E96 - charcoal layer, 1696 destruction silica, arsenic, zinc and lead rich; higher 
organic concentration than E62 

E88 - subsoil outside of 17'h century silica rich 
house 

E 141 - subsoil below 17'h century silica rich; pH-5.91 
tireplace 

If residence time is accounted for some of the data may show better patterns. 

6.8.1 Particle Size Distribution 

The overall good state of preservation for ferrous metals upon excavation (pre-

storage) from Ferryland can in part be attributed to the gravel loamy sand soil texture 

102 
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which has provided good drainage of the site over the past 350 years of burial. 

Distribution of gravel, sand and clay differ between the occupation/destruction and 

fill/building events with the latter having a larger gravel component. The overall larger 

particle size for soils from fill/building events would allow for better drainage and a 

lower soil solution residence time. Based on the above, the overall iron condition is 

predicted to be better for iron excavated from soil of fill/building events. However, 

within these broad event groups anomalies exist in particle size distribution which would 

be expected to produce different conditions for iron preservation. For example sample 

8-5 . event 134, has higher concentrations of fine particles than sample 8-4 of event 134. 

lron excavated from soil sample B-5 was in fair condition while that from soil sample 

B-4 was in good condition. In this case the larger particle size possibly allowed for better 

drainage and preservation of iron excavated from 8-4 soil. ln Table 6.8.1 soils with 

particle size distributions different from the means are listed and described. Based on the 

results of particle size distribution iron condition is predicted (Table 6.8.1 ). 

6.8.2 Soil pH, Conductivity, Corrosion Rate and Cl Concentration 

The soil pH, conductivity, corrosion rate and Cl concentration are all 

measurements of the activity of ions in soil solutions. These are the parameters generally 

attributed to the initiation and continuation of the iron corrosion process (Jones 1992; 

Turgoose 1989). These parameters will be discussed together for the purpose of 

identifying soils which could be aggressive to ferrous metal, but first a brief discussion of 



Table 6.8.1 
Soil with Particle Size Distribution Different from Mean 

Area Soil b •cnl Grave:! Sand Clay Drainage Iron 
Condition 

lligh Low Mean lbgh Low Mean High Low Mean 

8 8-1 133 X X X good good 

8 8-10 178 X X X good good 

8 0-6 138 X X X good/poor fair 

c C-3 19 X X X poor/good fair 

B B-5 134 X X X poor/good fair 

0 D-23 96 X X X good/poor fair 

D D-18 62 X X X good/poor fair 

D D-22 63 X X X poor poor 

D D-19 62 X X X good good 

B 0-4 134 X X X good good 

() 0-17 62 X X X poor poor 

D D-21 62 X X X poor poor 

c C-14 22 X X X poor poor 

u 8-7 143 X X X good good 

-~ 
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each parameter and its affect on iron condition will be included. In terms of iron nail 

condition, the averaged soil pH would not be expected to cause large variation in iron 

preservation. Because soil from Areas C and D are more acidic with depth. iron nail 

condition would be expected to worsen with depth. Events 195, 133, 19 and 62 (D-20) 

being the most acidic would be expected to cause more damage to iron nails. Events 178, 

145 and 62 (D-1 7, 18, 19) being more alkaline would be expected to preserve the iron 

nails better than soil from other events. 

Soil conductivity for occupation/destruction events is lower than for fill/building 

events. however there is much overlap. Percent standard deviations indicate variation in 

soil conductivity for samples in each of the event groups with soil from fill/building 

events having greater variation. Percent standard error is also greater for soil from 

fill/building events indicating greater variation around the sample mean. This variation 

between soils from different events would be expected to produce different iron nail 

condition. Soil from Area D has the lowest soil conductivity and, if based on condition, 

alone would be expected to preserve iron. Soil samples from events 143, 22 and 63 had 

the highest conductivity and would be expected to be damaging to iron. 

Soils with the highest corrosion rates are from events 55 and 63 and would be 

expected to be damaging to iron. Soils with the lowest corrosion rates are from events 

96, 62, 16, 19, 143 and 134 and would be expected to be passive for iron. These soils 
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with low corrosion rates all have a high artifact concentration. This may suggest that as 

the artifacts corrode, generally by oxidation processes, oxygen, hydrogen and chloride 

ions are consumed from the surrounding soil resulting in a less corrosive soil. 

Chlorine concentrations for soil solutions are all well above the instrument level 

of detection. The highest Cl concentrations are for soils from Area C and events 63 and 

96 (Area D). These soils would be expected to be damaging to iron. The lowest Cl 

concentrations are from soils from Area 8 and events 62 of Area D but because overall 

concentrations are high, these soils would also be expected to be damaging to iron. 

Table 6.8.2 compares measurements for pH, conductivity, corrosion rate and soil solution 

Cl concentration. Soils which are acidic, conductive. have a high corrosion rate and Cl 

concentration would be expected to be damaging to buried iron. From Table 6.8.2 no one 

soil sample matches the above, however, some soil samples have some of these 

characteristics. For example soil from events 63 and 22 are both acidic and conductive. 

Soil from event 63 also has a high corrosion rate and soil from event 22 is concentrated in 

Cl. Iron excavated from soils of events 63 and 22 would be expected to be fragile. Soils 

from events 145, 178 and 62 which are alkaline, have a low conductivity, corrosion rate, 

and Cl concentration would be expected to be passive to buried iron. When predicting 

iron condition based on soil solution pH, conductivity, corrosion rate and Cl 

concentration one must be aware that one parameter may have a greater affect on 

condition. Also if residence time for soil solutions from different events vary, this too 



Table 6.8.2 
Comparison of Potentially Damaging Soil Parameters for Buried Iron 

Au:a Event pll condueli,·it)· corrmion rat~ Cl conc~ntration for 1141il Iron cundition 
I 

I 
10lution 

I 

addle .Jbhnc ..... low IIi& II low ..... low good good! poor 
! 

man rnun man poor I 

8 Ill X X "' "' " I 

8 m X " 
,. 

" X 

8 138 X "' " " X 

8 143 X X " 
,. 

"' 
lJ 14S "' " II k X I 

ll 177 X lli " 
,. X J 

IJ 1711 "' II ,. 
"' X i 

I 

c 0 ,. II II ,. ,. 

c ss X ,. X .. X 

c 22 X X " X ~ 

c 19 X ,. II "' " 
c 16 X ,. 

"' X ,. 

c 19S X ,. 
"' X ~ 

f) 63 X X X 
"' " 

D 62 ,. 
" " 

,. X 

() 96 X " " X X 

I> 88 X ,. 
"' "' 

X 

D 141 
"' 

,. ,. ,. X 
- L. -- - -- '--- -

-0 
-..J 
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will affect iron condition. For example soil from event 133 is acidic and conductive 

which could be damaging to iron, however the Cl concentration is low and drainage is 

good probably outweighing the former in tenns of affect on iron reactions. Therefore, in 

this case, iron would be in better condition than that from soil of event 22. 

6.8.3 Organic Component 

Soil with a high organic concentration has been shown to be damaging to buried 

iron (Cronyn 1990), though the organic soil component is probably not the only 

parameter promoting corrosion (Mathias 1996). Organic content is highest for soil 

samples from events 143 (Area B), 19 and 16 (Area C), all representing or being 

associated with occupation. The cow barn, of Area C, identified by Gaul ton ( 1977), 

probably contributed to the soil's high organic concentration. Based on previous 

observations of the Ferryland soil, the iron excavated from soil in these events would be 

fragile. Soil from Area D, including events associated with occupation. has the lowest 

organic content and it would be expected that iron excavated from this soil would be in 

good condition. However, given the reactive nature of the surficial geological 

environment, iron condition should not be predicted based on one soil parameter. Table 

6.8.3 combines the predicted iron condition, based on the results of soil pH, conductivity, 

corrosion rate, Cl concentration, drainage and organic wt% for the Ferryland soils. Iron 

condition, based on the predicted results for each soil parameter, is estimated by percent. 



Table 6.8.3 
Predicted Iron Condition Based on Soil Condition 

Area Evens lroa Coaditloa ba~ed oa 10il pll, c:onduc:tivit)·, lroa Condition baHd on Iron <:oadilioa balled on l'n:dictcd imn 
c:orrosloa rale aad Cl c:oac:enlralioa Drainage organic: "·a•;. rondlliun (%) 

&ood poor goodlpoor(glp) good poor g/p &ood poor glp good poor 

8 133 X X X 67 

8 134 X X X 67 

8 138 X X X 67 

D 143 X X X 67 

0 14S X X X 100 

0 177 X X X 100 

B 171 X X X 100 

c 0 X X X 67 

c ss X X X 67 

c 22 X X X 100 

c 19 X X )( 67 

c 16 )( X ,. 67 

c 19S X X X 67 

D 63 )( )( X 67 

D 62 X X X 100 

I) 96 X X X 67 

D 88 X X X 100 

D 141 X X X 100 -0 
1.0 
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6.8.4 Soil Colour 

Soil colour ranges from pale brown to yellowish brown to dark brown and grey 

for soils from Areas B, C and D. Soils from the occupation/destruction events are 

generally darker in colour than those from fill/building events. The soil colour can 

therefore be used to predict activities which occurred in the past. in this case living 

versus building activities. Though soil colour cannot be used to predict iron condition 

alone, it can provide information as to possible reactions over time. Soils from event 63 

which are a grey colour are probably grey because other soil constituents have been 

leached out to the soils below. Thus soil from event 63 has experienced much water 

movement over time with short residence times and, therefore, iron was exposed to a 

continuous flow of oxygen rich water probably resulting in fragile iron. Soil from events 

16 and 1 9 are also grey but rich in iron and phosphate thus eliminating leaching as cause 

for colour. In this case the grey colour represents a high carbon content resulting from 

structures being burned. Burning of artifactual remains has been noted to help preserve 

iron because of iron phase changes with increased temperature (Cronyn 1990). Therefore 

the soil colour of grey for event 16 and 19 would be an indicator that the iron condition 

would be stable. 

6.8.5 Soil Mineralogy 

Mineralogy for soil from Areas B. C and D is dominated by quartz and feldspar. The 

clay size fraction of the soil consisted of a mixture of quartz, illite and kaolinite. Of these 
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minerals, quartz is the least reactive and therefore soils with a high Si02 concentration would 

be relatively inert in relation to the buried iron. Kaolinite clay has the lowest cation exchange 

capacity (CEC) of the clays (Moore and Reynolds 1989). Illite also has a low CEC and 

therefore together with the kaolinite would be expected to contribute little to soil reactions. 

6.8.6 Elemental and Chemical Analysis for Soils and Soil Solutions 

The data show a consistency for elements representing a soil mineralogy dominated 

by quartz, feldspar, clay and mica. Concentrations for soils and soil solutions follow similar 

trends except for the concentrations ofCl which are discussed in Section 6.8.2. Variation of 

element concentration between events does exist for Areas 8, C and D. For example, P20,, 

Cu, S, Pb and Zn concentrations are highest for soil from Areas Band C associated with 

artifact-rich events. The P2 0, is probably derived from human/animal excrement or fish 

processing activities while the Cu, S, Pb and Zn represent the tools and implements used by 

the seventeenth-century colonists. Area B soil exhibited the highest values for Ca, S, Pb, Cu, 

P 2 0, and Fe : 0) either because this area is near the seventeenth-century forge or because it 

had a greater number of occupants or was occupied for a longer period than Areas C and D. 

Area C has the highest values for Cl probably because of its close proximity to the salt water. 

Soil from Area D has the highest concentrations for Na, Mg, K.m Zn and Si02 and lowest 

concentration of P10,, Cu, Zn, S, Pb and Cl. The low concentration of metals for soil from 

Area D probably indicates that this house was occupied for the shortest period of time of 

those areas studied. 
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Examining results for soil element concentrations (Appendix 6b), concentrations for 

S, Ph, Cu, Zn and Fe2 01 are all higher than subsoils and probably represent ani facts buried in 

the soil. Quantification of these results is difficult because the varied activities of the 

seventeenth·century colonists would result in varying use and artifactual remains in the soil. 

However, the fact that the soil associated with occupation has greater concentrations of the 

above elements than subsoils indicates that some reactions have occurred between the soil 

matrix and the buried artifact. Though some of the soils appear stable/unreactive in the 

1990s it does not preclude that they exhibited the same condition in 1648. Table 6.8.6 

summarizes all soil parameters analysed and indicates the predicted iron condition which can 

be compared with the results obtained for iron condition in Chapter 7. Based on the data 

presented in Table 6.8.6 soil from events 62, 88 and 141 will provide the best iron 

preservation. Soil from events 145, 177 and 178 will provide the second-best iron 

preservation. Soil from events 134 and 138 will be more corrosive to iron nails than those 

above. 
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Table 6.8.6 
Summary of Predicted Iron Condition 

Area Event Predicted iron Condition predicted Condition predicted based 
condition (•t.) based on soil colour on soil silicate 
based on soil pH. concentration 
conductivity, 
corrosion rate, Cl 
concentration, 
draina1e and 
or1anic wt% 

100d poor 100d poor g/p cood poor glp 

B 133 JJ 67 X X 

B IJ.& 67 33 X X 

B 138 67 33 X X 

B 143 33 67 X X 

B 145 tOO 0 X X 

B 177 tOO 0 X X 

B 178 100 0 X X 

c 0 33 67 X X 

c 55 33 67 X X 

c 22 0 100 X X 

c 19 33 67 X X 

c 16 33 67 X X 

c 195 JJ 67 X X 

D 63 Jl 67 X X 

D 62 tOO 0 X X 

D 96 33 67 X X 

D 88 100 0 s X 

D 141 100 0 X X 

. 
glp = good to poor condttion 



CHAPTER 7: CHARACTERIZATION OF EXCAVATED IRON NAIL AND 
SLAG SAMPLES 

7 .l Introduction 

The purpose of the research presented in this chapter is to gain a better 
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understanding of the changes that occur to buried iron nails at the Ferryland site. Various 

techniques were used to analyse the element distribution for nail shaft cross-sections in an 

attempt to characterize ferrous metal alteration with time of burial. 

7.2 Survey of Nails 

A total of 6.961 iron nails \Vere selected tor a bulk condition sur\'ey. Samples 

were excavated from Areas B. C and D. 

Buried iron nails change to obtain a steady state with the burial environment. 

When tirst excavated the .. pre-storage" nail condition can help explain the burial 

reactions. Changes to the nail will continue in the .. post-storage'· environment if there is 

no intervention by a conservator to stabilize the nail. The "'post-storage" condition 

reveals information about both the burial and storage environments. For example. iron 

that looks well-preserved upon excavation may experience cracking and spalling in the 

tield laboratory. Such a change demonstrates that some component of the iron nail has 

reacted when exposed to humidity. oxygen or other elemental constituents in the storage 

l!nvironrnent. Figure 7.1 is an iron nail shaft cross-section which has reacted when 



exposed to the post-storage environment evident by "bubbles" representing "active 

corrosion" or an area where iron chloride salts in the nail are reacting to humidity. 

7 .2.1 Pre-storage and Post-storage Nail Condition 
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Figures 7.2a. 7.3a and 7.4a show the location of the 6,961 nails surveyed 

(Appendix 7a). Figures 7.2b. 7.3 band 7.4b show the location of nail samples used tor 

detailed analysis (Appendix 7a). Table 7.2.1 presents the results of the pre-storage and 

post-storage condition survey. The majority of the nails were found to be in good 

condition during the pre-storage survey. though differences in condition existed between 

nails of different areas. For example. Area B had the highest number of nails in good 

condition, Areas C and D had the highest number of nails in tair condition and Area C 

had the highest number of totally mineralized nails. 

For the post-storage survey, tewer nails fell in the good condition category than 

for the pre-storage survey. Numbers of nails in fair condition increased after storage. 

The number of nails having a totally mineralized condition was unchanged from the pre

storage survey. Area 0 had the most nails in good condition. and Area C had the most 

nails in both thlr and mineralized condition. Nails from Area 8 experienced the greatest 

change as many of the nails previously in good condition were now in fair condition. 
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Corrosion halo 
Active corrosion 

Figure 7.1 Cross-section of an iron nail shaft. 
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Table 7.2.1 
Pre-storage and Post-storage Nail Condition 

Area 8 8 c c D D 

Time: pre-storage post-storage pre-storage post-storage pre-storage post-storage: 

GooJ 93 49 76 41 80 55 
Condition(%) 

Fair Condition 6 50 18 53 17 -12 
(%) 

Totally I I 6 6 3 3 
Mineralized 
(%) 

Total Number 1718 1718 3599 3599 1644 1644 
of Nails 

7.2.2 Post-storage Condition Survey of Nails by Event 

The post-storage condition of nails from the events of interest for Areas B. C and 

D were also investigated. The results are summarized in Table 7.2.2a. 

Nails from Area D were in the best condition. Nail condition for Areas B and C 

varied by event with some events having similar condition to those of Area D. 900 nails 

from Area 8 varied in condition by event from most to least stable as follows: 

143> 145> 133> 178> 134> 138> 177. 2,003 nails from Area C varied in condition by event 

from most to least stable as follows: 19 and 195>22> 0 and 16> 22. 1,347 nails from 

Area D varied in condition by event from most to least stable as follows: 96>62>63. 

Nails from similar events had a similar condition regardless of the area of excavation. 
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Table 7 .2.2a 
Post-storage Nail Condition for Selected Events 

Event Condiuon • ~nu:kc:d Condition • stable: Total Numbc:rofNalls , .. ) (%) 

Arc:aB 

Ill !0 ~0 .t 

134 S7 43 214 

13!1 64 36 17 

1·0 41 S9 430 

t-IS 42 S8 148 

177 67 33 12 

178 ss 4S iS 

Arc:aC 

0 56 "" no 

16 S6 44 106 

19 34 66 1328 

~1 40 60 s 

ss 78 22 92 

19S 34 66 !S2 

Arc:aD 

02 41 59 974 

63 46 S-1 .:!08 

96 39 61 16S 
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For example. events 145 and 62 both representing occupation had nails of similar 

condition after storage. The nails from the occupation and destruction events were in 

good condition while nails from the fill and building events were in poor condition. 

Based on the above. the 35 nails selected for further analysis were sorted by !!vent. Nails 

from !!Vents representing occupation/destruction and expected to be in good condition 

formc!d one class. Nails from events representing till/building and expected to be! in poor 

condition formed the second class. Table 7.2.2b shows the division of the 35 nails into 

the two classes. 

7.3 lntl!rior Nail Condition 

The 35 nails were randomly selected tor further analysis from the 6.961 nails 

surveyed. Individual nails were described beginning at the interior iron core and 

extending to the corrosion halo. 

7.3.1 Metallography ofNails 

Initial transmitted and retlected light microscopic examination was pertorrned on 

unetched samples immediately after thin-section preparation. This initial work allowed 

tor a rough description of the extent of the corrosion for the nail samples. 

Microscopic examination of texture, colour and grain boundaries indicated that at 

least three iron phases are present in some nails. The results of the reflected light 
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Table 7.2.2b 
Nails from Occupation/Destruction and 

Fill/Building Events 

occ:upnuontdestrucuon fiiUbulldinll 

EH~nt Co-ordan01te N;u1 Ana E\'c:nt Co-oro.lmi11C: 

133 EJNO 106289 B 134 EON6 

1-13 E1N7 120161 B 13-1 E3N2 

l-IS E:!NS 120!531 B 134 WIN7 

178 E1N6 120389 B 134 EJN3 

0 E89NJO 128193 B 134 WIN6 

19 E88N32 128189 B 138 EJNJ 

19!5 E89NJO 128290 B 177 E2N6 

62 El3!5N7 94758 c 16 E89NJI 

62 EI3SN7 94759 c ss E89NJI 

6~ E137N8 941!58 c ss E88N3:! 

62 EI37N8 9416() c 22 E88N30 

62 EI38N8 94120 D 63 EI47N"' 

62 EIJSN8 94121 

6::! E138N8 94123 

1),2 E1-16NS 9-17-13 

b:! EI-17N8 9-17-12 

6::! E147N8 94745 

62 E147N8 94785 

62 E1 ... 7N8 94716 

62 E147NI 94787 

62 EI47N8 94788 

62 E149N9 878T.! 

96 E148N1::! 99060 

120 

N;lal 

115811 

975-16 

IIS-170 

115~9-1 

11 sn: 

!ISS~ I 

1~0)-10 

128304 

1211190 

128192 

1:!8195 

9-1737 
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microscopy indicated the presence of light. middle and dark grey metallic phases. Nail 

115772 was examined for carbon concentration of the different hues of grey by electron 

microprobe analysis. Table 7.3.1 presents the results. 

Table 7.3.1 
Carbon Content for Sample 115772 -element% by stoichiometry 

iron phase idemilh:d carbon concentrntion ('!·~) iron phase idcntitication by carbon 
by colour concentration (Higgins. 1973) 

light grey 0.612 to 0.617 40% - li:rrite 
60% ·pearlite 

rniddh: grey 0.707 to 0.753 :!0%- rerrite 
80%- pearlih: 

dark gn:y :!.5..J2 ..JO%- cementite 
60% - pearlite 

The carbon concentration for the dark grey phase is high for archaeological 

wrought iron. however. researchers of historic metallography have observed wrought 

iron to have high carbon contents because of contamination either during smelting or 

torging procedures (Fell. personal communication 1996: Higgins 1973). Because further 

work is needed to clarify the identification of iron phases in the nails. they will be 

described only as having either single or multi-phase iron. 

7.3 .2 Grouping of Nails Based on MetaUographic Observations 

Nail thin·sections from Areas B, C and D were grouped according to the 

tollowing classifications based on visual images of cross·sections recorded by sketches 
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and photographs: corroded centre with voids surrounded by multi·phase iron with a 

corrosion halo (group l: G-1 ); corroded centre with voids surrounded by single-phase 

iron with a corrosion halo (group 2: G-2); multi·phase iron at centre surrounded by a 

corrosion halo (group 3: G-3); single-phase iron at centre surrounded by a multi-phase 

iron and a corrosion halo (group 4: G-4); single phase iron and a corrosion halo (group 5: 

G-5). The l!xtent of internal nail corrosion varies with group l having most extensive and 

group 5 the least extensive corrosion. Appendix 7b contains sketches of each nail shaft 

cross-section. Figures 7.5 to 7.9 are photographs of a representative nail shaft cross

section from each group. Table 7.3.2a provides a summary of the nail samples tor each 

area based on these groups. Most of the nails classify into G-1 and G-2 implying most 

nails from Ferryland experience internal iron corrosion. The second largest category of 

nails would be those with a 70 to 90% concentration of multi-phase iron. All nails had a 

corrosion halo. 

In Table! 7.3.2a it is noteworthy that Area C contains no 0·4 samples. Area B had 

the greatest percentage of nails in 0·2 and G-4 and Area C had the greatest percentage of 

nails in G-3. 

Tables 7.3.2b and c summarize nail condition based on metallographic group for 

the occupation/destruction and fill/building events. Nails from Area D dominate the 

occupation/destruction event classification while nails from Areas 8 and C dominate the 



Figure 7.5 

void 

multi-phase iron 

Description of G-1 metallographic group. The photograph is of nail 
sample 128304 (x 1.5). 
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Figure 7.6 

multi-phase iron 

corrosion 
halo 

void 

Description of G- 2 metallographic group. The photograph is of nail 
sample 94788 (x 1.5). 
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Figure 7.7 

multi-phase iron 

corrosion 
halo 

se 

Description of G-3 metallographic group. The photograph is of nail 
sample 128290 (x 10) showing single and multi-phase iron at the iron 
corrosion interface. 
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.-----==L... corrosion 
halo 

multi-phase iron 115294 photograph 
location 

Figure 7. 8a Description of G-4 metallographic group. The photograph is of nail 
sample 115294 (xlO) showing single phase iron. 
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----.:!I:::I!:!!L- corrosion 
halo 

multi-phase iron 
photograph location 

Figure 7. 8b Description of G-4 metallographic group. The photograph is of nail 
sample 94737 (xlO) showing multi-phase iron. 
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Figure 7.9 

multi-phase iron 

corrosion 
halo 

Description of G-5 metallographic group. The photograph is of nail 
sample 115772 (x50) showing metal structure for single phase iron. 
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Table 7.3.2a 
Condition Classifications for Nail Thin-sections 

Group I Group 2 Group 3 Group-! Group 5 
.:entre \'Old >20% centre •·o1d smglc phase: s1nsle phase smgle pha.sc: 

ofn:ul <2S~·;. of n:ul 1ron t 10-JO"ol. 1ron tJo.so•·.). 1ron 
; urrouno.lc:.i b\' ;urrouno.l.:d bv mulll· phasc: mult1-phasc: 160-~o···· 

lllulu-phaso: tron • smglc: phi!Sc a ron l QQ. 70~ .. 1 a ron lllulll·phasc: 
.:orrOSIOO halo and mulll·plwc: • corrosion t70-5o•·•J - a ron 

1ron • .:orros1on halo .:orros1on hlllo t-10-10"··· . 
halo .:orros1on halo 

91S.&6 IIS811 1155:!1 115:!9.& IIS77~ 

liS-110 1:!0531 1:!0389 1:!03-10 
106289 1:!0161 

27 37 18 

12830-1 128193 128189 128195 
128190 128290 

1:!8192 

29 I-I -13 I-I 

9.&787 <l.&l:!J '1-17-15 9.&737 <l.&75!! 
94160 'l-17liS 99060 '1-1759 'l.&i!!o 
ll7871 9.&7-12 
941S8 9-11:!0 
947-13 '1-17811 

'1.&121 

29 JS 12 12 1:! 
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D 
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Table 7.3.2b 
Metallographic Groups 

Areas B, C and D 
Nails from occupation/destruction 

Event Co-ordinate Nail sample Mc:tallographic 

Groups 

62 E1-t7N8 94787 G-1 

62 EI37N8 94160 G-1 

62 E149N9 87872 G-1 

133 E3NO 106289 G-1 

62 E137N8 94158 G-1 

62 EI46N8 94743 G-1 

62 El38N8 94121 G-2 

62 EI47N8 94788 G-2 

I-tS E2N5 120531 G-2 

62 E138N8 94120 G-2 

143 E2N7 120161 G-2 

62 EI-17N8 94742 G-2 

62 EI-17N8 94785 G-2 

0 E89N30 128193 G-2 

62 EI38N8 94123 G-2 

195 E89N30 128290 G-3 

62 EI47N8 94745 G-3 

178 E2N6 120389 G-3 

96 EI .. 8NI2 99060 G-3 

19 E88N32 128189 G-3 

62 El35N7 94759 G4 

62 EI35N7 94758 G-5 

62 E14~8 94786 G-5 
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.-\r\!a Event 

c 55 

c 16 

B 134 

B 134 

B 134 

B 138 

c 55 

B 134 

B 117 

D 63 

B 134 

c 22 

Table 7.3.2c 
Metallographic Groups 

Areas 8, C and D 
Nails from fill/building 

Co-ordinate Nail sample 

E89N31 128190 

E89N31 128304 

E3N2 97546 

WIN7 115470 

EON6 115811 

E3N3 115521 

E88N32 128192 

E3N3 115294 

E2N6 1203-JO 

El·I7N8 94737 

WIN6 115772 

E88N30 128195 

131 

~h:tallo· 
graphic 
Group 

G-1 

G-1 

G-1 

G-1 

G-2 

G-2 

G-3 

G-4 

G-4 

G-4 

G-5 

G-5 
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till/building event classification. 65% of the nails from an occupation/destruction belong 

to G-1 or G-2. indicating that most of the nail shaft cross-sections were corroded in the 

centre. The till/building group had 50% of its nails with centre voids. 

7.3.3 Chemical Analyses of Iron Nail Shaft Cross-sections 

Chemical analyses of 5 nail shaft cross-sections describe mineral inclusions in 

corrosion halos. corrosion halo matrixes and iron/corrosion halo interfaces. A description 

of t:ach of the 5 nails is presented in Table 7.3 .3a. Tables 7.3 .3b- f 

(Appendix 7c) summarize the results of the chemical analyses. Appendix 7c contains 

photographs with points used for analyses indicated. Concentrations for oxygen are not 

accurate. as instrumentation was not available for precision measurement. Mineral 

inclusions identified in the corrosion halo included quartz and feldspars. Grains 97546d 

and g were unidentified but possibly represent weathered feldspars or iron 

oxide/oxyhydroxide corrosion products. Concentrations for Ca. K. Mg, Mn and Na were 

highest for the analyses of mineral inclusions. Table 7.3.3g summarizes the corrosion 

halo matrix composition. Iron values vary from 13.09% to 54.18% with the higher 

concentrations being located at the exterior edge of the corrosion halo. The higher iron 

concentrations at the corrosion halo edge probably represent iron values for the soil. 

Chlorine concentrations were lowest for the corrosion halo. Table 7.3.3h presents 

averaged values of Fe, Cl, P and Si for corrosion halos from nails of Areas B, C and D. 

Different areas of excavation had nails with different corrosion halo compositions. Iron 



Nail 

94759 

128193 

120389 

115~70 

975-'6 

Table 7.3.3a 
Chemical Analysis of Iron Nail Cross-Sections 

Area Event Event Description Metallo graphic Purpose 
Group 

D 62 occupation G-4 identify changes 
in iron core and 
corrosion halo 

c 0 occupation G-2 as above 

B 178 occupation G-3 as above 

B 13-' till G-1 identitY 
inclusions in 
corrosion halo 

B 134 till G-1 as abo\'c 

1.., ... 
.).) 

concentrations for the nails were different for all three areas. Area D nails had the highest 

iron l!oncentrations. Chlorine and silicon concentrations were highest tor Area 8 and 

lowest for Area C. Phosphorus concentrations were highest for Area C. Table 7.3.3i 

summarizes the results of analyses for the iron section of the nail. Chemical analyses of 

the iron indicated variation in Fe and Cl which was not specific to an area of excavation. 

The nail centre had the lowest concentrations of iron but highest of chlorine. Iron with a 

multi-phase composition had a lower Fe concentration than the single phase iron. Areas 

with a high iron concentration had a low chlorine concentration. Table 7.3.3j summarizes 

the chemical analyses for the iron/corrosion halo interface. Iron concentrations are tor the 

most part lower than values for the nail but higher than the corrosion halo. Chlorine was 

identified for all samples analysed. Figure 7 .I 0 presents models showing the iron and 

chlorine distributions for the iron nails studied. 
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Table 7.3.3g 
Chemical Analysis of Corrosion Halo Matrix 

~ail Point Area Event Metallo- Fe(%) Cl(%) P(%) Si(%) 0(%) 

graphic 

Group 

115·170 f B 134 G-1 22.73 NIA 1.46 7.74 19.28 

115470 g B 134 G-1 19.82 NIA 1.35 9.77 24.55 

115470 i B 134 G-1 24.61 NIA 0.71 14.17 29.36 

11S·.t70 j B 134 G-1 3S.3 NIA 1.34 12.53 28.86 

115.t70 k B 134 G-1 36.51 N!A 1.15 8.31 25 .11 

115·170 1 B 13-t G-1 21.51 NIA 0.6 :!.3 .t3.7.J 

115470 m B 134 G-1 1.66 NIA 0 6.57 23 .M5 

115·170 n B 134 G·l 33.95 NIA 0.77 7.1 23 .09 

128193 a c 0 G-2 13.09 0.15 5. 13 0 11 .59 

128193 b c 0 G-2 54.18 0.07 2.22 0.25 18.96 

128193 c c 0 G·2 52.48 0 .08 0.84 0.35 16.83 

94759 a D 62 G-4 52 0.04 3.02 2.53 23 .29 

94759 k D 62 G-4 51.49 0.07 1.83 4.85 25.62 

94759 m D 62 G-4 43.18 0.2 1.56 7..J7 27.25 

120389 a B 178 G-3 33.63 0.7 2.99 4.5 ... :!I 

120389 c B 178 G-3 38.12 0.6 1.92 3.85 18.5 

Nl A • not analyzed 



Table 7.3.3h 
Averaged Values of Chemical Composition for Corrosion Halos by Area 

Area 

B 

c 
D 

N;ul Pomt 

947~9 f ..:c:nuc: mul 

1~8193 f -cc:nrrc: nail 

1:!8193 g...:c:ntrc: 

nail 

120389 1-.:c:ntrc: naal 

1:!0389 k·mulll-
plwc 

1~8193 h·mulll· 
phase: 

1:!0389 h·mulll· 
phase: 

1:!8193 •·mulu· 
phase 

120389 g·mulu-
phase: 

128193 c:-mulll· 
phase: 

120389 J·mulll· 
phase: 

94759 g-smglc: 
phase: 

1:!0389 c:-s•nslc: 
phase: 

120389 t:Crack 

Fe(%) Cl(%) P(%) 

27.39±0.29 0.65±0.01 1.23±0.05 

39.92±0.33 0.10±0.01 2.73±0.06 

48.89±0.29 0.10±0.01 2.14±0.06 

Table 7.3 .3i 
Chemical Analyses of Iron 

Area Evc:nt Mc:rllllo-IIJ'aph•c Group Fc(~'•l CIWol 

D 62 G-1 06 ~.43 

c 0 G·2 SUI ~:!I 

c 0 G·2 S2.9J 7 33 

B 178 G-3 S4.69 002 

B 178 G-3 -18.67 0 03 

c 0 G-2 S:!..l7 U6 

B 178 G-3 S90J 0 09 

c 0 G-2 60.21 0 IS 

B 178 G-3 64 003 

c 0 G-2 65.8-1 0 .17 

B 178 G-3 69.6 0 

D 62 G-1 61.05 0 .09 

B 178 G-3 68.4 0 

B 178 G-3 CiO.S 0.04 

Si(%) 

7.69±0.07 

0.20±0.02 

4.95±0.07 

Pc"~l Sic•;,J Q(~•l 

0 003 I 08 

on 008 IS S2 

o ~s oos IS.-18 

001 0 28 1615 

J oiJ 3 61 :!3 79 

001 0 us IS 27 

0 56 0 IS 1802 

0 -IS 1.-19 19.53 

033 0.2-1 1903 

0 .25 0 .22 1943 

0 .02 0.4 204 

0 0 .67 1823 

0 .32 0 .:!9 2033 

053 0.48 18.77 
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Table 7.3.3j 
Chemical Analysis of Iron/Corrosion Halo Interface 

Nail Point Area Event Metallo- Fe(%) Cl(%) P(%) Si(%) 0(%) 
graphic 
Group 

115·l10 p B 134 G-1 46.17 NIA 2.11 0.7 17.29 

128193 j c 0 G-2 33.45 0.64 3.45 7.84 26.94 

94759 c D 62 G-4 67.79 0.13 0 0 .11 19.5 

94759 d D 62 G-4 53 .15 4.7 0 0.02 15.86 

94759 h D 62 G-4 43.93 0.03 0.77 10.46 26.9 

94759 i D 62 G-4 60.15 0.06 0.14 I 18.83 

120389 d B 178 G-3 43 .22 0.02 0 0.12 13.85 

NIA- not analysed 

7.3 .4 Element Maps of [ron Nail Shaft Cross-Sections 

Section 7.3.3 identified areas of potential iron alteration and chloride 

concentration and provided a guide for elemental mapping. Electron microprobe element 

analyses for nails from Areas B, C and D were performed on cracks, iron/corrosion halo 

interfaces, areas surrounding voids in the iron, the iron core and corrosion halo. 

Microprobe operating conditions and standards for the analytical data are presented in 

Section 5.4.6. All samples were analyzed for S, P, Cl, Fe and Si. Randomly selected 

samples were also examined for carbon. Appendix 7d contains the pixel maps of the nail 

sections studied. Element maps for which the element was below the detection limit or 

where images were obscure are not included. 



Figure7. 10 

Iron Concentrations 

< 1% iron 

0 -25% corrosion halo 

25 - 55% corrosion halo 

11 45 - 55% iron 

M 55 - 65% iron 

B >65% iron 

Chlorine Concentrations 

0 - 0.25% 

1111 0.25- 2.0% 

Ill 2.0- 8.0% 
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Models showing iron and chlorine distribution for nai ls from the Ferryland 
site . 
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Based on the analyses of the previous section, Table 7.3 .4a summarizes the 

chemical analyses of the iron nail shaft cross-sections for Fe, Cl, P, Sand Si. The 

element mapping supports the chemical data. 

Table 7.3.4a 
Chemical Variation for Nail Shaft Cross-sections (excluding mineral inclusions) 

Nail section Fe(%) Cl<%) p (%) s (%) Si (%) 

nail centre 40 3 <I <I <I 

iron 61 <I <I <I 1 

iron/corrosion so I I <I 3 
halo interface 

corrosion halo 34 <I 2 <I 6 

Tables 7.3.4b and c present the results of the element mapping based on the 

presence/absence of the elements analyzed. In summary, Fe and Pare identified 

throughout the nail cross-section. S is most abundant in the iron/corrosion interfaces. Si 

is common but least abundant in the iron section. Carbon was present in those samples 

analyzed which included iron/corrosion interfaces, iron and slag. Cl concentrations were 

lowest for the corrosion halos. Figures 7.11 and 7.12 show the distribution of chlorine 

and iron at the iron/corrosion interface for nails 128193, 99060, 94759 and 115521. 

Chlorine is concentrated along the interface for nails 129193 and 99060 usually at the 

iron surface. Nail 115 521 however did not have a concentration of chlorine at the 



~:ul Are:~ 

I:~Oiol B 

~)..1787 D 

<147117 D 

~4787 D 

106~SQ () 

<141~3 D 

<141:!3 D 

<141~3 D 

<1-17!15 D 

<.1478:5 D 

!1787~ D 

I~Oiot u 

1~0101 B 

t:!OJ!I'I R 

tllo:!!N 13 

t:!OioO 13 

1:!0161 B 

Q90oO D 

<147~Q D 

J:!lll'lJ c 

8787:::! D 

'l41S8 D 

1:!0101 B 

1:!0161 B 

I~Oiol B 

Table 7.3.4b 
Element Distribution based on Element Mapping 
For Nails from Occupation/Destruction Events 

Even I locauon c Cl F.: p s 

C~mr.: or Sail 

14l crack m 1ron NlA X X X X 

62 1ron near \ 'Old NtA X X X 

62 ~ron near crack NIA X X 

o2 tron NIA X X X 

Iron 

Ill ox1de layer NIA X X 

62 1ron 111 gram boundanes NIA X X X 

62 mulU·pluue •ron NIA X 

62 ~:rack m multi· phase 1ron N/A X X X X 

o2 1ron around cra~:J.; NIA X X X X 

6:! mulu·phase uon NIA X X 

o2 mulll·phase uon NtA X X X 

l4l ellge ofrwl NIA X X X X 

143 c~k 111 cill!c or n;ul Nit\ X X X 

178 cracl.; a1 edl!e oln;ul NIA X X X X 

lron:C.Jrros•on Halo lnlcrta~:c 

133 Nit\ X X X 

143 N/A X X X 

14l N/A X X X X 

96 X X X X X 

o: X X X X X 

0 X X X X X 

Corroston Halo 

62 N/A X X X 

62 N/A X X 

14l COITOSIOO halO .:.fge NIA X X 

143 COITOSIOO halo edge N/A X X X 

I-ll N/A X X 
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s. 

X 

X 

X 

X· ;11<1.: 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

N/A 

X 

X 

X 

X 

X 



:'-Ja1l An: a 

115811 B 

97546 B 

97546 B 

97546 B 

94737 D 

I 15521 B 

97546 [] 

115470 B 

115470 B 

115294 B 

Table 7.3.4c 
Element Distribution based on Element Mapping 

For Nails from FilVBuilding Events 

Event locauon c Cl Fe p s 

Centre of Nail 

13-a N/A X 

134 edge of void N/A X X X X 

134 edge of void N/A X X X X 

Iron 

134 crack N/A X X X X 

63 crack X X X X X 

lrowCorros10n Interlace 

138 X X X X 

Conos1on Halo 

134 gram m corrosion halo N/A X X 

134 crack NIA X X X X 

134 wood in cortosion halo NIA X X X 

Slag 

134 X X X X 

N/ A - not analyzed 
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Si 

X 

X 

X 

X 

X 

X 

X 

X 

X 
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128193 BSE 128193- chlorine 

Figure 7.11 

99060 BSE 99060 - chlorine 

Distribution of chlorine ::n iron/cotTosion interface for nail s 128193 (:-; 6:5) 
and 99060 (x 50). 



94759 BSE 94759 - chlorine 

Figure 7.12 

115521 BSE 115521 - iron 

Distribution of chlorine and iron at the iron/corrosion interface for nails 
94 759 (x 50) and 115521 (x 60). 
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interface. For the nails studied, iron concentration is lower at the interface. Nail 128193 

shows the uneven nature of the iron surface and iron particles being dispersed to the 

corrosion halo. 

Nails of the occupation/destruction events and fill/building events differed only in 

element concentration of chlorine for the iron/corrosion interface and corrosion halo. 

Nails from the occupation/destruction events had chlorine concentrated along the 

iron/corrosion interface with very low concentrations in the corrosion halo. Nails from 

the till/building events had chlorine concentrated in the corrosion halo but not at the 

iron/corrosion interface. 

7.3.5 Radiography ofNails 

Nail samples were radiographed to determine the amount of metal remaining. 

Appendix 7e contains the radiographed nail images. Metal loss was determined using the 

x-ray images and metallographic observations for nail shaft cross-sections. A calculation 

of metal loss based on change in length. width and thickness from the original size could 

be misleading because points and nail heads are prone to damage during use. The shatt 

cross-sections therefore provide a better measure of total internal metal loss and were 

used in this thesis. The radiographs produced using settings of 5 5k V /5mA and 80 

k V /4mA provide information about exterior nail loss. Figure 7.13 shows the locations for 

size measurements on the nails. Original nail size was estimated from radiographs and 
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length 

width 

thickness 

corrosion halo 

iron core 

Figure 7. 13 Schematic drawing showing locations for size measurements. 
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recorded as penny-weight (measurement used at time of manufacture). Figure 7.14 shows 

schematic drawings illustrating the interpretation of x-ray grey levels (reader is reminded 

that an x-ray is a negative print). Tables 7.3.5a. b. c and d summarize the change in nail 

size from the original/normal size (Appendix 7e). Tables 7.3.5e and f summarize 

estimates of total iron loss by metallographic groups (Appendix 7e). 

Overall the small nails (8d and 1 Od) exhibited less deterioration for both length 

and width. The change in width or head of the nail was greatest for nails from the 

till/building events. The change in core diameter is similar for nails from the 

occupation/destruction events. The 8d and 1 Od type nails from the till/building events 

have a 41% decrease in core diameter while the l6d. 20d and 30d nails had a 27o/o 

decrease in core diameter. The total iron loss is greater tor nails with a G-1 and 2 

metallographic classification with the difference being that the G-1 and 2 nails are 

corroding internally and externally while the nails of the G-3. ~and 5 groups are only 

corroding externally. 

The magnet test for nail samples appearing in Tables 7.3 .5e and f indicated that all 

but 1 samples had lots of iron. Samples 97546 and 128190 were recorded as partially 

mineralized using the magnet test. These samples both had an estimated iron loss of 90% 

or greater. Metal loss for samples recorded as having lots of iron ranged from 17 to 79%. 



grey=multl-phase Iron 
(low densltyJ 

corrosion 

white=slngle phase Iron 
(high densltyl 

black=vold In nail 

corrosion halo 
corrosion halo 

multi-phase Iron thin section 

Figure7.14 Interpretation of x-ray grey levels. 

single phase 
Iron 
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The magnet test for iron condition is useful only in separating nails with extensive metal 

alteration. 

7.3.6 Thickness of Iron Core and Corrosion Halo 

Table 7 .3.6a summarizes comparisons of iron core thickness to corrosion halo 

thickness for different nail types. Nails from the occupation/destruction events had 

smaller iron core diameter than nails from fill/building events. Corrosion halo thickness 

was greater tor nails from the occupation/destruction events. The iron core diameters and 

thickness of corrosion halos did not vary significantly by nail type. Table 7.3.6b 

summarizes comparisons of iron core thickness to corrosion halo thickness tor different 

metallographic groups. The results are similar to that of Table 7.3.6a with nails from the 

occupation/destruction events having a smaller iron core diameter and greater corrosion 

halo thickness. The majority of nails from the metallographic groups G-2. 3 and 4 tor 

occupation! destruction events and G-1 and 3 for till/building events have a thicker 

corrosion halo than iron core but the differentiation of thickness between iron core and 

corrosion halo is not great. Nails of the G-4 metallographic group for both event groups 

exhibit higher iron core:corrosion halo ratios than nails from other metallographic groups. 

For example. nail sample 94759 from an occupation/destruction event had an iron core to 

corrosion halo ratio of 28:72 while nails from fill/building events had a 69:3 I iron core to 

corrosion halo ratio. For the G-4 nails. the nails from occupation/destruction events have 

a greater external metal loss and increase in corrosion halo than the nails from the 

fill/building events. 



Nail 
type: 

8d 

IOd 

16d 

20d 

30d 

40d 

Avcrngcd 
thickness 

8d 

IOd 

16d 

20d 

30d 

Avernged 
thickness 

Table 7.3.6a 
[ron Core vs Corrosion Halo 

for Nail Type 

occupation/destruction 

thickness lmmJ %thickness 

iron corrosion iron corrosion 
core halo core halo 

5 7 .J2 58 

5 6 45 ss 
s 10 33 67 

7 8 .J1 53 

7 6 54 46 

10 12 45 55 

6.5 8 45 55 

till/building 

"' .. so so 
9 6 60 .JO 

6 7 -16 54 

8 .. 67 33 

7 6 54 46 

6 s ss 45 
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Table 7.3.6b 
Iron Core vs Corrosion Halo 
for Metallographic Groups 

occupation/destruction 

Mctallographic % thickm:ss 
Group 

iron core corrosion 
halo 

G·l so 50 

G·2 43 57 

G·3 .. , 59 

G-l 28 72 

G·S 63 37 

Average -45 55 

tiiVbuild ing 

G-1 43 57 

G-2 so 50 

G-3 .... 56 

G-l 69 31 

G-5 50 so 

Awragc 51 -49 
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7.4 Corrosion Halos 

Around each nail a halo of soil particles develops that is cemented together and to 

the nail surface by products of electrochemical oxidation/reduction. This corrosion halo 

represents the exterior nail changes occurring during burial. 

7.-+. 1 Munsell Colour for Corrosion Halos 

Tables 7.4.1 a and b present the data for colour analyses. Corrosion halo colour of 

nails from the occupation/destruction events had more nails with a 7.5YR hue while nails 

from the fill/building events had more corrosion halos with a 1 OYR hue. For nails from 

till/building events. most of the corrosion halo had a level of 4 for both value and 

chroma. This was in contrast to the majority of nails from occupation/destruction events 

which had levels of 4 and 5 for value and 4 and 6 for chroma. Table 7.4.lc summarizes 

the averages of the colour analyses by metallographic group. Similar patterns as 

described above were observed. For example, nails from occupation/destruction events 

with a G·5 metallographic description had a 7.5YR hue for corrosion halo colour. This is 

in contrast to the nails from fill/building events belonging to metallographic group G·5 

with a lOYR hue for corrosion halo. 
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Table 7.4.la 
Colour of Nail Corrosion Halos 

a1 s rom occupatio N ·1 fi . nld estructiOn events 
Metal- Area Event Co-ordinate: Nail sample Colour Hue Value: Chroma 

lographic 
Classtli· 

calion 

G-3 c 19 E88N32 128189 light }cllowtsh IOYR 0 .. 
brown 

G-2 c 0 E89N30 128193 yellowtsh brown IOYR s .. 
G-2 0 62 EI38N8 94121 ycllowtsh brown IOYR 5 8 

G-3 c 195 E89N30 128290 yellowish brown IOYR s 6 

G-2 0 62 EI.38N8 94123 yellowish brown IOYR s 6 

G-2 0 62 EI.$7N8 94788 dark yellowish IOYR .. 6 
brown 

G-3 B 178 E2N6 120389 dark yc:llowtsh IOYR .. .. 
brown 

G-1 0 62 El-'6NR 94743 dark yellowtsh IOYR .. 6 
brown 

G-2 B l.$3 E2N7 120161 dark yellowish IOYR .. .. 
brown 

G-1 8 133 EJNO 106289 brown IOYR 5 3 

G-1 B 145 E2N75 120531 brown IOYR s J 

G-2 D 96 EI .. 8N12 99060 brown 75YR .. .. 
G-2 D o2 EIJ8N8 94120 strong brown 7SYR s 6 

G-1 D 62 EI.$7N8 94745 strong brown 75YR .. 6 

G-1 D 62 E137N8 94160 strong brown 75YR 4 6 

G-1 D 62 E149N9 87872 strong brown 7.5YR 5 6 

G-1 0 62 EIJ7N8 94158 strong brown 7.5YR 4 6 

G-2 D 62 EI47N8 94742 strong brown 75YR 4 6 

G-2 0 62 E147N8 94785 strong brown 7.SYR 5 6 

G-4 D 62 EIJSN7 94759 strong brown 7.SYR 5 6 

G-5 D 62 EI35N7 94758 strong brown 7.SYR 5 6 

G-1 D 62 E147N8 94787 dark brown 7.5YR 3 4 

G-5 D 62 EI47N8 94786 dark brown 7.5YR 3 4 



~lt:tal- Area Event 
I graphic 
Class1li· 
.:attun 

G-5 c 22 

G·l c ss 

G-2 B 134 

G-1 B 134 

G-3 c ss 

G~ B 134 

G-5 B 13.& 

(j.J c 16 

G·l B 134 

G·2 B 138 

(j~ B 177 

(]~ D 63 

Table 7.4.lb 
Colour of Nail Corrosion Halos 
Nails from fill/building events 

Cu-ordinatc Na1l Colour 
sample 

E88N30 12819S light yellOWISh 
brown 

E89N31 128190 dark yellowish 
brown 

EON6 IISBil dark yellowish 
brown 

E3N2 97546 dark yellowish 
brown 

E88N32 128192 dark yellowish 
brown 

E3N3 115294 dark yellowish 
brown 

WIN6 IIS772 dark yellowish 
brown 

E89N3l 128304 brown 

WIN7 115470 brown 

E3N3 llSS21 brown 

ElN6 120340 brown 

EI47N8 94737 suong brown 
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Hue Value: Chroma 

IOYR 6 ~ 

IOYR ~ " 
lOYR ~ ~ 

IOYR ~ ~ 

lOVR " ~ 

IOVR 4 ~ 

IOVR J 6 

7.SYR ~ 4 

7.SYR ~ 4 

7.5YR ~ 4 

7.5YR ~ ~ 

7.SYR .. 6 
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Table 7.4.lc 
Colour of Nail Corrosion Halos 

•Y me ograp1 tc groups b tall h" 

occupation/destruction 

mctallographic Hue:(%) Value:(%) Chroma(%) 

group 7.5YR IOYR 3 4 5 6 3 4 6 8 

G-1 63 37 12 50 38 0 25 12 63 0 

G-2 44 56 0 44 56 0 0 33 56 II 

G-3 0 100 0 33 33 33 0 67 37 0 

G-4 100 0 0 0 100 0 0 0 100 0 

G-5 100 0 50 0 50 0 0 50 so 0 

Average 61 J9 ll l! !! 8 ! JZ 61 2 

fill/building 

G-1 so so 0 100 0 0 0 100 0 0 

G-2 so 50 0 100 0 0 0 100 0 0 

G-3 0 100 0 100 0 0 0 100 0 0 

G-4 67 33 0 100 0 0 0 67 33 0 

G-5 0 100 so 0 50 0 0 50 50 0 

I AveraGe I JJ 6' 10 80 10 0 0 SJ 17 0 

7.4.2 Mineralogy ofNail Corrosion Halos 

Table 7.4.2 presents the mineral identifications based on the sample XRD spectra. 

The XRD spectra for each nail can be obtained from the author by request. All corrosion 

halos tor the 35 nails contained quartz. Feldspar was identified for 36% of Area B nails, 

71% of Area C nails and 76% of Area D nails. The three areas differed in 
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Table 7.4.2 
Mineralogy of Corrosion Halo for Areas B, C and D 

Arc:a Metallo- Sample alb san QC II hm goc ak m1 mf c:hr mh gr scp ph 
Sfl~Phlc: 
Group 

B G·! 11n11 , . 1 , , , 
ll G·l 1!0531 

B G·2 115521 "' "" 
., , 

B c;...& 115:!'M , 1 , , , 1 1 

8 G·l 975ol6 , ~ .. .. 1 1 

B G·l 106!19 1 

B G·l I 15·470 , 1 1 

B G·! 1!0161 , , 
B G·1 1!0319 , , , , , 
u G~ 1203-lO • , 
B c;.s 1um , , , , , , 
c Ci-5 121195 , , , , , 
c Ci-l 121192 , , .. .. 
c G-2 1::!1193 , , ~ 

c G·l 12130.. , , , 
c G·l 121190 , , ... ... 
c Q.] 1!1290 , 1 

"" 
c G·3 121119 , , ... ... 
D c;...& 94759 "" 

~ ~ 

D G·S 9ol751 , .,., 

D Ci-1 9oll60 , 1 

D G·2 9-ll!l , , , ~ , . 
0 G·l 9.17-ll , , " 

0 Ci-2 9ol7ol;: , , . 
0 c;.: 9-4711 • , , 
0 Ci-1 9ol717 , , , , , , , 
0 Ci-5 9ol716 , , , , , . 
0 G·l 9o17oiS , , , 
0 c;..a 9ol717 , .,., ... 1 

D G·l 99060 , .,., .... , 
0 G·l 9oll51 , .. 1 

0 G·:! 'MI:!O ' ?" , . 
0 Ci-2 'Mill ... ... tl . 
0 G·2 9o17U tl tl , 
D Ci-1 17172 , • .., . 1 

? ; SO% of peaks match PDF ?? = 40o/o of peaks match PDF 
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corrosion halo composition as 73% of Area B nails contained magnetite or chromite 

(Figure 7 .15), 71% of Area C nails contained goethite and akaganeite (Figure 7 .16) and/or 

cacoxentite (Figure 7.17) and 76% of Area D nails contained graphite and sepiolite. 

7 .4.3 Corrosion Halo Mineralogy and Colour 

Tables 7.4.3a and b summarize the corrosion halo mineralogy sorted by colour 

(Appendix 7t). Sorting of nail corrosion halo samples by hue, the 7 .SYR group had 

predominantly Area D nails while the lOYR group consisted of Area Band C nails. Most 

of the nail corrosion halos with a 7.5YR hue (brown) were from occupation/destruction 

events. Nail corrosion halos with a IOYR hue (yellowish brown) were represented from 

all events. 

7.5 Visual Examination of the 35 Nails 

Tables 7.5a and b summarize the visual examination of the 35 nails from the 

occupation/destruction and fill/building events. Nails of both the occupation/destruction 

or fill/building event classes had cracked in the post-storage environment and most had 

only a head and shaft remaining. Table 7.5c summarizes nail condition averages for 

fill/building and occupation/destruction events. 

Stable nails represent 14% of the nail samples. Of the 14% group, 90/o had a G-1 

metallographic classification and 5% equally shared a G-2 and G-4 classification. 
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Figure 7.15 Spectra for Area B nail 115811 with chromite identified. 
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McUll- Area 
logrnphic 
CI3SSlli· 
cauon 

G-1 D 

G-1 B 

G-2 D 

G-3 c 

G-2 D 

G-2 B 

G-2 D 

G-1 D 

G-3 D 

G-3 B 

G-2 c 

G-1 D 

G-2 D 

G-3 c 

G-1 D 

G-1 D 

G-2 B 

G-2 D 

G-3 D 

G-2 D 

G-4 D 

G·S D 

G-S D 

Table 7.Sa 
Nail Condition by Visual Examination 

Nails from occupation/destruction events 

Event Co- Nail sample Condition Desc:nption 
ordinate 

62 EI.:9N9 8787~ cmcl.:c:d shaft 

133 EJNO 106289 stable shaft 

62 EI47N8 9478S cracked shaft 

19 E88N32 128189 cracked shalt 

62 EI.-7N8 94788 cracked hc:ad.shaft 

14S E2NS 120S31 cracked head, shaft 

62 E138N8 94120 cracked hcad,shaft 

62 EI47N8 94787 cracked hc:ad.shal\ 

62 EI47N8 9474S cracked hc:ad.shat\ 

178 E2N6 120389 cracked hc:ad.shaft 

0 E89N30 128193 cracked hc:ad.shaft 

62 EI37N8 94160 stable: hc:ad,shatl 

62 EI38N8 94121 cracked hcad.shatt 

19S E89N30 128290 cracked hc:ad.sh:tft 

62 E137N8 941S8 cracked head.shatl 

62 E146N8 94743 cracked hcad.shaft 

143 E2N7 120161 cracked head,shaft 

62 EI47N8 94742 cracked hc:ad,shaft 

96 E148NI2 99060 cracked hc:ad.shaft - . - .. 

62 E138N8 94123 stable head .shaft 

62 EIJSN7 947S9 cracked head ..shaft 

62 E13SN7 947S8 cracked hc:ad.shaft 

62 EI47N8 94786 cracked head .shaft. 
point 
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Nail 
type 

16d 

IOd 

8d 

.-od 

IOd 

20d 

IOd 

IOd 

8d 

16d 

8d 

8d 

JOd 

10d 

30d 

16d 

20d 

IOd 

16d --
30d 

16d 

30d 

IOd 



Meta!· Area 
lographic 
<.:lassuica-
tion 

G-4 B 

G-1 c 

G-2 B 

G-1 B 

G-2 B 

G-5 B 

G-4 D 

G-1 c 

G·l B 

G·l c 

G-4 B 

G-5 c 

Table 7.5b 
Nail Condition by Visual Examination 

Nails from fill/building events 

Event Co-ordinate Nail sample Condition Dcsc:riplion 

177 E2N6 120340 stable shaft 

55 E89N31 128190 cnH:ked shaft 

134 EON6 115811 cracked shaft 

134 E3N2 97546 stable shaft 

138 E3N3 115521 cracked shaft 

134 WIN6 115772 cnH:ked shaft 

63 E147N& 94737 cracked shaft 

16 E89N31 128304 CfKked head. shaft 

134 WIN7 115470 crKked hcad.shaft 

ss E88N32 128192 crocked hcad.shaft 

134 E3N3 115294 cracked head.shaft 

22 E88N30 128195 crKked head.shaft. 
point 
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Nail 
type 

7 

IOd 

16d 

20d 

IOd 

30d 

20d 

IOd 

16d 

IOd 

10d 

8d 



Melillo- Metal 
~orraph1c: loss 
liroup for 

nails 
(%) 

G-1 33 

G·2 17 

G-3 8 

G-& 2S 

G-S 17 

G-1 26 

G-2 39 

G-3 22 

G-& 4 

G-S 9 

Table 7.5c 
Nail Condition by Visual Examination 

for 35 Nails 

fiJL'building 

Condition Nail Description 

stable cracked shall head, shaft shaft, point 
(%) (%) 

2S 1S so so 0 

100 100 0 0 

0 100 0 100 0 

33 67 67 33 0 

0 100 so 0 0 

occ:upalionldc:sUUclion 

33 67 33 67 0 

II 89 II 89 0 

0 100 20 80 0 

0 100 0 100 0 

0 100 0 so 0 
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head, shaft. 
point 

0 

0 

0 

0 

so 

0 

0 

0 

0 

so 
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The nails with a G-1 and G-2 classification had an averaged total estimated metal loss of 

57% while that of the G-4 nail was 33%. Complete nails (head, shaft and point) were 

from G-1, G-3 and G-5 metallographic groups. Table 7.5d shows nail condition versus 

size. Overall the shaft of the nail was best-preserved and the point the least well

preserved. For the nails from filVbuilding (fib) events generally only a shaft remained 

while nails from occupation/destruction (old) events had both heads and shafts. The shaft 

sections are represented by nails of all sizes. Most nails with a head and shaft are I Od to 

16d in size. Most nails with a head, shaft and point are 8d to 1 Od in size. 

7.6 Characterization of Slag by Chemical Analyses 

X- ray fluorescence analysis were conducted on slag remains found at Areas B 

and C. Slag represents the by-product of forging and was used to provide some 

information regarding the original iron composition of the nails. Tables 7 .6a-f summarize 

the results (Appendix 7g). Tables 7.6g and h present the mean, standard deviation and 

spread for the data (Appendix 7g). The chemical analyses for the slag from Areas Band 

C had a similar standard deviation indicating that slag composition was essentially the 

same for both areas. Slag composition varied somewhat with some samples having more 

Fe:01 and others with a higher Si02 concentration. Concentrations of Cl also varied. As 

with the iron nail samples Cl is associated with areas of high Fe and low Si compositions 

for the slag. 



163 

Table 7.5d 
Nail Condition vs Size 

filVbuilding- distribution by% 

Nail type shaft head, shaft head. shaft. total number of 
point samples 

Sd 0 0 100 1 

10d 33 15 0 s 
16d 17 25 0 2 

20d 33 0 0 2 

30d 17 0 0 I 

Total S8 33 9 II 

occupationldestruc:tion - distribution by % 

8d 25 17 0 4 

IOd 25 28 100 7 

16d 25 22 0 s 
20d 0 11 0 2 

JOd 0 22 0 4 

40d 25 0 0 I 

Total 17 78 s 23 
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7. 7 Discussion 

7. 7. 1 Artifact Survey 

Generally this type of visual survey indicates whether or not 

reactions/crystallization processes are occurring internally. For example a nail upon 

excavation may appear stable but as evaporation in the ambient environment removes 

moisture salts crystallize and expand internally causing the surface to crack. Nails from 

Area D experienced the least change from pre- to post-storage indicating that low 

concentrations of chlorides were present in the nail. Results presented in Chapter 6 

indicated that soil from Area D have the lowest concentration of Cl. Nails from Area C 

have the highest number of totally mineralized nails suggesting that Area C soil is the 

most reactive. The Cl concentration for soils from Area C is the highest for the soils from 

the site which supports this observation. Iron from Area B experienced the greatest 

change from pre- to post-storage. The iron from Area B had a high iron content and the 

soil did contain Cl. Thus, although the iron was in better condition, the Cl-rich 

electrolytic soil solution had more sites for reaction. 

Nails separated by event showed that those from occupation/destruction events 

were in better condition than those of fill/building events. This probably indicates that 

soil from occupation/destruction events is less corrosive to ferrous metals. 

From a conservation point of view, the greater the extent of mineralization within 



an object the easier it will be to conserve because there is nothing left to react with the 

environment. Therefore nails from Area D with extensive mineralization, combined 

with the fact that they were buried in relatively inert soil, means that they will require 

little treatment time. 

7. 7.2 Nail Description 
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Based on nail metallography, 5 different groups exist for the Ferryland collection. 

Nails are described as having corroded centres with voids (>20% nail volume) 

surrounded by a multi-phase iron with a corrosion halo (G-1 ); corroded centres with voids 

(<25% nail volume) surrounded by single phase and multi-phase iron and a corrosion 

halo (G-2); single phase iron (10-30%), multi-phase iron (90-70%) surrounded by a 

corrosion halo (G-3); single phase iron (30-50%), multi-phase iron (70-50%) and a 

corrosion halo (G-4) and a single phase iron (60-90%), multi-phase iron ( 40-1 0%) with a 

corrosion halo (G-5). From the 35 nails studied more than half of the samples arc 

corroding on both the interior nail surface and exterior nail surface. The corrosion halos 

with a lower chlorine concentration and high silicon concentration appear to be protecting 

the nail surface from corroding. Small cracks in the nails allow for fluid movement and 

chloride ion transfer to the nail centre which promotes the corrosion of this section. 

7.7.3 X-radiography ofNails 

X-radiography of artifacts indicate that artifacts of all areas show a range of 
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preservation from nails with very little iron to those with a high percent of iron. 

Deterioration of nail heads is greatest for nails from fill/building events which could be a 

function of use or burial. The difference in deterioration between the length and width of 

the nails is probably a function of manufacture as the shaft and head were worked 

differently by the blacksmith. Change in nail length and width (head width) is less for 

smaller nails (8d and l Od). Change in core diameter is similar for most nails. 

Differences in core diameter is observed for nails of fill/building events where condition 

appears size-dependent. Total metal loss is greatest for nails from the G-1 and 2 metal 

groups because both internal and external corrosion occur. Depth of deposit for these nail 

samples was less than those from G-3, 4 and S. The increase in soil chloride ions and 

oxygen concentration for the soil nearer the surface are the probable catalysts for the 

internal corrosion process. Approximately half the nail samples of the G-1 and 2 groups 

are from Area D. This could be interpreted as either that the Area D nails were generally 

found in stratigraphic layers close to the surface or that the Area D nails were of a 

different composition. The results from the slag analyses, however, indicate that nail 

composition was uniform. 

The range in preservation for all Areas illustrates the reactive electrochemical 

nature of the burial environment and that specific predictions of iron condition will be 

difficult. However, the fact that one Area had a greater degree of metal loss indicates that 

general predictions of iron condition may be possible. Because differences in 
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preservation were found to be size-dependen~ predictions of iron condition must include 

background soil analyses and an understanding of the material culture of being excavated. 

7. 7.4 Munsell Colour 

Colour of the corrosion halos correlates with mineral identification which 

probably reflects the soil at the site. The nails can best be divided by area of excavation 

based on the corrosion halo composition and colour. The bulk of the Area D samples 

exhibited a 7.5YR hue while samples of Areas Band Chad a lOYR hue. 

7.7.5 Mineralogy ofNail Corrosion Halos 

All corrosion halos contained quartz which was derived from the surrounding soil. 

Feldspar was also ubiquitous but concentrated in nails from Areas C and D. The presence 

of quartz and feldspar being universal for all samples is probably because they are 

dominant mineral phases for the soil. Differences in corrosion halo composition are 

probably a function of the archaeological remains and the environment combined. The 

presence of magnetite and chromite in the corrosion halos of nails from Area B may be a 

result of the forging activities of the blacksmith. Akaganeite was identified in the 

corrosion halos for Area C nails probably because of the higher concentrations ofCl in 

the soil from Area C. Corrosion halo composition for the Area D nails consisted of 

graphite and sepiolite. In this case the former is probably present because the site was 

burned in the seventeenth-century while the latter has been incorporated into the 
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corrosion halo from the natural soil. 

7.8 Slag 

Chemical analysis showed a similarity in composition for Areas 8 and C slag. 

This probably indicates that the nails produced shared a common chemical composition 

and that differences in the nails instead reflects the post-production environment (burial 

environment). 
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CHAPTER 8: DISCUSSION AND BURIAL ENVIRONMENT IMPLICATIONS 
FOR IRON NAILS 

8.1 Introduction 

In this chapter the iron nail condition is evaluated with respect to soil conditions 

in an attempt to identify relationships between artifact condition and environment. Also 

deductions regarding the reaction sequence for the deterioration of the iron nails are 

compared with those used in the model proposed by Turgoose (1982, 1995). Finally the 

value of this type of environmental assessment to the conservation of archaeological 

ferrous metal is discussed. 

8.2 Summary of the Iron Nail Condition 

Table 8.2 summarizes iron nail condition for samples excavated from the 

Ferryland archaeological site. Figure 8.1 shows typical profiles for Areas B, C and D 

with nail condition by event indicated. Note that nails excavated from soil of events 

adjacent one another do not necessarily have an equal condition. Also depth of deposit 

does not have a direct relationship with nail preservation. However, both Table 8.2 and 

Figure 8.1 show that nails excavated from soil representing concentrated human 

occupation are in better condition than nails excavated from events representing fill and 

building activities. 

The soil from events 143, 145, 0, 19, 195, 63, 96 and sections of event 62 



Nail(s) Event 

120161 143 

120531 145 

128193 0 

128189 19 

128290 195 

94123.94 745.94 758 62 

94737 63 

99060 96 

106289 133 

115811.115294 134 
97546.11S470 
115772 

115521 138 

120389 178 

128190.128192 5S 

128195 22 

128304 16 

87872.94120,94121 62 
94158.94160.94742 
94743.94758,94759 
94 786.94787,94788 

Table 8.2 
Summary of Iron Nail Condition 

Excavated from the Ferryland Site 

Area Soil Description Area(s) oflron 
Deterioration 

Nails in good condition 

8 occupation internal + external 

8 occupation internal + external 

c occupation internal + external 

c destruction external 

c occupation external 

D occupation internal + e:oc:ternal 

D fill external 

D destruction external 

Nails in poor condition 

8 destruction internal ... e:oc:ternal 

8 till internal ... external 

8 building internal + external 

8 occupation external 

c fill external 

c fill external 

c building/occupation internal + external 

D occupation internal + external 
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Estimate of 
Total Iron 
Loss(%) 

30--40 

20-30 

20-30 

0-20 

20-30 

20--40 

20-30 

20-30 

40- so 

40- so 

40- so 

40-50 

55-93 

40- so 

15 

40-79 



Figure 8.1 
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contained the best preserved nails. From the visual survey (Section 7.2.2), nails from 

events 143. 145, 19, 195,22, 62, 63 and 96 are the most stable after being stored. For the 

suite of samples analysed in this thesis, both the visual and scientific surveys produced 

similar results. 

Figures 8.2 and 3 show line graphs of iron nail condition by area of excavation. 

In the graphs nail size (d), metallographic condition (G),% core change or change in nail 

shaft and% total nail change or metal loss are compared. Overall larger nails have lower 

metal loss. For example nail 128189 from soil of event 19 is the largest nail representing 

Area C and has the lowest estimated metal loss. Most of the nails from soil of Areas C 

and D have a greater% of metal loss through the nail shaft cross·section. Most of the 

nails from soil of Area B exhibit metal loss in nail head and length. 

8.3 Summary of Soil Conditions for the Ferry land Archaeological Site 

Tables 8.3a and b summarize the optimum burial environment and the range in 

burial environment, respectively. The optimum soil conditions represent soil conditions 

surrounding the good condition nails (Section 8.2). Generally the best conditions for iron 

preservation are mid-range for the overall site soil conditions. 

From the soil descriptions a soil texture of gravel loamy sand implies good 

drainage. preventing extended contact between artifact and soil solution. This would be a 



Figure 8.2 
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Figure 8.3 
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better environment for iron preservation than a moisture-rich impervious soil (Cronyn 

1990; Dowman 1970; Mathias 1996). 
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The pH values for Ferryland varied between 3.5 and 5.8. Differences in soil pH for 

water versus CaC03 solutions indicates a variation in hydrogen ion exchange capacity for 

the soil from different events. 

Soil mineralogy and soil element concentration indicate a relatively homogeneous 

soil matrix with some variation in Cl and metal element concentration by events within 



Panicle size distribution 

(%) 

gravel sand 

Mean 42.7 53.0 

St. dv. 6.4 7.1 

St. cr. 2.0 2.2 

St.dv.=standard dev1a11on 
St.er.= standard 

clay 

3.3 

1.6 

0.5 

11:0 

4.9 

o.s 

0.2 

pU 

Table 8.3a 
Optimum Burial Environment for Iron Nails 

from the Ferryland Archaeology Site 

Conductivity Corrosion organic Fe,O, 

(micromhos) Rate wto/o WI o/o 

CaCO, (mmpy) 

4.0 24.9 0.09 12.7 8.7 

0.4 14.4 0.05 9.4 4.0 

0.1 4.6 0.02 3.0 1.3 

SiO, Cl (ppb) Cl (ppm) P,O, 

wto/o for soil for soil wt% 

solution 

54.8 3,858 417 2.5 

8.6 4,855 404 1.2 

2.7 1,535 128 0.4 



Table 8.3b 
Range in Burial Environment Condition for the Fenyland Archaeology Site 

ranictc size distribution pH Conducaivi&y Conosion organic fc;O, SiO, Cl (ppb) Cl P,O, 
(%) (rnicrornhos) Rate wt% wt% wt% for (ppm) wt% 

(mmpy) soil for soil 
gravel sand tlay H,O CaCO, solution 

Range 37-64 33-58 1-7 3.81- 3.55- 7.7-73.3 0.02-0.22 2-30 2-18 39-68 500.. 70- 1-5.5 
5.74 4.23 33,000 1500 

Occupation/destruction 

mean 45 so 4 5.03 4.04 21.5 0.08 11.3 8.70 54.7 3,169 399 2.59 

St.dv. 9 9 2 0.43 0.33 11 .9 0.02 8.7 3.78 8.4 4,470 352 1.40 

Fill/building 

mean 48 48 4 4.61 3.85 33.3 0.09 10.8 1.35 56.0 6,487 358 2.22 

St.dv. 5 5 2 0.58 0.32 20.3 0.06 8.4 2.51 5.8 9,834 211 I. OS 
. . 

St.dv.;;;standard dev1at10n 
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different areas. The chemical analyses of soil solutions indicates variation for soil 

samples from different events with the Cl and transition metal concentrations being the 

most distinct. Chlorine variation, reflecting the salt spray, pore water and sea water 

penetration within the stratigraphic column, defined areas of good/poor preservation 

within the site and correlated with the artifact descriptions. Figures 8.4 and 5 present line 

graphs of Cl concentration and corrosion rate for soil from Areas 8, C and D. Soil from 

events 88 and 141 representing subsoil exhibited the lower Cl concentration and 

corrosion rates. The soil from event 195 has the highest Cl concentrations but soil 

solution corrosion rate is lower than that for soils of event 55 and 22. Iron excavated 

from event 195 soil was generally in better condition than that from events 55 and 22. 

The greatest spread for soil solution corrosion rate occurs for soil from Area D with soil 

from event 63 having the highest corrosion rate. Cl concentration for this soil is the 

highest for soil from Area D. Iron condition for the event 63 soil, however. is good. This 

observation demonstrates the need to use several parameters for evaluating the corrosive 

potential of buried iron. 

Overall Area D soil provides the best preservation, with chloride levels being low, 

pH values being the most nearly neutral and a consistently high concentration of gravel 

size particles. 

When viewing all parameters, an overall burial condition of stable/low reactivity 
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describes the Ferryland site. 

8.4 Model for the Corrosion Reaction of the Ferryland Iron Nail Samples 

Table 8.4a summarizes the averaged chemical composition for Fe, Cl, P, Si and 0 

in corrosion halos and at iron/corrosion interfaces on iron nails excavated from the 

Ferryland site. The corrosion halo composition of Fe, Cl and Pis similar for nails from 

Areas C and D. Nails from Area D have a greater concentration of Si in their COJ!osion 

halos than those of Area C. Nails from Area 8 have the highest Cl and Si concentration 

and lowest Fe concentration in their corrosion halos. 
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Table 8.4a 
Chemical Composition at Corrosion Halo and Iron/Corrosion Interface 

Chemical Composition for Corrosion Halos(%) 

Area Fe Cl p Si 0 

B 27.39±0.29 0.65±0.01 1.23±0.05 7.69±0.07 

c 39.92±0.33 0. 10±0.01 : .73.::0.06 0.::!0±0.0:! 

D .$8.89±0.29 0.10±0.01 2.14±0.06 4.95±0.07 

Chemical Composition for Iron/Corrosion Halo Interface 

B 44.70±0.36 0.02±0.01 1.07::!:0.05 0.41±0.04 15.51 

c 33.45±0.32 0.64±0.03 3.45:t0.07 7.84±0.08 26.94 

D 56.55±0.40 1.23±0.03 0.23::!:0 .04 2.90±0.05 20.27 

The chemical composition at the iron/corrosion interface differs for nails from 

Areas B. C and D. Nails from Area B have the lowest Cl and Si concentration at the 

interface. Iron concentration at the interface is lowest for nails tram Area C. Iron nails 

from Area C have the highest concentrations of P and Si at the interface. Iron nails from 

Area D have the highest Cl and Fe concentration at the interface. Nails from Area D have 

the greatest iron loss probably because of high Cllevels at the metal surface. This is 

supported by the observed iron nail condition summarized in Table 8.4a indicating that an 

estimated total iron loss of 40- 79% exists for 86% of the Area D nail samples. 

Figure 8.6 is a schematic drawing showing iron and chlorine distribution for nails 

from the Ferryland site. Figure 8.7 provides an example using nail 128193. The icon 



Figure 8.6 

Iron Concentrations 

. .. . < 1% iron 

0-25% corrosion halo 
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0- 0.25% 

• 0.25-2.0% 
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Schematic drawing showing iron and chlorine distribution for nails from 
the Ferryland site. 
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Figure 8.7 

single phase 
iron 

void 

iron 

Sketch of nail ( 128193) shaft cross-section. 

182 

Iron/corrosion halo interface for nail sample 128193 (x 10). Note that the 
crack in the iron meets the corrosion halo probably facilitating the 
deterioration at the interface. Evidence of deterioration is the multi-phase 
composition at the interface. 
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shows the overall pattern of nail deterioration. The photograph shows the iron/corrosion 

halo interface for nail 128193. Note that the crack in the iron extends to the corrosion 

halo and probably facilitated Cl enriched soil solution movement to nail interior. Also 

note the multi-phase nature of the interface indicating a reactive location. Based on 

Figure 8.6 and Table 8.2a~ Cl generally concentrates at the nail interior and iron/corrosion 

interface with some Cl being concentrated in the corrosion halo. Iron concentrations are 

low at the nail centre and exterior nail surface. Concentration of iron occurs just below 

the corroding nail surface. Nails excavated at Ferryland corrode at the centre outwards 

and at the exterior surface inwards. There is also a migration of carbon resulting in a 

multi-phase iron texture. 

Figure 8.8 shows a possible mechanism for the course of deterioration of the 

Ferryland iron nails. The porous corrosion halo allows chloride-rich solutions to 

penetrate to the metal surface. The solutions continue to travel along cracks in the object. 

The poor condition of the nail interior indicates that the corrosion rate was greater here 

than at the exterior surface. The carbon enrichment of the metal phase is not likely to 

have occurred during the manufacture of the nail. Thus the presence of multiple phase(s) 

of iron is probably the result of some kinetic effect. From the survey of artifacts (Chapter 

7) it appears that akaganeite crystallizes in the post-excavation environment. Thus a 

fourth stage could be added to Figure 8.8 indicating the appearance of akaganeite after the 

artifact has been stored. 



Figure 8.8 
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Possible mechanism for the course of deterioration of Ferry land iron nails. 
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Table 8.4b summarizes the metallographic observations for the iron nails. Nails 

from Areas B and D have the highest proportion of interior metal loss versus exterior 

metal loss (64:36 ratio). Nails from Areas Band D have high Cl concentration in the 

corrosion halo at the iron/corrosion interface, respectively. Area C has an even 

distribution of nails with both corroded interiors and exteriors. The pattern of corrosion 

is uniform for nails from Areas Band D but varies for nails from Area C. 

Table 8.4c summarizes the mineral identification in the corrosion halo. The nails 

from Area C differ in corrosion halo mineralogy from those of Areas Band D. The 

corrosion halos of nails from Area C differ by the presence of cacoxenite. goethite and 

Table 8.4b 
%Distribution of Condition Classifications for Nail Thin-sections 

Arc:~ Group I(G-1) Group 2(G·2) Group J(G·l) Group4(G~) Group S(G·S) Tu1als per Arc;a 
cen1re void centn: void sm&Je phase 1ron sma&~e phase aron s1n&Je phase 1ron 
>20~-- <2s•~~o o( nail (10-30%), (3D-SIWa), (60-90~~). 

ornaal sunoundcd by multi-phase 1ron multi-phase aron mulli-plwc: iron 
surrounded by sin&lc phase and (90-7Q8/e). (70-SIWa) • (40-10~~) .. 
multi-phase iron mlllti·plwe iron corrosion halo corros1on halo corros1on halo 
• corrosion halo • corrosion halo 

B 27 37 9 Ill 9 100 

c 29 14 .&3 0 '" 100 

D 29 3S 12 12 12 100 

Event (0-1) (G·2) (G·3) (G-t) (G·S) 

occupauont 26 39 22 .. 9 100 
dcsttucuon 

filllbutldinll 33 17 8 2S 17 100 
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Table 8.4c 
Mineral Identification of Corrosion Halo 

Area Mincml 

qtz alb cac goc Ilk mg gr sep 

B X X 

c X X X X X 

0 X X X X 

akaganeite in addition to quartz and feldspar. The higher concentration of P in the 

corrosion halo and at the iron/corrosion interface for nails from Area C is probably from 

the mineral cacoxenite ((Fet(POt),(OH)l•t2HJ). Higher concentrations ofCI for nails 

from Area Cis partially from the akaganeite (~-FeOOH) mineral which will incorporate 

Cl in its structure (Turgoose 1985). Table 8.4d summarizes the corrosion halo colour for 

nails from Areas B, C and D. Separation of samples by corrosion colour correlates with 

mineralogy. For example, graphite is identified in corrosion halos for nails from Area D. 

Colour for these samples was a strong brown. Corrosion halo colour for nails from Area 

C consisting of iron oxyhydroxide in the corrosion halo have a yellow colour. For the 

nails from Areas 8, C and D corrosion halo colour indicates a difference in mineralogy. 

The nails from Area C consist of iron oxyhydroxides goethite and akaganeite in addition 

to quartz and feldspar. Corrosion halo colour for the nails from Area Cis yellow. This 

alerts the conservator to the possibility of Cl in the akaganeite structure and that there 
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Table 8.4d 
Summary of Corrosion Halo Colour 

Nails from occupation/destruction events 

Area Events Colour 

B 178,143,133.145 dark yellowish brown to brown 

c 19,0,195, yellowish brown 

D 62,96 strong brown 

Nails from fill/building events 

B 134,138,177 dark yellowish brown 

c 22.55.16 dark yellowish brown to brown 

D 63 strong brown 

could be extensive iron deterioration. The brown colour for the nails from Area D is 

produced by the graphite/carbon in the corrosion halo and is indicative of occupation and 

a burning event. The absence of goethite or akaganeite in the corrosion halos for nails 

from Areas Band D could indicate that the Cl is concentrated at nail centres. The large 

percentage of nails with voids at the centre for Areas B and D supports this idea. 

8.5 Ferryland Iron Nail Deterioration Model and Turgoose Model: A Comparison 

Turgoose ( 1985, 1992) proposed that the structure of corrosion products at the 

time of excavation includes a magnetite layer at the metal surface with goethite or an iron 

oxyhydroxide at the surface of the corrosion and that the soil solution within the pores 

contains ferrous and chloride ions. After excavation the ferrous ions would oxidize and 
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akaganeite should crystallize, with chloride ions being incorporated into its structure 

(Gilbert and Seeley, 1981). Observations presented in Section 8.4 do correlate with the 

model proposed by Turgoose since an iron oxide and iron oxyhydroxide phase have been 

identified in the corrosion layers. Cracking and spalling of artifacts in the post-storage 

environment, as well as chloride concentrations identified by elemental mapping, provide 

evidence for an akaganeite phase resulting after excavation and further oxidation. One 

difference is the general lack of goethite identified for the corrosion halos of nails from 

Areas Band D. Nails with the best fit to the Turgoose model would be those from Area 

c. 

8.6 Methods of Analysis 

This thesis incorporates different tools and methods of analysis from different 

academic disciplines. Samples analysed represent a past material culture and a geological 

environment spanning approximately 500 million years. Analytical tools of the earth 

scientist were used to identify artifact conditions of a past culture. For any thesis it is 

important to understand the relationship between the reason for the analysis and the 

method applied. The methods used depend on the questions asked and the questions 

asked depend on the method. Thus, for this thesis, it is not enough simply to understand 

the analytical techniques and interpretive methodology but also to understand the 

assumptions of the earth scientist, conservator and archaeologist. Also, this thesis 

incorporates visual examination, several different analytical methods and archaeological 
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interpretation. all of which assume different limits for each analysis making application to 

the question as to extent of impact of the terrestrial burial environment on ferrous metal 

difficult. Thus part of the aim of this thesis has been to emphasize the fact that when new 

methods are applied from disciplines different to those for which they were designed one 

must make sure the new methods are related to the question being asked and take 

account of the assumptions found in both areas. 

The overall method of having both qualitative and quantitative instrumental 

analysis and visual analysis, though difficult to relate scientifically, was suited to the 

question asked. To understand the deterioration ofthe iron nails, a sample of nails from 

the site was examined to determine density (x-radiography), iron magnetism, visual 

appearance, metallography, corrosion halo mineralogy, colour, chemical composition and 

element distribution. The soil surrounding these nails was examined to determine particle 

size distributions, colour, organic wt%, elemental composition and mineralogy. The soil 

solution was examined to determine pH, conductivity, corrosion rate and chemical 

composition. Some of these methods were experimental. For example, the corrosion rate 

analysis was not designed to use a solution such as soil which has a heterogeneous 

composition. Also both soil and nail samples repres~nt changes occurring for at least 350 

years of burial while the corrosion rates measured represented changes occurring within 

minutes on a fresh iron surface. The fresh iron surface was, however, exposed to the soil 

from which the seventeenth-century nails were excavated. Nonetheless, the observed 
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relative differences between soil samples suggest that a correlation exists between the soil 

and iron nail. However further work is needed in interpreting the results. For example. 

soil solution from soil of event 63 had the highest corrosion rate, yet the nail from this 

event was in good condition. This may represent instrument error or an indication that 

some component in the corrosion halo is inhibiting the corrosive process. Anomalies 

such as this indicate that if corrosion rate measurements are to be used with any success a 

large number of samples must be tested. The elemental mapping of elements in the 

corroded nail sample probably shows the greatest potential for use in understanding the 

reactions occurring to buried iron. However, for this thesis the calibration standards for 

mapping Cl and C were not the best choice for wrought iron. Some work in this area has 

been done for modem steel but this is a different material from wrought iron. Given that 

these materials are not commonly studied in earth sciences this is one example where 

instrumentation should be adapted for the material. 

8. 7 The Burial Environment as an Alternate Repository for Storage 

Can the differences in iron nail condition sufficiently reflect the reactive nature of 

the soil at the time of excavation? If so can we use excavated archaeological materials as 

a guide for burial conditions for long term storage of artifacts which have been excavated, 

researched, stored in dry land facilities and now marked for terrestrial reburial as storage 

facility. Based on the analyses of this thesis if one was faced with reburial of the 

Ferryland collection the conditions presented in Table 8.3a would be those to recreate. 
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The conditions presented in Table 8.3a provided the best preservation for iron and if one 

is to believe that iron is the most reactive archaeological material then perhaps this would 

be the storage environment to mimic. However, if organic materials were to be reburied 

this environment would probably be too dry. Museums and related facilities have for 

centuries been attempting to create the perfect storage environment tor artitacts. 

Balancing moisture levels, oxygen and air pollutants has cost millions of dollars within 

Canada alone with some positive results, however, it is no easy task. The terrestrial 

burial environment represents a reactive geological environment. Controlling all the 

parameters that affect this surficial geological environment is probably impossible. 

Monitoring such an environment is difficult though some attempts have been made 

(MacLeod 1996; Corfield 1996; Fry 1996). Based on the results work of this thesis I 

suggest that archaeologists should be responsible for the storage cost of materials which 

they excavate and if funding is not available excavation should not proceed. The above 

system of burial environment analyses could be useful for predicting the condition of 

buried artifacts which could be used by an archaeologist to assess the cost of conservation 

and storage. 

8.8 Future Work 

8.8.1 Samples 

Large variation within sample sets for this thesis support the need for large sample 

groups both in terms of numbers of artifacts and associated soil samples and area of 
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collection. Also the question of how burial environment affects artifact condition should 

be approached on a global scale with conservation laboratories affiliated with different 

archaeological sites participating. Materials being studied should be, where possible, 

uniform. For archaeological materials pre-dating the industrial revolution such 

uniformity among individual artifacts is uncommon. However an understanding of the 

methods of analysis and their limitations can aid in the selection of samples which will be 

uniform in terms of major compositional components, size, weight and density. In 

addition, because the terrestrial burial environment is extremely reactive, perhaps some 

components of the study should be compared to a fossil assemblage in an attempt to 

identify parameters which may or may not be involved in the fundamental reactions of a 

burial environment. 

8.8.2 Instrumentation 

Possibly the greatest impact this thesis has had or will have on the conservation 

community is that it has demonstrated the variable nature of the archaeological burial 

environment and the potential value of assessing the corrosion rate for soil solutions to 

the understanding of kinetic effects of burial and subsequently relating this to element 

distribution/redistribution for iron objects (Mathias 1994, 1996). However, both 

instrumentation for corrosion rate and elemental analysis requires further work to adapt 

them specifically for, in this case, seventeenth-century wrought iron. 
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In understanding a heterogeneous material and how its differential composition 

interacts when exposed to different environments it is useful to monitor these changes as 

they occur. Thus it would be interesting to construct a reaction chamber for use when 

mapping element distribution with the electron microprobe. 
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Procedure used to Process Samples for Organic Weight Percent Analysis 

1) Weigh out 5 g of soil which has had the greater than 2mm particle size removed. 

2) To sample add 5m1 NaOAc, 10ml30% hydrogen peroxide. lOml H20. 

3) Heat solution at 100°C for 15 minutes. 

4) Remove from oven and leave for 5 days. 

5) Rinse sample with water. 

6) Remove water by centrifuge (Diamon!IEC Division IEC HT centrifuge) at 
7000rpm for 20 minutes. 

7) Oven dry sample (approximately 20°C). 
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APPENDIX 5b 



Procedure for Clay Mineral Separation 
Adapted from Jackson (1964) and Moore and Reynolds (1989) 
centrifuge = DAMONIIEC Division IEC HT centrifuge 

1 ) Weigh out 20g of soil of particle size < 1.25mm. Cover the 20g sample with 
distilled water (10: 1 water:sample) and let sit for 12 hours. 
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2) Place sample in plastic beaker and disaggregate sample using an ultrasonic probe 
for 30 seconds using 70 watts of power. 

3) Centrifuge sample at 2,000 rpm (rotation per minute) for 30 minutes. 

4) Add 250ml of deionized water to sample and stir for 1 minute. Centrifuge sample 
at 15,000 rpm for 1 hour. 

5) To remove organic matter, add 5ml NaOAc and lOml of30% hydrogen peroxide 
to sample. Heat mixture at 50°C for 20 minutes with regular stirring. After 20 
minutes remove sample and allow to cool. Centrifuge sample at 800 rpm for 1 0 
minutes discarding supernatant after centrifuge. Repeat #5 process three times. 

6) Wash sample with IM NaCI. Allow sample to sit in NaCl solution for 1 hour and 
repeat three times. Centrifuge between washing at 2,000 rpm for 20 minutes. 

7) Wash sample four times with 200ml of deionized water. Centrifuge between first 
and second washing at 2,000 rpm for 20 minutes. Centrifuge at 1 5,000 rpm 
between other washing. Test that Cl is removed from sample using a silver nitrate 
test. Add (drop-wise) silver nitrate to last supernatant. lfCl is present, solution 
becomes clouded - continue washing until solution is clear. 

8) Add 200ml of deionized water to sample. Add a pinch of sodium pyrophosphate 
to the solution and stir for a few minutes. The sodium pyrophosphate acts as a 
dispersing agent. 

9) Centrifuge sample at 750 rpm for 6 minutes. Collect the top Scm suspension. 
Repeat 4 times. 

1 0) Centrifuge sample collected in #9 at 15,000 rpm for 20 minutes. Discard 
supernatant. The remaining soil will represent the clay component. 
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Figure 6.1. Map of Area 8 showing soil sample locations. 
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Figure 6.2. Map of Area C showing soil sample locations. 



10 I 

ION ---+---+----+-- -+--

+ + 

+ 

JON 

20N 

80 I 90 I 

FERRYLAND "AREA C" MAP 
All Stone Structural Fe~turea 

1 centimeter = 1 metre 



237 

Figure 6.3 Map of Area D Showing soil sample locations. 
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Table6.4a 
Element Concentration for Soil Samples 

ti . nld . rom occupatio estruct1on events 
Sample Na,O MgO AhO, SiOl PlOs s Cl KlO CaO Sc TiOl v Cr MnO fe10J Ni 

(~~) (~~) (WI%) (WI%) (\\1%) (ppm) (ppm) (WI%) (WI%) (ppm) (WI%) (ppm) (ppm) (WI%) (WI% (ppm 

8·1 I.SS 1.14 11.91 54.49 1.69 1316 lSI 2.19 0.80 16 0.94 113 49 0.11 7.94 6 

8-7 1.06 0.8S 8.03 39.10 4.72 3718 378 I.S6 1.91 12 0.65 93 51 0.37 17.90 21 

8·1 1.44 1.25 9.49 43.07 4.49 2737 427 1.78 3.14 12 0.63 100 59 0.45 14.30 19 

8-10 1.45 1.29 9.96 44.93 5.50 2901 359 1.76 4.70 11 0.71 113 51 0.31 12.62 22 

C·ll 1.97 I.JJ 12.43 53 .29 2.13 958 667 2.06 0.68 10 0.63 86 53 0.09 6.99 9 

C-13 1.70 1.13 11.4S 49.37 3.16 1914 173 1.88 0.74 IS 0.76 81 49 0.09 7.82 6 

C-16 1.97 1.48 12.56 56.81 1.82 619 1446 2.13 0.64 13 0.82 91 55 0.18 6.63 12 

D-17 1.76 1.00 11.37 58.34 1.67 1027 393 1.95 0.91 16 0.81 93 sa 0.33 6.16 <LD 

D-18 2.2S I.JS 13.78 64.28 2.11 946 129 2.12 1.47 14 0.86 88 so 0.30 6.1S 9 

D-19 2.20 1.25 12.08 S7.46 1.54 1348 206 1.85 1.06 16 0.71 77 61 0.21 6.86 5 

D-20 2.23 1.33 14.20 64.88 1.79 767 70 2.13 0.85 13 0.85 92 66 0.16 6.01 s 
0..21 2.26 1.14 12.59 63.17 1.46 813 282 1.93 0.79 14 0.82 15 42 0.15 5.69 <LD 

[)..23 2.16 1.30 12.98 61.49 1.6S 1729 110 1.98 1.09 14 0.83 88 70 0.16 7.47 12 

LD 0.011 0.011 0.008 0.009 0.004 19 31 0.002 0.003 6 0.003 6 7 0.002 0.006 s 

Mean I.BS 1.22 11 .76 S4.67 2.59 1605 399 1.95 1.44 14 0.77 91 55 0.22 8.70 II 

Slandlrd 0.39 0.26 1.73 8.38 1.40 959 352 0.18 1.20 2 0.10 12 8 0.12 3.78 6 
deviation 

standard 0.14 0.09 0.72 1.83 0.33 176 67 0.12 0.14 0.6 0.06 7 2.5 0.05 0.79 I 
error 



Table 6.4b 
Element Concentration for Soil Samples 

fr . n/d . om occupatio estruct1on events 

Sample Cu Zn Ga As Rb Sr y Zr Nb Ba Cc Pb Th lJ Total 
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (wtl'k) 

B-1 147 6!5 21 16 80.7 108.4 19.6 197.7 12.5 639 Ill 655 4 <lD 83.40 

8-7 606 216 28 19 69.9 225.7 20.3 I !53.5 10.2 928 127 2526 <lD <lD 77.71 

8-8 187 270 30 19 82.2 218.1 25.0 191 .1 11.4 924 145 1986 <LD <LD 81.27 

0-10 469 349 23 27 68.7 333.1 20.6 IS7.0 9.7 786 88 1418 <lD <lD 84.46 

C-11 30 51 16 <LD 77.9 117.6 24.2 219.6 13.3 657 Ill 145 6 <LD 82.29 

C-13 70 76 23 <LD 78.6 114.4 23.4 206.9 12.2 659 139 124H 4 <LD 78.94 

C-16 35 ss 22 <LD 83.4 116.3 25.0 212.7 12.9 563 121 762 5 <LO 85.62 

0-17 74 73 25 <LD 87.5 140.9 20.7 208.8 12.3 122 133 1249 <LO <LD 84.96 

0-18 116 147 2S 14 90.5 185.3 25.2 233.6 14.1 731 70 1050 6 <LD 95.86 

0-19 47 149 17 20 68.5 138.8 23.1 194.6 12.1 1041 107 695 6 <LD 85.96 

D-20 56 16 24 <LO 93.3 142.4 24.3 243.9 14.1 629 65 829 6 <lO 94.91 

0·21 44 74 19 <LD 12.5 129.3 21.7 217.6 12.8 701 15 467 4 <LD 90.47 

0-23 80 307 27 46 84.1 143.6 25.4 220.5 13.6 929 113 1407 6 <LD 91.96 

LD 4 4 3 14 0.7 1.2 0.7 1.2 0.7 22 44 4 3 4 ---· 
Mean lSI 153 23 23 79.8 162.6 23.0 204.4 12.4 770 108 IUO s nil 85.99 

sw.ct.Jd 180 109 4 II 8.2 63.9 2.1 26.3 1.3 148 26 64U I nil S.1S 
de\'illion 

standard so 30 I 3 2.3 17.7 0.6 7.3 0.4 41 7 117 0.3 1.59 
error 



Table 6.4c 
Element Concentration for Soil Samples 

om 1 Ul mg events an SU SOl fr filllb 'ld' d b ., 

Sample Na,O MgO AI20J Si02 P20~ s Cl K20 CaO Sc Ti02 v Cr MnO Fc20J Ni 
(~•) (wt%) (WI%) (wac'/e) (wac'~) (ppm) (ppm) (wtty•) (wt%) (ppm) (wt%) (ppm) (ppm) (wt%) (wt% (ppm 

8·2 1.73 1.19 11 .07 52.56 2.39 1642 217 2.06 1.23 14 0.75 94 65 0.14 7.94 I 

B-3 1.94 1.48 13.50 60.79 1.59 788 209 2.38 0.63 12 0.96 108 49 0.15 7.25 0 

B-t 1.71 1.37 12.33 56.34 1.85 1108 313 2.19 0.58 12 0.88 101 47 0.16 7.48 <LD 

8·5 0.69 0.80 5.69 67.92 1.62 601 100 1.08 0.47 <LD 0.25 29 33 0.19 2.14 <LD 

B-6 2.23 I.SO 13.21 S8.28 0.91 560 157 2.30 0.69 14 0.82 IS 48 0.14 6.94 7 

B-9 1.47 1.02 10.40 46.83 3.89 2333 382 1.83 1.44 IS 0.73 101 S1 0.60 12.S4 s 
C-12 2.08 1.45 13.24 S5.17 1.95 817 593 2.12 0.66 <LD 0.86 90 47 0.13 6.84 7 

C-14 2.02 1.57 11.81 53.64 2.23 1171 714 2.15 1.39 10 0.77 88 56 0.20 7.34 8 

C-IS 1.97 1.49 12.71 S0.9S 4.20 896 462 2.11 1.76 IS 0.81 92 48 0.43 8.42 IS 

D-22 2.00 1.71 11.68 57.72 1.54 U97 368 1.85 0.91 17 0.78 89 46 0.23 6.61 6 

LD 0.011 0.011 0.008 0.009 0.004 19 33 0.002 0.003 6 0.003 6 7 0.002 0.006 5 

Mean 1.78 1.36 11.56 S6.02 2.22 I lSI 358 2.01 0.98 14 0.76 88 49 0.24 7.3S 8 

stmclad 0.44 0.28 2.29 5.78 I. OS SS8 211 0.37 0.44 2 0.19 22 8 0.15 2.51 4 
dcvillion 

standard 0.14 0.09 0.72 1.83 0.33 176 67 0.12 0.14 0.6 0.06 7 2.5 0.05 0.79 I 
error 

Subsoil 

D-24 2.13 1.15 14.87 70.76 0.36 225 <lD 2.25 0.31 IS 0.98 107 44 0.03 3.10 <1.0 

D-25 2.64 1.42 13.33 62.22 1.02 311 28 2.05 0.89 IS 0.77 69 38 0.13 6.04 10 



Table6.4d 
Element Concentration for Soil Samples 

f1 filllb 'ld' ts d b 'I rom 1 Ul mg even an SU SOl 

Sample: Cu Zn Ga As Rb Sr y Zr Nb Ba Ce Pb Th u Total 
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (wt%) 

8·2 64 103 , 22 9 81.7 129.2 23.1 200.4 12.3 1125 98 763 5 I 81.82 

0.3 15 112 • 25 II 90.7 122.3 21.5 226.6 14.0 597 72 749 5 4 91.18 

B..f 120 S6 21 <LD 84.7 102.9 21.2 207.7 13.1 660 86 574 4 <1.0 85.45 

B·S 19 23 3 <LD 27.2 38.1 6.5 60.0 2.6 398 <LD 97 <LD <I.D 81.10 

1).6 132 62 18 13 81.3 121.6 26.8 223.2 13.6 598 116 164 6 4 87.40 

.. 8·9 284 203 34 10 78.2 154.7 22.6 180.1 11 .3 924 162 2492 <I.D <1.0 81 .91 

C·l2 32 65 16 13 77.8 118.0 26.1 217.7 13.7 661 liS 136 7 3 84.98 

C·l4 44 184 18 14 85.3 180.5 24.2 203.0 12.3 1240 77 440 7 <LD 83.81 

C· IS 98 244 27 16 82.2 199.4 28.7 209.8 12.8 1178 166 19US 3 <LD 85.63 

0.22 44 127 21 <LD 73.1 123.8 22.4 205.0 11.7 1002 85 817 5 <LD 85.77 

LD 4 4 3 14 0.7 1.2 0.7 1.2 0.7 22 44 4 3 4 

Mean 91 118 20 12 76.2 129.0 22.3 193.3 11 .7 838 109 814 5 nil 84.91 

Sllnclard 77 72 8 2 17.9 44.0 6.1 48.6 3.3 292 35 78CJ l.4 nil 3.01 
deviatioo 

saandard 24 23 2 0.6 5.1 13.9 1.9 15.4 1.0 92 II 249 0.4 0.95 
error 

Subsoil 

0·24 5 12 22 <LD 118.1 102.2 19.5 251.8 15.3 459 <LD 89 10 <1.0 %.16 

0.25 23 73 16 <LD 74.0 144.8 28.3 226.5 14.1 sss 74 48 8 <lD 90.76 



Sample 

B-1 

B-7 

B-8 

B-10 

C-11 

C-13 

C-16 

0-17 

0-18 

D-19 

0-20 

0-21 

0-23 

Mean 

Srandard 
Deviation 

Table 6.4f 
Elements probably Derived from Artifacts for Soil Samples 

from occupation/destruction events 

Event Depth S (ppm) Cr F~:zO, Cu Zn As 
(em) (ppm) (wt0At) (ppm) (ppm) (ppm) 

133 S4 1316 49 7.94 147 6S 16 

143 72-80 3718 Sl 17.90 606 216 19 

14S 1S-91 2737 S9 14.30 187 270 19 

178 9S-110 2901 S1 11.62 469 349 27 

0 0-30 958 S3 6.99 30 S8 <LO 

19 S3-S1 1914 49 7.82 70 16 <LO 

19S 89-121 689 ss 6.63 3S " <LO 

62 28-40 1027 S8 6.16 74 73 <LO 

62 28-40 946 so 6.15 116 147 14 

62 28-40 1348 61 6.86 47 149 20 

62 30 767 66 6.01 S6 86 <LD 

62 34-38 813 42 S.69 44 74 <LO 

96 Sl 1'729 70 7.47 80 307 46 

1605 ss 8.70 lSI 153 23 

959 8 3.78 180 109 II 

243 

Pb 
(ppm) 

6SS 

2!26 

1986 

1418 

14S 

1248 

762 

1249 

IOSO 

69S 

829 

467 

1..07 

1110 

640 



Sample 

B-2 

B-3 

B-4 

B-5 

B-6 

B-9 

C-12 

C-14 

C-IS 

D-22 

M~an 

Standard 
Deviation 

Table 6.4g 
Elements probably Derived from Artifacts for Soil Samples 

from fill/building events 

Event Depth S (ppm) Cr Fe,O, Cu Zn As 
(em) (ppm) (wt'AI) (ppm) (ppm) (ppm) 

134 38-69 1642 65 7.94 64 103 9 

134 55 788 49 1.25 75 112 II 

134 57-68 1108 47 7.48 120 56 <LD 

134 59 601 33 2.14 19 23 <LD 

138 85-120 560 48 6.94 132 62 13 

177 80-85 2333 Sl 12.54 284 203 10 

55 46-53 817 47 6.84 32 65 13 

22 57 1171 56 7.34 44 1&4 14 

16 8~ 896 48 8.42 98 244 16 

63 16-26 1597 46 6.61 44 127 <LD 

1151 49 7.35 91 118 12 

558 8 2.51 77 72 2 

244 

Pb 
(ppm) 

763 

749 

574 

97 

164 

2492 

136 

440 

1905 

817 

814 

789 



Table6.4h 
Elements Derived from Artifact vs Environment 245 

for soils from occupation/destruction and fill/building events and subsoils 

Element oa:upationldestructio fill/building events subsoil subsoil 
n cvcnlS (mean (mean concentration) 0·24 D-2, 

concentration) 

Elements derived from the anifacts 

S (ppm) 1605.00 1151.00 225.00 JII.OO 

Cr(ppm) 5S.OO 49.00 44.00 38.00 

Fe.zO, 8.70 7.35 3.10 6.04 
(wt%) 

Cu (ppm) 1'1.00 91 .00 s.oo 23.00 

Zn<ppm) .,3.00 118.00 12.00 73.00 

As(ppm) 23 .00 12.00 <LD <LD 

Pb(ppm) 1110.00 •••• 00 19.00 ..a.oo 
Elements derived from the environment 

Si01 54.67 56.02 '70.76 62.22 
(wt%) 

PIOI 2.56 2.22 0.36 1.02 
(~lo) 

Cl (ppm) 399.00 JSS.OO <LD 28.00 

CaO 1.44 0.98 0.31 0.89 
(wt%) 

Rb (ppm) 79.80 76.20 118.10 74.00 

Sr (ppm) 162.60 129.00 102.20 144.80 

Ba(ppm) 770.00 838.00 459.00 sss.oo 

Ce(ppm) 108.00 109.00 <LD 74.00 



Sampl!: 

8-7 

B-7 

8-7 

8-7 

B-10 

8-10 

8·10 

B-10 

C-16 

8-5 

B-5 

B-5 

8-5 

B-S 

8-S 

B-5 

B-5 

B-9 

8-9 

8-9 

B-9 

C-14 

C-IS 

C-15 

Table 6.4i 
Soil Samples with Anomalous Element Concentrations 

From Areas B. C and D 

Event Depth (em) Element Conc!:ntrauon Deviation trom 
the mean 

occupution/dcstruction c:vc:nlS 

143 7:!-80 S (ppm) 3718.00 •2133 00 

I.U 72-80 Fc,O,(wt%1 1790 +920 

143 72-80 Cu tppm) 606.00 +455.00 

143 72-80 Pb tppml 2526.00 +1416.00 

178 95-110 P,O, (wto/o) 5.50 +2.91 

178 95-110 CaO (wto/ol 4.70 +3.26 

178 95-110 Sr (ppm) 333 .10 +170.00 

178 95-110 Nb tppml 9.70 -2.70 

195 89-121 Cltppml 1446.00 +1047 00 

tiiVbuilding events 

134 59 SiO, (Wl"/ol 67.92 +11.90 

134 59 Fc,O, (wt%) 2. 14 -5.21 

134 59 Rb tppml 27.20 - .;9 00 

134 59 Sr (ppm) 38. 10 -90.90 

134 59 Y (ppm) 6.50 -15.80 

134 59 Zr(ppm) 60.00 - 133.30 

134 59 Nb (ppm) 2.60 -9. 10 

134 59 Gu(ppm) 3.00 -17.00 

177 80-85 MnO (wto/o) 0.60 +0.36 

177 80-85 Fc,O, (wto/o) 12.54 +5.19 

177 80-85 Cu (ppm) 184.00 +193.00 

177 80-85 Pb(ppm) 2492.00 +1678.00 

22 57 Cl (ppm) 784.00 +426.00 

16 85 Zn 244.00 +56.00 

16 85 Pb 1905.00 +1091.00 

246 
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APPENDIX6c 



Sample Evcn1 1.1 7 

ppb 

U·l Ill <:!S 

8·7 143 083 

o.a 14S 0.28 

8-10 171 0.36 

C·ll 0 <.2S 

C·ll 19 0.26 

C· l6 19S <.2S 

().17 62 <.2S 

D· ll 62 <.2S 

().19 62 <::!S 

0·20 62 <.2S 

D·ll 62 

0.23 96 O.S7 

so 

SE 

LD· blank 0 lS 

LD=limit of detection 
SD=standard deviation 
SE=standard error 

Be 8 
ppb ppb 

<.30 ..:129S 

<.lO <12.9S 

<JO <12.95 

<.30 <12.95 

<.30 <12.9S 

<.30 <12 95 

<.30 <129S 

<.30 <12.9.S 

<.30 <ll9S 

< 30 ..:12 9S 

.;.30 <129S 

<.30 ..: ll9S 

0.30 ll9S 

Table 6.5a 
Chemical Analysis for Soil Solutions 
from occupation/destruction events 

c N Mg AI s. 
cps cps ppb ppb ppb 

211()9 9117S 18709 Ill 7 169 

2UI 9.S60 1141.0 79.2 436 

226S 9427 3716 612 2lS 

2296 9360 6628 S6 8 306 

1979 9163 41 .1 1JS.9 96 

IS94 834S 1388 764 186 

182S 9770 lll08 61 7 112 

2446 IIIS6 )6799 69.2 270 

2612 lOllS 2818 104.6 166 

3~6 9613 3463 1263 196 

:!870 9904 70S 8 112 s Ill 

2921 10)60 41179 s lSI S 212 

ISI7 1293S 7OS I:!S 6683 

J> s Cl ca•• C•" 
ppb ppb ppb 

721 <1602 29S2 2129 1960 

1l:!S 2-!9.S 2348 3770 3458 

1092 <1602 1038 ISS9 1442 

1316 <1602 1063 2101 2051 

1331 <1602 4939 <12SO <338 

1416 <1602 S066 <12SO <138 

S07 <1602 16432 24S6 2086 

S36 16JS IOS6 6930 6626 

776 <1602 Sl4 <= IHO 782 

141 ..:1602 618 I 90S 1663 

~23 ·160:! 9S7 <I:!SO 1:!72 

3:!2 2141 1~0 13436 13483 

2607 160197 27S 17 125028 338267 



Sample E\'CPI T1 v Cl'' 
ppb ppb ppb 

B-1 Ill 163 OS) 03.S 

B-7 143 3.12 Ill 0.31 

B-1 145 2.94 0.71 0.30 

8-10 178 2.95 0.98 0.35 

C·ll 0 1.77 0.76 0.24 

C-13 19 0.94 0.99 <.22 

C-16 195 < 82 035 <.22 

0.17 62 1.66 024 028 

P.ll 62 3.64 046 0.39 

0.19 62 3.00 0.52 0.73 

P.20 62 192 0.30 0.38 

0.21 62 

0.23 96 1.11 011 0.41 

so 

SE 

lD· blank 338 27 082 0.08 

Table 6.5b 
Chemical Analysis for Soil Solutions 
from occupation/destruction events 

C1'' Fe" Mn fc• l'c" 
ppb ppb ppb ppb ppb 

<04.S ss 10504 lib 91 

<044 213 4690 280 260 

<0.42 112 44.00 176 158 

<0.42 75 30.89 1)0 117 

<0.47 23 1189 77 68 

<0.47 <14 443 76 53 

<0.60 <14 354 44 <38 <2l 

<0.42 <14 30408 68 <46 

<0.41 70 4462 Ill lOS 

0.68 4S IOS6S 106 92 

<042 65 248 30 9S 86 

<042 <14 81646 41 <: 78 

0.22 041 ll9S 015 36 44 

Co N1 Cu Zll A~ 

ppb ppb ppb ppb ppb 

OKS I 58 7 31 1683 OSI 

0.25 2.90 38.07 3331 Ill 

0.19 0.99 10.20 1106 1.00 

0.29 117 20.00 10.67 I 17 

020 <.75 <6.20 <7.32 0.80 

015 <.75 6.49 7.96 1.05 

3.88 0.89 <6.20 18 93 0.37 

0.75 2J9 <6.20 50.27 0.61 

0.16 1.57 11.30 9 21 0.90 

0.24 1.09 10.66 24 IS 4.56 

1.07 1.49 7.73 22 24 0.46 

337 4 16 9.76 659 31 761 

II 24 0.02 620 732 007 



SAmple E\ltfll Dr Sc Rb 
ppb ppb ppb 

8 ·1 Ill Ill 31 <0.7S 0.23 

8-7 143 2110 <0.61 1.61 

B.J 145 2990 <0.61 0.27 

B-10 178 40.42 <0.69 0.27 

C· ll 0 1432 <0.67 <0.20 

C-U 19 1164 <0.67 0.20 

C-16 19S 21.05 <0.67 0.42 

0-17 6:!. 2S.22 <0.68 0.25 

O-Il 62 2U4 <0.61 <020 

0-19 62 40.11 <0.69 <020 

0-20 62 66.64 <0.71 <0.20 

D-21 62 

0-23 96 51 .112 1.29 036 

so 

SE 

LD· blank 8.94 0.66 0.20 

Table 6.5c 
Chemical Analysis for Soil Solutions 
from occupation/destruction events 

Sr Mo Ag Cd Sn 
ppb ppb ppb ppb ppb 

1712 014 001 <002 0 S7 

39 22 049 003 003 112 

ll21 Oll 002 0.02 0.7S 

19.14 0.24 0.02 <0.02 061 

0.99 130 0.01 <002 <0.31 

24S 0200. 002 <002 O.S6 

16 S9 007 0.01 <0.02 0.76 

94.09 006 0 .01 006 <OJ I 

10.14 016 0.01 <002 <OJ I 

2041 OJS <001 0.07 <0.31 

1916 006 ~01 002 <0}1 

14S 19 00-1 0 .01 2 39 <OJ I 

oos 001 001 002 031 

Sb I Cs 
ppb ppb ppb 

031 l Sl .:000 

0 .21 s 86 001 

02S 741 <000 

0.24 Ul 0.01 

0.14 3.76 <000 

0.21 3 24 <0.00 

0.11 1.82 .::000 

O.IS 4.67 <0.00 

019 8.06 <0.00 

026 S.92 <0.00 

014 6.19 <0.00 

0 .:!.1 469 <0.00 

0 .01 0.06 001 

Ha 
ppb 

Ill 

1.94 

127 

0.70 

0 31 

043 

0.90 

19.73 

194 

125:!. 

6 )4 

192.88 

0 .10 

La 
ppb 

003 

003 

0.02 

0.02 

0.06 

0.07 

0.09 

0.02 

0.04 

0.09 

O.OS 

0.08 

000 

1-.J 
Vt 
0 



Sample 

B·l 

B-7 

8-8 

8·10 

C·ll 

C-ll 

C-16 

0-17 

0-18 

D-19 

0-20 

0-21 

0-23 

SD 

SE 

I.D· bWIIo. 

Table 6.5d 
Chemical Analysis for Soil Solutions 
from occupation/destruction events 

Evcn1 Cc: Ha n l'b 
ppb ppb ppb ppb 

l3l 0.08 <0.12 <002 220 

10 0.07 <0 12 <0.02 ISOO 

14S 0 .06 <0.12 <0.02 16.9S 

178 0 .07 <O.IZ <OOZ Ul 

0 0 .22 <0 12 <0.02 D SO 

19 0.29 <0.12 0.02 4 Sl 

19S 0.31 <0.12 0 .03 1.96 

62 DOS <0.12 <002 286 

62 0.08 <0.12 <0.02 3 20 

62 018 <0.12 <0.02 378 

62 O.ll <0 12 <0.02 267 

61 

96 0 IS 018 <0.02 HOS 

000 0.12 002 Oil 

u. u 
ppb ppb 

<001 0.02 

<001 0.01 

<0.01 0 .01 

<0.01 0.01 

<001 0 .03 

<001 0 .01 

<0.01 ..:{100 

<001 001 

<001 0 .02 

<0.01 0.03 

<001 0.03 

<001 002 

001 001 



Sample E\'Cnl Ll7 Be 8 
ppb ppb ppb 

8·2 134 <.25 -::.30 <12.95 

8·3 134 <.25 <.30 <12.95 

o ... 134 <25 <.30 <12 95 

B·S 134 <.25 <.30 <12.05 

8-6 Ill <.25 <.30 <129S 

0·9 177 <.25 <.JO .;;12.95 

C·l2 5S <.25 -::.30 <1295 

C·l4 22 <.25 <.JO <1295 

C·IS 16 <.25 <.30 <12 .95 

P.22 63 0.49 <JO <12.95 

Mean 

SD 

SE 

P.24 II 0.71 OJO ..;J29S 

0·25 141 ..: .25 <.30 <12.95 

LD· blank 02S OJO 1295 

Table 6.Se 
Chemical Analysis for Soil Solutions 
from fill/building events and subsoil 

c 1'1 Mg AI Si 
cps cps ppb ppb ppb 

2826 10080 21915 1))8 ISl 

2305 9849 9050 92.2 172 

2019 9844 886-l 74.6 12 

1969 9327 350 7 64.2 <67 

2096 9642 2513 92.1 126 

2410 9012 3721 92 7 165 

1807 9279 1415 66.6 69 

2065 8945 1489 64.0 161 

1933 9171 -'II 943 300 

4021 8630 2475 I 2697 167 

23-lS 9)15 777 105 154 

1158 .. sa 873 62 68 

Subwlls 

2441 1742 29S 0 liS I ISS 

22-fl 991() 1891 1930 2S7 

1517 1293S 70S us 66.83 

p s Cl ea•: ea•• 
ppb ppb ppb ppb ppb 

642 '-lb02 1780 4806 4662 

971 <1602 1691 1910 18lS 

303 <lb02 1074 <1250 1190 

538 <lb02 63S <1250 964 

426 <1602 1871 <1250 41S 

1092 <1602 2240 <1250 877 

653 3147 6788 <1250 <338 

792 <1602 33109 <1250 388 

1686 <1602 10049 <1250 <338 

1080 1797 5630 3451 3419 

811 6487 1719 

405 98).1 IS40 

530 <1602 771 ~ nso 497 

948 <1602 476 ~ 1250 874 

26.07 1601 .97 27517 1250.28 338.27 



Sample liven! Ti v Cr' ' 
ppb ppb ppb 

8 -2 134 247 O.S7 042 

8-3 134 4.JS OJ& 029 

B..e 114 1 ... 0.20 <.22 

B-S 134 Ul 0.34 <.22 

8-6 Ill 3.02 0 .57 0 .31 

B-9 177 3.17 0 .71 033 

C-12 ss 116 o ..... <22 

C-1• 22 192 0.14 028 

C-IS 16 3.99 1.20 O.Jl 

D-22 63 2.04 0 .43 0 .71 

MCM 256 O.S7 0 38 

so 098 029 O.IS 

SE 

D-24 18 186 059 o•1 

D-25 141 608 065 040 

ID- blanl ))8 27 082 082 

Table 6.5f 
Chemical Analysis for Soil Solutions 
from fill/building events and subsoil 

C•" Fe" Mn Fe" Fe'' 
ppb ppb ppb ppb ppb 

..:o.n )0 SS967 77 72 

<0.43 -'l 16(1.41 92 89 

<042 <14 176.03 47 42 

<0.42 25 430.56 77 73 

<043 )6 11 .70 92 74 

<0.0 85 26270 139 130 

<0.49 <I. 64.U 46 41 

137 <14 55 12 M 56 

070 49 11 .67 108 94 

<047 so 1212 21 82 86 

45 296 12 76 

20 )69 28 26 

SIIIHolb 

, 042 71 930 1 .. 3 125 

<041 96 1462 ISO 130 

022 041 1395 015 3644 

Co N1 Cu Zn As 
ppb ppb ppb ppb ppb 

3 S7 :! 14 7B 83.26 O.SI 

062 I 7S 893 20.40 O.S2 

0 .78 I .SI 7.80 27.15 0 .20 

1.03 018 7S8 1 ... 64 0.37 

O.S2 <.75 20.07 us 0.34 

067 2 32 28 31 1696 0 .81 

018 < 7S ~.20 1189 0.40 

0 .2S <1S <620 14.27 0.93 

017 <.1S 6.58 <7.l2 232 

2.SO 2.08 Jill 90.62 0.96 

1.10 179 12.24 l212 0.74 

I 08 on 78) 31 .54 0.61 

034 ..: 1S <620 1.04 0.45 

0 .18 .: 7S 6 .63 <7.32 I.H 

1124 002 6 20 7.32 007 



S1111plc ~vcm Br Sc Rb 
Jlllb Jlllb Jlllb 

8-2 1)4 3921 <0.69 0)4 

B-3 134 1954 <0.67 <020 

8-4 ll4 9.13 <0.66 <0.20 

8-5 134 15.51 <0.67 0.41 

8-6 Ill 53.71 <0.70 0.20 

8-9 111 6055 <0.71 0.24 

C· l2 S5 <9 <0.61 <0.20 

C·l4 22 3352 <0.61 <0.20 

C·l5 16 ll.OS <0.61 0.67 

()..22 6) 6SJI 1.22 OJ& 

Man 3640 OJ7 

SD 2009 0.17 

SE 

()..24 u 5910 <0 71 022 

()..25 141 3668 ..:069 <0.20 

ID· blan~ 894 066 0.20 

Table 6.5g 
Chemical Analysis for Soil Solutions 
from fill/building events and subsoil 

Sr Mo Ag Cd Sn 
ppb ppb ppb ppb ppb 

S7.64 014 .:001 009 031 

24.50 0.15 .:001 <0.02 <031 

12.02 007 ..:001 0.0) <031 

1.71 0.09 001 0.04 <0.31 

3.17 0.29 .:001 <0.02 <0.31 

11 .04 0.20 001 0.02 0.70 

3.45 009 001 <0.02 lOS 

9.01 0.23 <0.01 <002 014 

2.21 0.61 002 <0.02 114 

41 .11 0 .16 002 022 <OJ I 

17.37 020 0 Ol 004 0.82 

1843 016 001 007 030 

Subsotli 

6.45 011 001 <002 <OJ I 

HS 022 002 ..:002 04S 

oos 001 001 002 OJI 

Sb I CJ 8.11 La 
ppb ppb ppb ppb ppb 

Oil 3.11 <000 31 32 0.04 

016 Ul <0.00 0.69 0.04 

0.09 2.04 <0.00 2.31 0.04 

O.ll 2.36 <0.00 2.81 0.05 

o.u 4.16 <0.00 0.26 0.06 

0.2S 1.27 <0.00 2.07 0.04 

0.10 2.17 <0.00 OS4 0.07 

0.16 1.11 <0.00 1.41 0.03 

0.24 16.39 <000 138 001 

016 6 .69 <000 7844 0.17 

0.16 5.89 12.82 0.06 

O.OS 4.32 24.90 0.04 

0.09 4.98 <0.00 us 0.10 

016 5.04 <0.00 0.41 009 

0.01 006 001 0.10 000 



Sample 

B-2 

8-3 

8-4 

8-5 

8-6 

B-9 

C·l2 

C-14 

C·IS 

D-22 

Mean 

SD 

SE 

0-24 

D-2S 

lD· blank 

Table 6.5h 
Chemical Analysis for Soil Solutions 
from fill/building events and subsoil 

b ·cnl Cc Jig n Pb 
ppb ppb ppb ppb 

Il-l 010 <0 12 <002 HS 

13-1 0.12 014 <0.02 317 

134 0.09 <0.12 <002 1.74 

134 012 <0.12 <002 1.32 

131 0.29 <0.12 <0.02 122 

177 011 <0.12 <0.02 12.7S 

55 027 <0.12 <002 0.34 

22 001 <0.12 0.06 0.77 

16 0.21 <0.12 0.03 12S 

63 0)6 <0.12 <0.02 10.56 

017 Ul 

0.10 455 

Subsoils 

II 031 <0 12 <0.02 1.62 

141 0.44 <0 12 <0.02 068 

000 0.12 0.02 0.13 

D1 u 
ppb ppb 

..:001 003 

<001 0.01 

..:{)_01 001 

<001 0.02 

<0.01 001 

<0.01 002 

<001 0.01 

<0.01 0.02 

<0.01 0.03 

<001 0.05 

0.02 

0.01 

<0.01 0.04 

..... 0.01 002 

001 001 
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Figure 7.2a. Location of iron nail samples from Area B. 
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Figure 7 .2b. Location of iron nail samples from Area B used for detailed analysis. 
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Figure 7.3a. Location of iron nail samples from Area C. 
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Figure 7.3 b. Location of iron nail samples from Area C used for detailed analysis. 
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Figure 7.4a. Location of iron nail samples from Area D. 
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Figure 7 .4b. Location of iron nail samples from Area D used for detailed analysis. 
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Key for nail cross section 
sketches 

iron 
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AreaB 
Sketches of Nail Shaft Cross Sections 

97546 (0-1) 115470 (G-1) 

115521 (G-2) 115811 (G-2) 120531 (G-2) 

120161 (G-2) 120389 (G-l) 120340 (G-4) 

11 5294 (G-4) 
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AreaC 
Sketches of Nail Shaft Cross Sections 

128190 (G-1) 128193 (G-2) 

128189 (G-3) 128192 (G-3) 

128195 (G-S) 
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AreaD 
Sketches of Nail Shaft Cross Sections 

94158 (G-1) 87872 (G-1) 94160 (G-1) 

94787 (G-1) 94123 (0-2) 

94121 (G-2) 94742 (G-2) 

94788 (G-2) 94785 (G-2) 
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99060 (G·3) 94737 (0-4) 
~~- ...o!!""l~-.....-

94758 (G-5) 
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Table 7.3.3b 
Identification of Mineral Inclusions in Corrosion Halo for Nail 97546 

....... 5(...,.) f'(...,.) AI(...,.) SiC..,..~., Fo(wt%) C.C...,.I K(..,..~., t.tl(~4) Ma( ...... , Na ot""""'"l Total lolen&ilic 
lclcalQ (lilt%) atioft 
011Mil -· _.... .... 000 000 991 JO S4 110 DIS 01) 010 000 794 4716 911J albite 

..... 001 000 104J Jll6 069 011 001 OIS 001 146 •• 76 100)1 llbitc 

..... 001 001 011 on lOS 011 001 Oll 001 000 )IJ 1141 ulii 

..... 001 000 ,.. 2994 ou 007 IJIO 011 00) 011 4S40 91.1) ..... 
rcw.,.. 

..... 001 0.00 on 416) 4S6 000 000 001 000 0.00 SOI6 9767 110*\& 

..... 0 II 000 us 07S Ill 007 004 006 000 000 JlO lllO uli 

...... 001 000 101 4) 71 U7 000 000 040 000 OOJ U77 9940 ljUIIU 



Table 7.3.3c 
Chemical Analysis of Iron Core and Corrosion Halo for Nail 128193 

,. $CII4%) P(ll4%) Al("4%) 54( ...... , fl(ll4%) Cl(ll4%) K(ll4%) ......... , Ma(ll4%) Ne(v.t%) 0(..,%) O(IWI"~) foul 
localiun 011 
lllila.,... 
..ua. 

•· 004 SIJ Ill 000 U09 012 010 014 000 000 OIS IU9 ll )9 can..-........ 
~~--· OtM :Ul on 015 5411 OOl 001 001 000 000 007 1196 7600 ._ , ___ 

009 014 0)6 O)S 5141 000 00) 009 000 000 0 .01 161) 7094 ._ 
......... 004 000 967 )161 175 011 on 0)1 0.00 141 001 47.97 9900 

C• ira. 009 01$ OOJ on 6514 000 009 001 000 000 017 194J 1591 

, ..... _ OJO 047 006 001 SUI 000 oos 001 000 000 Ul IUl 1000 -·-
I • ira.- 010 025 oos oos SUJ 001 000 004 002 000 lJJ lUI 7599 --
... ifllll 01) 001 010 oos 5141 00) 000 006 000 000 I 56 Ull 6964 

j ...... 011 04S oos 149 6011 OIS 004 010 au 000 DIS 19U II 14 

i· ir<llll 04) )44 ))I 714 Jl4S 007 091 016 000 Ill 064 1694 7174 ........... ...... 
1-W..,., 001 000 491 1161 111 OCIO 124 045 004 Jl9 Oll JHO 1S 76 

·~ ODS oos 660 )6)1 Ill 006 ou 016 001 511 Oil 4960 9910 

........ 001 0000 594 JUJ 217 OCIO 149 041 Oil no 010 4790 9609 



Table 7.3.3d 
Chemical Analysis of Iron Core and Corrosion Halo for Nail 120389 

Point S(W'I"-' P(wt%) AJ(wt%) Si(wt%) fc(wt%) ~WI"-') K(W'I"-') Mil( WI"-') Mn(~') NI(W'I"..-) c~~•l O(W'I"..-) Tolal 
location ) 
onnait 
cross-
KClioa 

.. 0.13 2.99 1.79 U4 ll63 07S 0 .49 0.37 0.06 0.09 0.07 21 .00 6S.U 
conosioa 
halo 
malrill 

C• 0 .07 1.92 0.7) liS 3112 0 .2 .. 0 .12 Oil 0.14 0 .00 0.06 II.SS 63.59 
alllaosio. 
IIIIo 
malrix 

d- 0.0) O.lO 0 .01 0.12 4l22 2 .01 0.03 0.05 0 .42 0.00 0.02 IUS 59.99 
iriiWCGml 
t-ion 
inlcrfKc 

c-ifon 0 .07 0.32 0.00 0.29 61.40 0.02 0.03 0.04 0.00 0.00 0.00 20.l4 19.34 

r. ifon 0 .11 o.n 0 .14 0.41 60.SO 0.10 0.00 0.00 0.00 0.00 0 .04 11.77 10.60 

a· iron 0.09 O.ll 0 .00 0.24 64.00 00) 0.00 0.00 0.00 0.00 0.0) 19.0) US9 

h-iron 0 .11 0.56 0.14 O.IS 590) 000 0 .00 0.00 016 000 0.09 1102 71.11 

i· ifon 0.04 0.01 0.11 021 S4.69 000 0.00 0.00 0 .07 0.00 0 .02 16.1S 71 .30 

j- ifon 0 .03 0.02 0.04 0.40 69.60 0.02 0.02 0.02 0.00 000 0.00 20.)9 90.31 

k·iron 0 .10 l .4l 1.]0 ] .61 41.67 0]7 0.07 O.ll O.ll 0.00 O.Ol 23.79 11.17 

1- fcldsp~~ 0.02 0 .15 5.39 3021 JI .SI 0.06 1.93 054 oos 1.74 0.02 44 .34 96.01 



Table 7.3.3e 272 
Identification of Mineral Inclusions in Corrosion Halo for Nail 115470 

Pailll 5 p AI Si Fe c. K M1 Mil N8 0 Toul ldiiiU6ca110n 
'-Uon ae ~ '""' """ """ WI% ...,. 

""" ~ """ """ '""' nail.._ --...... 0.0) 0.00 10.59 JU6 0. 15 O.l9 000 0.11 0.09 1.]4 41.51 99.]9 .... 
11-pan 033 0.00 4.51 4040 o ... 0.00 0.63 0.13 0.00 :%.97 5139 10041 f.tdapw 

C•pU 004 0.00 o.so 4Ul 0.17 0.00 000 0.05 000 0.04 5l.l0 91. 16 quiRZ 

d·llfUI 000 0.00 10.35 30.75 l.IO o.u 0.06 0. 16 0.00 1.10 4713 9l.l4 fcldlplr 

...,. O.Ol 0.00 0.14 4U6 0.41 0.00 0.00 000 0.00 0.00 5!.07 100.04 qYAIIl! 

r-conollion 009 1.46 1.97 7.74 U.13 0.01 0.40 0.15 000 066 19.21 54.24 uli itae 
'-lollllllill COITOIIion 

~--- 010 I.H 5.71 9.17 19.12 0.05 l.OI 061 003 1.19 :Z4.S5 64.06 uti itae 
"-!otBIInll --
h·llfUI 0.00 0.00 0.35 46.19 029 0.00 0.00 006 007 000 UOl 9914 quiN 

i-comnian O.I:Z 0.71 4.45 14.17 14.61 O.ll 0.64 0.09 0.01 J.O:Z 2936 17.19 utiirDII ... _ -
j.-u 0.20 1.34 l.SI ll.Sl 35.]0 0.14 0.31 0.11 0.01 046 lll6 II 90 ullirDII .._. corrollion 

k·-U 0.24 1.15 342 l .ll ]6.51 0.11 091 041 0.00 0.03 :ZS.II 76.15 ull itae .... comtiiOII 

1·-U O.l6 0.60 o.n uo 17.57 O.JS 0.04 0.12 0.00 0.00 ll. ll 4).74 w'i .... 
..... _. 0.07 0.03 HI 6.51 I.M 001 1.12 0.39 0.00 o.n 11.04 ll.IS w'i --,_ . 

0 39 0.77 U7 1.10 ]).95 0.1) 112 0.)0 0.05 0.51 23.09 7l .ll ull ii'OII .._. 
CMrGIIOII 

,. 009 l.l2 054 0.67 46.17 0.2l 0.01 002 O.Ol 0.00 17.29 6700 uti itae 
iraa'cona .. -.asian -...,_ 
q. .... o.o:z 0.00 O.SI 46.20 0.29 0.00 0.00 0.00 0.00 0.00 Sl .l7 100.17 quiN 

r,..nill 001 0.00 0.19 46.79 O.ll 0.00 000 001 0.00 0.00 53.56 100.16 qiiiiU 

~-~ 0.06 006 IUS :zl.63 1.10 o.o:z 4.U 1.71 ODS I.S6 41 .99 93 12 flldllllf 

...... 0.05 0.01 HI 32.20 4.11 0.06 1.45 1.24 004 :us 46.13 96.76 fcldlplr 

w-.nin 0.05 1.24 1.44 9.S5 23.19 0.26 0.13 OZl 00! 000 3095 76.37 rlldaplr 



Table 7.3.3f 273 
Chemical Analysis of Iron Core and Corrosion Halo for Nail94759 

Paillt s p AI Si Fe ca It ... Ma Na a 0 foul 
loc8lion ... WI% WI% ..... WI% """ ..... ...,. ...,. ..... '""' 

...,. 
'""' nlilcrou---.. 0.06 l .OZ 1.57 l.Sl 51.00 0.09 0.41 0.19 o.cn 0.00 0.04 ll.%9 13.01 

comtioa 
n.lollllllill 

b-(lidlplr 0.06 0.00 J.01 lUI 416 0.00 0.14 0.71 0.01 0.41 0.00 4Ul 91.17 

C•irae 0.16 0.00 0.01 0.11 67.79 0.00 o.cn 0.00 0.00 0.00 0.00 19.50 17.59 ,_ ....... 
d-iraft 0.49 0.00 0.14 o.cn Sl.75 000 000 0.06 0.00 0.00 4.70 IU6 75.0] 
/c.ono-
illt.afal:e 

(. iroa 0.00 0.00 1.02 O.Ol 060 0.00 0.01 o.cn 0.00 0.01 l.4l 1.01 ! .14 

••• 0.01 0.00 0.02 0.67 61 .05 0.03 0.01 0.00 0.01 0.00 0.09 11.16 10.01 

Jt.iral 0.11 0.17 1.19 10.46 4).93 0.0) 0.19 0.02 0.01 0.57 O.Ol 1690 14.%1 -inlerftA 

j. itael 0.20 0. 14 o.os 1.00 60.75 0.00 0.01 0.01 0.00 0.00 0.06 Jill 10.97 
comtioa 
inlcrflg 

j•qi!IIQ 004 0.00 0.16 46.65 0.93 000 0.00 0.03 000 000 0.00 5U6 IOI.JO 

k· 0. 11 l.ll 1.17 4.15 51 .49 0.01 0.91 O.JI 0.06 0.01 0.06 15.61 11.17 
cllmllioll 
IIIIa BWiia 

... 0.:6 1.56 4.11 7.47 4).11 0.04 1.11 0.40 0.06 0.00 0.20 17.15 1571 ---....... 
n·f......, 0.00 000 10.17 JJOI Oil 00) 0.01 0.0: 00: 717 o.cn 4992 10170 



Nail94759 
point a - iron oxide in corrosion halo 

point b - feldspar grain 
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Nail 94759 
point c- iron/corrosion interface 
point d - iron/ corrosion interface 
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Nail94759 
point f 

area of high chlorine concentration in 
naiJ centre 

Nail947S9 
point g 

a ron 
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Nail94759 
point h- iron/corrosion interface 
point i- iron/corrosion interface 
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128193 
AreaC 
Event 0 

Metallographic Group G-1 
occupation/ destruction classification 

278 



1.5mm 

. . . . . . .... 
. . . . . 
' .. . . . . . .. . ~· . .. .. 

.. . ·:· e .. . . . . . . . .. 

1-n 

Nail 128193 
point locations 

multi-phase iron 
void 11,1, l', 

. . . . . . . .. . . 

.... .... . .. . . . 

. . . 
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Nail 128193 
point a 

corrosion halo matrix 

Nail 128193 
point b - iron in corrosion halo 

point c - iron next to grain in corrosion halo 
point d ... feldspar grain 
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Naill28193 
pointe 

aron 

Naill28193 
point f 

iron near centre void 
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Nail 128193 
point g - iron near centre void 

point h - iron 

Naill28193 
point i 

iron at edge of nail 
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Nail 128193 
pointj 

Nail 128193 
points I, m and n 

grains in corrosion halo 
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120389 
AreaS 

Event 178 
Metallographic Group G-1 

occupation! destruction 
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0 

(Jo 
0 
\) 

2mm 

Nail 120389 
point locati~ns 1- .,. 

single phase •ron f. 1- 1-

multi-phase iron ::-::·:·: .. .. 
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Nail 120389 
points a and c - edge of corrosion halo 
point d- iron/corrosion halo interface 

Nail120389 
point e - iron in crack 

point f- iron next to crack 
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Naill20389 
points g, 1\ i and j 

iron 

Nail 120389 
point k 

iron 
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Nail 120389 
point 1 

feldspar grain 
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APPENDIX 7d 



ELEMENT MAPS 
FOR NAILS 

FROM 
OCCUPATION/DESTRUCTION 

EVENTS 

290 



291 

120161 BSE (444 X mag.) 120161 - chlorine by ed 

CRACK IN IRON AT CENTRE OF NAIL. 



292 

120161 - iron 120161 - silicon 

120161 - phosphorus 120161 - sulfur 



293 

94787 BSE [1500 X mag.] 94787 - chlorine by ed 

. . , 
. • 

94787 chlorine by wd 94787- iron 

IRON NEAR VOID AT CENTRE OF NAIL. 



294 

, '·:·· , · ·.·. : .... .:.t ... :-··· ;. :~- .· ... .... ~,. ·-:~·, 

94787 - phosphorus 94787 - sulfur 

" "';:, 
•J · -: 

'·: 

~~-... 
;,'! 

94787 - silicon 



. .. J .~~ .. ' 
: t . ~,. 

94123 BSE (1500 X mag.) 94123 - sulfur 

94123 - chlorine by ed 94123 - iron 

IRON CONCENTRATED AT GRAIN BOUNDARIES. 



94123 - chlorine by wd 

94123 -silicon 

~~ ' •: \'." · 
:·" . . 

... .) -, . , •• -""'! 

·.;~-i~· :-~ - . ~ ·. 
·- :-, ... 
. . ,, 
_.·l· . · .. 
~ -'1 

296 

... ·: 

94123- phosphorus 



297 

94123 BSE (1500 X mag.) 94123 - chlorine by ed 

. :: 

'-·· 

94123 - chlorine by wd 94123- iron 

MULTI-PHASE IRON. 



298 

.J. - - :: · .·; .~ 

- · -

'·· 

"'• '~ .. 
~ -._ : :·: .· 

94123- phosphorus 94123- sulfur 

94123 - silicon 



299 

94123 BSE (1500 X mag.) 94123- chlorine by ed 

·• 

94123- chlorine by wd 

CRACK IN MULTI-PHASE IRON. 



300 

·, - .~: ·-· . 

94123- iron 

..... . .._ ~ '\ . ~ ·.· 
.. · .. . 

~· ... · 
. .. •: . ~ . •: 

. ~ :'.. . 

. ·. 

· _. 

·:. _ .. . . : - ~.-: \ ·: ':'",- ~ •, :· . . 

. .... . , .. ~- . 

941 3 - sulfur 94123 - silicon 



30 1 

94785 BSE (1500 X mag.) 94785 -chlorine 

94785- iron 94785 - phosphorus 

IRON NEAR A CRACK. 



302 

94785 - sulfur 94785 - silicon 



303 

94785 BSE (1500 X mag.) 94785 - chlorine 

94785- iron 

MULTI-PHASE IRON. 



304 

87872 BSE [1500 X mag.) 87872- chlorine 

.. • . 

, _: _-;: 
.. ····· A.' . • : : :! 

"':. · · 

87872 - iron 87872 phosphorus 

MULTI-PHASE IRON. 



:..: . . .... _,,. ·::- ·;\. 
. . ' .. -· . 0-. . ~- ... ~ ; . .. ·-·. - .. , . -. 

·.-.· ' · •• ·,·.-~·-· : ~-·.- ,y: ; -_ .; -: • • • ,- . • . ·~ - .. '.. ..... .... . - . - · '. --· !- .- .. . . ,, · •· .• · · .... - •• . - . ... - -:: ·:-_.: _ ~ -: 
· ·: .. -:·· ·- ...:: ..... ... 
.. . 

_:,; . -1 • . . 
; .. 

· · .. : 

_, .. ·,~ : 

~ : 0 

: .. -· ~-~ ' 

87872 - sulfur 

- . .. 
"· 

. .. 
.. 

_. ·. , _ 

- :.: _ _ · __ : ... 
;, . -

• . : '·: . -~: . 
·. _; .; ~ ~-- -< 

, .. 
·• :" . 

',--·._: .. 

. . , _ 

. .. -- ,._. 

, ~- ' .. . ~ . 

--· -:-:;' ··' . 

87872 - silicon 
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120161 BSE (500 X mag.) 120161 - iron 

1 20161 - chlorine by ed 120161 - chlorine by wd 

IRON AT EDGE OF NAIL. 



307 

-r· 

.:._ 

. ~ ~::,~St- · ·.: . 
. ,,: 

i .~ •. 
:...:. 

- ~~;::?~. ;~::~j~ 
·. -·~· ~· -

0 :•. 

> ".-~-~_;_._, _· .. :··.~ .· . . . ·- .. -~ ~.~ . ~ - '.. : -... . ~ ' ; .. : .. . .. .. ... ·::: .. .\. ~ ; .. ~. ' . 

·-:· 

120161 - silicon 120161 - phosphorus 

120161 - sulfur 
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120161 BSE (1 000 X mag.) 120161 - iron 

120161 - phosphorus 120161 -chlorine by wd 

CRACK AT EDGE OF NAIL. 
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120161 - silicon 

120161 - sulfur 
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_ ... 

120161 - phosphorus 
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120389 - iron 

120389 - chlorine by ed 120389 - chlorine by wd 

CRACK IN IRON AT EDGE OF NAIL (216 X mag.) . 
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120389 - silicon 120389- phosphorus 

120389 - sulfur 



120161 BSE (400 X mag.) 

. ·:':· . -; .· . 
..... . : ._ ! _··; - ~ . :.:· •.... ' . . • ... 

_:.' .- ·. · ;;, . 

. •. 

120161 - chlorine by ed 

120161 - iron 

120161 -chlorine by wd 

IRON/CORROSION HALO INTERFACE. 
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120161 -silicon 120161 - phosphorus 
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120161 - sulfur 
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120161 BSE (400 X mug.) 120161 - iron 

120161 - chlorine by ed 120161 -chlorine by wd 

IRON/CORROSION HALO INTERFACE. 
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120161 - silicon 
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120161 - sulfur 
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120161 -phosphorus 
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99060 BSE [50 X mag.) 99060- carbon 

99060 - chlorine 

IRON/CORROSION HALO INTERFACE. 
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99060- silicon 
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94759 BSE (50 X mag.) 94759 - carbon 

94759- iron 94759 chlorine 

IRON/CORROSION HALO INTERFACE. 
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94759 - phosphorus 
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94759 - sulfur 
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128193 BSE (65 X mag.) 128193 - carbon 

128193 -chlorine 128193 - iron 

IRON/CORROSION HALO INTERFACE. 
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128193 - phosphorus 1 281 93 - sulfur 

. ::~:.: '.:• -~"'·. 

:. .. 

128193 -silicon 
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87872 BSE (1500 X mag.) 87872- chlorine 

87872- iron 87872 - phosphorus 

CORROSION HALO. 
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........ . . , .:·-~"' ":' • ._ . .. ' I 
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94158 - sulphur 94158 -silicon 
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120161 BSE (400 X mag.) 120161 - iron 

120161 - chlorine by ed 120161 - chlorine by wd 

EDGE OF CORROSION HALO. 
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120161 - phosphorus 
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120161 BSE (519 X mag.) 120161 - iron 

120161 - chlorine by ed 120161 - chlorine by wd 

EDGE OF CORROSION HALO. 
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120161 - iron 

' .> 

:··~. 

Al~~ 
120161 - chlorine by ed 120161 -chlorine by wd 

CORROSION HALO. 
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120161 - sulfur 



ELEMENT MAPS 
FOR NAILS 

FROM 
Fn.LJBUD..DING 

EVENTS 
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115811 BSE (75 X mag.) 115811 - iron 

CENTRE OF NAn__. 



97546 BSE (1 000 X mag.) 97546- iron 

~:~ . • . ... . .. . ·.-: 

97546- chlorine by ed 97546- chlorine by wd 

EDGE OF VOID AT CENTRE OF NAIL. 
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97546- silicon 97546 - phosphorus 
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97546 - sulfur 
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97546 BSE (50 X mag.) 97546- iron 

97546 - chlorine by ed 97546 - chlorine by wd 

EDGE OF VOID AT N~ CENTRE. 
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97546 - silicon 
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97546 - sulfur 
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97546 - phosphorus 
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97546 BSE (50 X mag.) 97546- iron 

97546- chlorine by ed 97546 - chlorine by wd 

CRACK IN IRON. 
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97546 - phosphorus 
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94737 - chlorine 94737- iron 

CRACK IN IRON. 
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94737 - phosphorus 94737 -sulphur 

94737 - silicon 
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. ~ , ··' : \~\;~ .. ~ . 
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115521 BSE [60 X mag.) 115521 - carbon 
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115521 -iron 115521 - phosphorus 

IRON/CORROSION HALO INTERFACE. 
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115521 - silicon 
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97546 BSE [1 000 X mag.) 97546- iron 

. ' 

97546 - chlorine by wd 97546- silicon 

GRAIN IN CORROSION HALO. 



97546- phosphorus 
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97546 - sulfur 
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115470 (1 000 X mag.) - iron 115470 - chlorine by ed 
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115470 - chlorine by wd 115470 - silicon 

CRACK IN CORROSION HALO. 
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115470 - phosphorus 115470 - sulfur 



115470 (1 000 X mag.)- iron 115470 chlorine by ed 
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115470 - chlorine by wd 115470 - silicon 

WOOD IN CORROSION HALO. 
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115470 - phosphorus 115470 - sulfur 
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115294 slag BSE (BOOX mag.) 

115294 slag - chlorine 115294 slag - iron 

SLAG IN IRON. 



115294 slag - silicon 

,. 
· _ _.. ,:·. 

115294 slag - sulfur 
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APPENDIX 7e 



115772 

Area B Nails 
Instrument setting of 55kV/5mA 
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115772 

Area B Nails 
Instrument setting of 80kV/5mA 
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115470 

Area B Nails 
Instrument setting of55kV/5mA 

115521 

115294 

120340 

354 

120531 

120161 

106289 





106289 

120161 

120531 

97546 

Area B Nails 
Instrument setting of80kV/5mA 

120340 

115294 

115521 

355 

115470 





115811 

Area B Nails 
Instrument setting of 55kV/SmA 

120389 
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115811 

Area B Nails 
Instrument setting of80kV/SmA 

120389 

357 





128193 

128192 

128290 

Area C Nails 
Instrument setting of 55 kV/5mA 

128195 

128189 

358 

128190 

128304 





128304 

128190 

Area C Nails 
Instrument setting of 80kV /SmA 

128195 

128189 

359 

128290 

128192 

128193 





94759 

94120 

94743 

Area D Nails 
Instrument setting of55kV/5mA 

94121 

94123 

360 





94759 

94120 

94743 

Area D Nails 
Instrument setting of 80k V /5 rnA 

94121 

94123 

361 





99060 

Area D Nails 
Instrument setting of55kV/5mA 

362 

87872 





99060 

Area DNails 
Instrument setting of 80kV /SmA 

363 

87872 





94742 

94745 

94788 

94158 

Area D Nails 
Instrument setting of 55kV/5mA 

94787 
(x-rayed after thin-section 

removed) 

94785 

94786 

94160 

364 

94737 

94758 





94742 

94745 

94788 

94158 

Area D Nails 
Instrument setting of80kV/5mA 

94787 
(x-rayed after thin-section 

removed) 

94785 

94786 

94160 

365 

94737 

94758 





Sample Event 

94160 62 

121H93 0 

94785 62 

94745 62 

94120 62 

106289 133 

94787 62 

94786 62 

94788 62 

128290 195 

94742 62 

120389 178 

87872 62 

94743 62 

99060 96 

94759 62 

120531 145 

120161 143 

94758 62 

94158 62 

94121 62 

94123 62 

128189 19 

Table 7.3.Sa 
Nail Type vs Deterioration (length and width) 

for occupation/destruction events 

Nail type Normal A<:tual •t. Normal 
in length len&th dccrtllt Widlh 
pennyweight (mm) (mm) in lcnatb (mm) 
(d) 

8d 64 53 17 12 

8d 64 53 17 II 

8d 64 ss 14 9 

8d 64 ss 14 9 

tOd 76 46 40 II 

IOd 76 so 34 I I 

IOd 76 54 29 II 

tOd 76 60 11 II 

IOd 76 62 18 12 

IOd 76 65 15 15 

IOd 76 70 8 II 

16d 90 45 50 II 

16d 90 51 43 II 

16d 90 65 18 II 

16d 90 65 18 II 

16d 90 66 17 12 

20d 102 61 40 17 

20d 102 61 40 17 

30d 115 57 50 16 

JOd 115 65 .... 16 

30d 115 65 .... 16 

JOd . ., 66 ... 16 

40d 127 47 6J 25 

366 

A<:tual ·~ 
Widlh decrease 
(mm) in width 

16 0 

19 0 

------- 100 

9 0 

12 0 

------ 100 

- 100 

14 0 

14 0 

18 0 

- 75 

15 0 

- 100 

19 0 

14 0 

19 0 

18 0 

18 0 

17 0 

16 0 

--· 90 

18 0 

-- 100 



Sampl( Event 

128195 22 

128190 55 

128192 55 

128304 16 

115521 138 

115294 134 

115470 134 

115811 134 

97546 134 

94737 63 

115772 134 

120340 177 

Table 7.3.Sb 
Nail Type vs Deterioration (length and width) 

for fill/building events 

Nail type in Nonnal Ac:tual % Nonnal 
pennyweight length length decrease width 
(d) (mm} (mm) in tencll• (mm} 

8d 64 50 12 12 

IOd 76 35 54 9 

IOd 76 32 58 12 

IOd 76 45 41 10 

10d 76 56 16 9 

IOd 76 67 11 8 

16d 90 62 ll 10 

16d 90 75 17 11 

20d 102 61 40 17 

20d 102 71 JO 17 

JOd liS 83 18 18 

? 75 66 12 • 
•no indication that a nail head was part of initial manufacture 

367 

Ac:tual .,. 
width decrease 
(mm) in width 

21 0 

-- 100 

IS 0 

- 70 

- 100 

10 0 

9 10 

--- 100 

---- 100 

---- 100 

----- 100 

• 11 



Table 7.3.Sc 
Nail Type vs Deterioration (thickness) 368 

fi •t fr . nld . or naa s om occu~ atlo estructlon events 

Nail Normal Actual size •,4 

Sample type in size dr.:crease in 
penny- core 
weight thickness iron core corrosion diameter 
(d) (mm) (mm) halo (mm) 

94160 8d 6 4 4 Jl 

128193 8d 7 6 9 14 

94785 8d 6 s 9 17 

94745 8d 7 s 6 19 

94120 IOd 9 s 3 44 

106289 JOd 7 6 8 14 

94787 IOd 7 6 3 14 

94786 IOd 7 4 4 43 

94788 IOd 9 s 6 .... 
128290 IOd 7 s 7 19 

94742 IOd 7 s 7 19 

120389 16d 9 s II .... 
87872 16d 9 6 10 JJ 

94743 16d 9 s 6 .... 
99060 l6d 8 6 8 15 

94759 l6d 9 5 13 .... 
120531 20d 10 8 4 10 

120161 20d 9 6 12 Jl 

947S8 30d 10 6 2 40 

94158 30d II 8 6 17 

94121 JOd 10 7 10 JO 

94123 30d 10 8 s 10 

128189 40d 12 10 12 17 



Sample 

128195 

128190 

128192 

128304 

115521 

115294 

115470 

115811 

97546 

94737 

115772 

120340 

Table 7.3.5d 
Nail Type vs Deterioration (thickness) 

for nails from fill/building events 

Nail Normal Actual size 
type in Size 
penny-
weight thickness iron corrosion 
(d) (mm) core halo (mm) 

(mm) 

8d 7 4 4 

IOd 7 4 II 

IOd 9 4 5 

IOd 8 6 7 

IOd 7 5 7 

IOd 6 4 2 

16d 6 5 8 

16d 9 6 6 

20d 10 8 5 

20d 10 7 3 

30d 10 7 6 

• 3 2 I 

•J'e 
decrease in 
core 
diameter 

.... 
43 

55 

25 

29 

33 

17 

JJ 

20 

JO 

JO 

JJ 

•object identification of nail is probably incorrect 

369 



Table 7.3.5e 
Internal Nail Condition (metallographic) vs Decrease in Core Diameter 

for G-1 and 2 Metallographic Groups 

370 

Sample Nail type Area Depth of Event type %ofloss for %decrease estimate of 
burial (em) nail interior in core total iron 

diameter loss 

97546 200 B 25 lib G-1 (70) 20 90 

106289 IOd B 43 old G-1 (30) 14 44 

II S470 16d B 60 fi'b G-1 (4S) 17 62 

128304 IOd c ss f/b G-1 (.50) 2S 75 

128190 IOd c 53 fib G-1 (SO) 43 93 

87872 16d D 19 old G·l (25) 33 58 

94160 8d D 23 old G-1 (2S) 33 58 

94787 IOd D 27 old G-1 (6S) 14 79 

94743 16d D 24 old G-1 (30) 44 74 

94158 JOd D 27 old G-1 (33) 27 60 

II .5.521 IOd B 70 17b G-2 (20) 29 49 

II 5811 16d B 35 fib G-2 ( 10) 33 43 

120531 20d B 96 old G-2 (10) 20 30 

120161 20d B 74 old G-2 (IS) IS 33 

128193 8d c IS old G-2 (1.5) 14 29 

94123 30d D 30 old G-2 ( 1.5) 20 35 

94120 IOd D so old G-2 (20) 44 64 

94121 30d D 25 old G-2 (10) 30 40 

94742 IOd D 23 old G-2 (IS) 29 44 

94788 IOd D 33 old G-2 (20) 44 64 

94785 8d D 23 old G-2 (20) 17 37 

Averaacs 40 28 27 55 

Standard deviation 19.2 

Standard mor 4.2 



Table 7.3 .Sf 
Internal Nail Condition (metallographic) vs Decrease in Core Diameter 

for G-3, G-4 and G-5 Metallographic Groups 

371 

Sample Nail type Area Depth of Event type: Mctallographi %decrease estimate of 
burial (em) c Group in core total iron 

diameter loss 

120389 16d B 93 old G-3 44 44 

128290 IOd c 78 old G-3 29 29 

128192 IOd c 46.53 fib G-3 ss ss 
128189 40d c S3-S7 old G-3 17 17 

94745 8d D 23 old G-3 29 29 

99060 16d D so old G-3 2S 2S 

120340 ·--· B 80 fib G-4 33 33 

115294 lOd B 73 fib G-4 33 33 

94737 20d D 16-26 fib G-4 30 30 

947S9 16d 0 22 old G-4 44 44 

115772 30d B 5I fib G-S 30 30 

128195 8d c 60 t7b G-S 44 44 

94758 30d D 26 old G·S 40 40 

94786 IOd 0 33 old G-S 43 43 

Averages 5I 35 35 

Standard deviation 9.9 

Standard error 2.7 
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Naol alb ..., CK II hm 

94717 " " " 
9-1716 " 
I~Ol~O 

IIS•nO " 
99060 " 
IIS5ll "' 
1213()4 "' "' 

9-1717 "' 
.,., 

94745 "' 
'J.t74: " 
94160 "' 
94151 "' 
IJ.tl%0 

94715 "' 
17172 "' 7 

94759 "' 'P? 

94751 " 

Table 7 .4.3a 
Corrosion Halo Mineralogy 

Sorted by Colour for 7 .SYR hue 
Areas 8, C and D 

.... Ilk ,. m( dv mh IV 

1 SYil.IJ4 

" " " 
" " " 

7 5Yll414 

~ " 

~ ~ 

"' " " 
"' 

7 SYll416 

.,., 

"' 
"' 

71 

7 SYll~6 

1 71 "' 
"' 

71 

373 

ICp pill ractlilo Area Evcnc 
lflpNc Group 
Group 

" " Ci-1 D old 

" ' Ci-5 D old 

G-4 a Db 

~ 1 Ci-1 a Db 

" 0·2 D old 

0·2 a l1b 

G-1 c l1b 

' G-4 D Db 

" G·l D old 

• G-l D old 

1 G·l D old 

1 G. I D old 

1 a.z D old 

"' a.z D old 

• • 0.1 0 old 

71 G-4 0 old 

.,., 0.5 D old 



Natl tlb IIIII .. , II hm 

1201~1 

121190 "' 
, 

I~Ml9l "' "' 
'1714~ "' 
IUl'U "' 
115111 

120119 "' 
, 

lll290 , 
9-tlll "7 

'1-1121 "' ' 

115772 "' 
, 

121195 "' 
, 

121119 "' 
, 

94711 , 

M7"l "' 
120511 

106ll9 

12119) "' ~ 

Table 7 .4.3b 
Corrosion Halo Mineralogy 

Sorted by Colour for 1 OYR hue 
Areas B, C and D 

MOM lit m1 mf dv mh IV 

IOYR .U-4 

"' "' .,., ... 
. , 

. 1 , 

• "' "' "' . . "' 
, 

"' , 
"' "' 

IOYR 51~ 

1 "' .,., , 
IOYR 511 

.. .,., , 
IOYR l/6 

, 
"' "' 

, 
IOYRfll" 

"' 
.,., ... 

IOYR.Ufl 

, 

"' 
10Yll51l 

10\'a, .. 

' 

374 

scp phi mcullo Alca £•c• 
llflphic 

"""' Group , 

G·l 8 llld 

G-1 c Ob 

G·l c O'b 

. 1 G·l 8 Ob 

. • G-4 8 Ob 

G·2 B Ob 

(j.J B old 

G-1 c llld . G·l D old 

.. G-2 D aid 

Ci·5 B Ob 

"' "' G·5 c Ob 

(j.) c Ob 

"' G-l 0 old 

,., G-1 0 old 

G·l D old 

' G·l B old 

G-2 c old 
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Table 7.6a 

Area 8 Chemical Analysis of Slag 

s ...... Na10 MaO A.UOJ 5101 1'105 s a 100 c.o Sc 
Nu•ller WI% WI'Ko wt% WI'Ko wi'Ko ( .... ( .... WI% wt% , .... 
S..plel 0 55 0 41 -499 II 9l 10-4 16916 59 ll%6 066 Ill ll 

S.•plel I ll I 29 1466 )000 066 6]49) J97 lSJ Ill lO 

S.atj~Ml I 10 D.i2 1l7l !H7 I.W llc.c.S «H ou l4l IH 17 

S.•pl•' 116 0 51 IDOl n 11 I 01 12197 )7 1740 I 76 t :•J II> 

S..pleS 0.91 I 10 UJ9 2510 0 54 1062 51 ll>l 104 0'11 2J 

s. ..... 062 on 741 1700 09) 19171.21 S79 I Ol I JO 10 

S.•ple7 029 022 lOS 906 0 97 971015 1412 0 )4 on 15 

s ...... 0 72 07l 7 12 16 Sl I 29 12550.54 7S5 095 2111 ll 

s ..... , 077 049 921 1995 0 91 1011249 lOll 191 Ill ll 

S••pleiO 0.70 OJ) 719 1564 019 7160.11 942 161 09S ll 

s ..... u 1.)4 154 1190 )0 1-4 0.60 S4S616 Jl9 H7 109 19 

S.•plell 0.12 012 )69 1.16 122 107917 6]6 0.70 uo II 

s.-...~~ 060 0 27 665 ll 71 I 01 11595.29 2001 141 091 14 

S.•plel4 0 OS 044 1066 1712 I 29 10912.20 762 lOS I OJ lO 

s-... 15 0 92 oos II ll 2211 067 1607 Sl 1116 1.20 097 12 

Sa•plel6 OJl 0 17 622 12.76 I 26 90SH7 910 061 Oil ll 

S...P.I1 0.57 055 1.56 1740 090 I Ullll 1199 166 074 0 

Sa .... II 070 0 ll 926 1ll5 0.59 97751-4 n4 119 071 14 

s. .... at 120 2.05 llll 2270 0 70 7141.12 Sl9l 2 01 161 ll 

s-... 1. 06S 041 751 1642 I SS 10]11 77 49) 140 07S I 

Sa•plell 071 0.]6 1.11 10 59 Oil 12212.)) 610 164 IH 12 

S..pleU 0.71 O.l4 1.55 11.44 0.47 10027 5 1091 l.l7 I 20 17 

s...,..:u 0.17 0.56 790 10.07 1.11 914549 1-45 I.Sl l . ll 9 

S. .... 1. Oll 0.16 4 .77 9:14 101 1621.11 lla7 0.51 o.n 12 

s...,..u 0.49 0.:11 Ul IUS 1.4J 6SIU7 liS 0.1-4 0.90 7 

S...,..26 0.97 1.03 10.19 11 .07 0.60 11036.46 Ul l.OI HI 19 

S...,..J7 us O.Z7 I . OJ 17.22 IU 15Hl.61 1096 lSI 0.61 19 

S...,..JI 1.07 0.91 IUS JJ.79 O.SI 6109.01 140 1.11 ].9:1 14 

S...,..D 1.01 0.74 lUI 1].14 o.u 60Uil 664 l.ll I.ZS 17 

...... Ja 0.11 0.77 7.1S 21.41 1.0-4 SZOI 161l 1.29 l.ll ll 

...... 0.77 061 901 lUI 0.91 IOI6S.n IDU.lO Ul U7 154 

LD. 0010 0.11 0.001 0011 O.OOl 12 15 OOOl 000] 9 



Table 7.6b 377 
Area B Chemical Analysis of Slag (continued) 

s.. .. TiOZ v Cr MilO fdOlT "'' c. z. Ga 41 

I'll••'" wt% ,.,., ,,,., wt% wt% ,,., . ,.., ,,., ,.,.. . ,,,., 
s ..... 019 17 <42 0 20 U75 21 5I 200.71 704 0 25 l79l 

s-.... 1 050 161 Ill 001 2077 1913 70 so <LD <4SJ ll-17 

S. ... l 0 .. % 201 129 001 2<4 sc. 21 n lliU <LO 1 21 11 19 

s. .... o .. o )7) 90 009 Z9U 1912 11775 604 ll7l 29 17 

s .... , 0<47 112 1 .... 006 2119 5091 ll OJ <LD 104 ISO 

s ..... 0 J9 Jl7 101 004 ]6 16 54 44 165 45 <LD I 51 19 17 

s. ... , 0 17 II ... 009 54, .. 1765 251.02 "'LD 1171 9H4 

Sa ..... 0 29 119 74 Oll )9 51 J6 54 1159] •LD 0 52 1096 

S. .... t 037 155 Ill 006 ll 14 1191 210 ]6 <LD 496 )1]5 

s. ...... 029 Ill ... ODS 41 29 16.14 17152 <LD 596 2620 

s. ..... 041 160 Ill 0.11 1794 Zl 64 ss 25 <LD I II 1160 

5 .... 12 0.16 67 JZ 0.10 Slll 911 411 114 0.10 us 6041 

S..pkll 011 Ill 91 009 371] 17 71 lll40 619 719 16] 

S..pkl4 011 ::14 124 007 ll .... 1937 19905 2410 II 5" 2044 ..... ., 011 159 116 004 16117 1092 171 69 "'LD 627 lJ Jl 

s..,.. 16 0 JO no IS 006 ·Ull 1710 oll7ll 5<4 9) IJ90 20 f>l 

S.. .. 1'7 OJS IU 106 006 l•U9 17Z9 9106 "'LD )04 ll lD 

S..pkll 0.17 .. )1 161 005 1504 7401 24731 1.10 1491 7W 

S..pklt ou 199 150 0 14 1491 79]7 2711992 110101 1141 140 41 

S..pkJI 011 n5 74 007 1921 Slll 514.92 1.11 ll 95 40 ll 

S..pkJI O.JO lSI 16 001 3746 10.51 169.40 <LD 154 1.00 

s..,..u 0.36 202 104 0.05 ]565 U .74 101.11 <LD ... 90 l:t.Z7 

s..,..u O.ll Ill 96 0.11 30.U l:t.74 10712 11.06 11.51 40Z9 

...... 2. O.ZI 16 61 0.11 49.01 44.41 120.46 <LD 5.05 1019 

...... u 021 101 76 0.04 4Ul 1103 U0.3S 50.61 1344 1991 

,.....u 0.37 191 9] ODS 11.75 49.34 ISJ.ll JS.ll 7.59 lUI 

s..,..n 0.]5 412 116 O.OJ J4.M 7l.S4 179.91 7.11 13.65 J7.ll 

...... 11 0.]9 195 Ill 0.04 15.17 n•s llS.99 0.00 611 100] 

S..,..1t 0.41 lA 144 006 Ul4 l710 10611 000 591 2415 

S..,..M 0.44 Ill 101 0.10 41.ll IUl 131.]4 7.SJ 4.90 1391 

... _ 
o.JS 11773 10067 0.015 ll.6S ]9.43 lll:t.69 44.69 1.01 Jill 

LD. 0.004 6 I 0.001 0006 6 4 .. J 16 



Table 7.6c 378 
Area B Chemical Analysis of Slag (continued) 

s ..... .. Sr y Zr Nil .. c • I'll n u Telll 
N••lllr Cp,_l c..-1 ,,,.. ( ...... ) ( ...... ) ( .... ) ( ..... ) (p .... l , ....... ,,,.. ••% 
s-p1e1 21 12 151 )9 1779 1))) 1)1 2065 99 ·ZIO 20 71 7'17 ~17 '16 ~I 

s ..... z 1)006 lll 10 296l 17l71 16 19 1~174 ll.61 JOI 5~ IUO sn 94 07 

Se•plel ll147 715 16 llOl 152.75 I) 25 2772.92 15004 ll 52 1574 5 01 1961 

s ...... 7901 114.76 lll4 1710) ll.ll 607 )4 7521 2)61 ll91 711 90~ 

s-,ees 1)74J 31047 30.21 154.77 1524 176722 119.10 1267 1759 .. 76 1910 

s. ..... 4HS 25195 1724 14716 1569 76597 1319 2193 I.Ul S.fO 1112 

s. .... , 1595 16741 10.13 6397 619 1392.60 16 75 15SS 191 <LD 9597 

s ...... ~317 60117 2541 11647 1097 261061 21n 4312 1024 ) 71 94.11 

s ...... 111060 ~9129 lHO 15166 12. 1l 1955 ll 5994 II 75 1451 317 1794 

S..plell 1111 441 II lJ II Ill 59 10 55 177071 5171 2010 12-17 629 9129 

S..plell 1191) )0) ll 2119 168 II Ull U7492 116 76 10 JS ll 71 ~71 9061 

s .. p~eu 1416 17 19 940 49 70 494 1014 27 4HI ,.7 sa 7 Sl • LO 92 6-t 

s .... u 7137 J-43.52 1991 10700 945 1707 92 6967 21.94 19S I 02 1579 

s ..... 14 99)7 10645 12.92 145 23 IJ95 1467 IS 125 IS 11110 1152 7 20 16 II 

5 ..... 15 Ill Sl 40152 26.67 161 59 1160 ln9S-t 9914 lOll II II 119 II Jl 

s-pit" lUI 94 41 n.n 11725 14.S3 54401 70 .. 2 ll )4 17S 4ll 1962 

S...,..l1 9526 11147 1194 125.97 1).07 144UI 7115 2073 1161 2.91 1119 

s-,ltll 9SI7 ll3.59 41.)1 17955 16.Jl 1116.55 141.Sl 19716 1220 1074 ll92 

...... I. 11022 417.71 JUS 144.99 146) 220606 125. 14 S.fl.ll 11.13 249 1295 

s-,ltlt 6744 219.44 13.99 101.09 10.11 170.34 25.19 26 13 747 9.11 921: 

s..,lt21 92.90 315.22 10.31 12US 10.<46 UlU4 102.15 2164 Ul9 U9 91 17 

s..,..u 71.11 151.110 11.01 161 .92 11.41 113457 4024 16 52 12.45 6.40 90 75 

s..,eeu 74.15 151.40 20.94 123.92 1076 1015.91 63.n 11.5-t 1014 309 1519 

...... 2. l7.4l 21119 lUI 7117 715 691.56 6590 1141 Ul Ill 9017 

s..,eeu 4115 25941 1111 1751 1.14 1106'Je J47l 1116 I 21 474 1701 

........ 96.61 165.n JUS 16361 14.09 115521 62.13 3020 12.22 575 9016 

...... 11 7Ul 101 .41 42.12 164.)6 14.47 IMG.I4 lUI 41.29 IU7 IHI 19.11 

...... 11 102.74 IOI:Z.IO JlDI ISa.M U .79 1914.59 7S. II 25.30 1724 1.94 91.19 

..... Jt 124.62 Sll.l1 JU3 IU61 ll.40 21GU7 110.14 15.99 IIGa 54! 1955 

........ 65.14 610.14 JUS 12U2 11.<46 21111.50 92.42 17.44 11.50 <l.O 17.5J 

""- IU94 JI4.M 27.71 lll.M 12-IZ uuos 77.52 59.11 12.04 4.0 1917 

LD. Ol 1.4 0.1 I.J 0.1 29 41 4 1 4 "'• 



Table 7.6d 379 
Area C Chemical Analysis of Slag 

S.•ple !'I.ZO Mtc) .\UOl SIC)J PZ05 s 0 IQO CeO 5c 
N11•lotr WI% w1% wt% wl% wl% ,,..., , .... WI% WI% ,,.., 
s-p~e Jl 1 ·47 141 1613 26~ on JSI6 4S 274 2.71 Ill 27 

S..plalZ 090 0 57 1094 U . IS I 07 739931 140 H3 125 12 

Sa_,..l.J 017 0.19 7 Sl IUS 077 1006] 39 lOll I S7 160 10 

s. ...... 0 71 Oll 740 14 94 0 71 10014 71 179 I 19 0 II 16 

s .... l5 0 Sl 046 911 IS 9l 1-41 1600 71 SS6 176 016 14 

s..plal6 049 027 606 14 19 OIS 7l67 II 1714 I 17 0 74 I 

s.-..n I OJ 0.4) 1.64 16.07 I 19 910949 19] I 40 Ill II 

Sa .... )I 010 0.66 11 .15 l4 .ll 119 1017711 110 127 124 19 

S.•plelt 1.17 I 01 1014 1161 104 5119 06 653 194 1.12 7 

s..pla61 0.94 049 991 20.11 091 61Sl7S 1064 1.15 Ill I 

s..pla41 044 0 1!1 SJ5 1091 116 1411.54 1701 119 014 16 

Sa.ple4J I 01 061 1060 2246 075 091077 179 119 120 16 

S..pleU 094 0.01 II 49 1401 I II 6S96 17 421 109 106 ll 

S..ple44 OJ7 026 919 1616 110 19425 06 679 I 79 o so 20 

s..pla45 0 67 095 10 IS 1109 044 721514 161 1.09 069 15 

s-..... 200 119 1465 29 II 016 4357 lS l7S 211 212 16 

"'-•• 090 061 1064 20 57 097 111624 74711 Ill I 10 IB 

LD. 0 010 011 0001 0011 1100] 12 15 OOOJ 0 00} .. 



Table 7.6e 380 
Area C Chemical Analysis (continued) 

s-1* TIOJ v Cr ~~.o ftJOJT Nl c. z. Ge AI 
Nu•lltr ··"' (Pfllll ,,.., ··"' ••"- ..... ....... ,,.., IP.-1 ,,.,.., 
S••plell 044 206 156 02 .. 1995 616l 9369 <LO 967 2206 

S.•pkU 0 39 171 124 005 2909 396-t 146.4] <LO I 40 II lO 

, ..... » 029 117 74 DOS )9]4 2999 14417 <LO 702 )7)1 

s-p~eu 0 26 Ill 71 007 44 61 5 05 Ill 71 <LO 461 24 90 

S••pla l5 036 155 106 004 ll64 204 1 22104 1015 116 79 95 

S. .... H UJ lOS 75 oos 42.54 1703 2JS7S <LO 579 2504 

5ulple 37 O.ll 116 11 ODS )7 6] ll.ll 16010 411 741 22.55 

S..plell 040 163 121 0 05 2ll7 19 25 9615 <LO SIS IO 96 

S..pkll 0 ]9 IJO 19 006 2105 2965 26691 17 ) 2 10 56 10 II 

S..pk40 036 ISl 126 010 1001 1541 15197 <LO 966 1220 

58 .... 41 024 101 10 004 41 SJ 2211 liS 41 U ll 6U lS 47 

s-p~e•z 040 170 Ill 006 26]) 690 ll5 39 <LO 517 II )7 

s .... u 036 156 120 004 2117 1264 l0217 .. LO 197 44 29 

s-p~eu 0.41 493 Ill 004 1117 )1.02 141 14 461 1197 4069 

s-... 45 o.n n6 l02 O.Ol 14 19 94.26 22765 <LO ll27 24 56 

s ....... 047 176 Ill 0 14 1137 4125 U7l <LO 709 11l 

M••• 0 ll 20725 112.56 007 10 ·43 ll64 17091 126 1 6] 2720 

LP. 0004 6 I 0002 0006 0 4 .. l 16 



Table 7.6f 381 
Area C Chemical Analysis of Slag 

s ..... lib 5r y Zr Nit •• Ct ... n u T• ... 
Nu•lttr ,,,., ,,., ,,., ,.,., c .... ,,.., c .... ,,,., ,.,., c,.. •t% 

s-p~eJI 141.•13 l61SI Jill IJU4 IJ 02 Ill I 09 105 41 U95 1107 390 'Ill 91 

s .... u IIlli !IJ 70 1936 16131 IJ .21 21l7 01 9619 16.07 IJ 97 !00 91104 

s-p~eu 12..91 40137 2l.SI Ill Sl 10.99 16SI .69 314S 194S 12.31 l'M 'II 411 

S.•plel4 6S 09 JUliO 1007 9S. IO 904 10741 4174 JO 76 llll <W 96 Ill 

5••plel5 10161 l6H7 12..14 lll.91 1020 171701 IS 21 276] 12 .... 790 1197 

s .... u 621:l 171.!] 16.•13 IH9 7.93 llll 24 31.110 lS OS 991 .u .. 90110 

s .... l1 6942 31717 2035 9S Jl 191 1370 14 110 74 lllS II 21 S:!l 9119 

S••plell 11900 46219 21 7l 16104 1219 199] 44 92 OS )614 1)74 Oll 1702 

S••pkl9 93 90 J6l21 2421 ISO OS ll OS 141S- 71 17 3159 14 OS .... () 9091 

s • .,.. ... 10942 40303 1]94 1)90] 1190 1650.71 54 6l II 7l 15J4 761 II. IJ 

s ........ 66.)1 lllll 17S7 19 Sl 1.54 1571 01 so 7] ]590 12..19 ·t-46 14 4] 

s..,.. .. l 114 l7 4SO 24 2910 U721 ll41 196905 liS 6l ISIS 105 no 1606 

S.•pk4J Ill 19 4ll91 1HO llS7S 1190 1710 20 1646 22 so IJ 10 4 ]0 lllll7 

s. ........ 9l .7S 196)9 Jl.ll llS. U 14 04 609 S6 111)9 I lOS II 17 IJ 34 M!J 

S..ple45 91.SI 11927 69.19 1.5761 llll 674.44 194 49 2117 20.SS I SOl 1995 

S..ple46 106.69 566.16 lUI 112..46 IJ.Il ll41.S4 14.91 IS.71 1919 )90 9061 

MtM 97 Ol 16141 11.71 1]911 12..27 1561.51 1664 U06 1400 516 19 21 

LD. 01 14 01 ll 01 29 41 .. l .. nil 



Table 7.6g 
Area B Statistical Analysis of Slag Chemistry 

(after rejecting outlying values) 

Specina.,. Mtaa Mtclla• s ........ %Siaadatcl Spna4 
Ualll DnlaiiH .,... ...... 
TiO,(•I %) us I.J7 D. I 17.7 l.lt 

VIH•I as1 .n ISS 41.l4 ll 167 

Cr(p,.l IIIU7 Ill li.SS lU 119 

MaO(wl%1 0.07 .... O.Ol 41.9 1.11 

Fe,O,(wl%1 ll.65 M.1J ll.lt ll.J 19.71 

,.,,,., Jl.ll 11.64 14.115 65 M.U 

c.,,., 111.65 111.54 U.tJ l7.5 165.11 

z.,,., 1.15 • ,,. JILl 5Ul 

Ga(H•I us Ul u su lUI 

Al(p,.l JU7 Jl.47 11.51 4l.l Jut 

Na,O(wl%1 1.77 0.71 1.19 17.7 1.05 

f'laQ (WI%) 1.51 .... D.ll "·' 1.17 

AI,O, (wt%1 9.11 l.l6 l.ll l6.4 ll..U 

SIO,(wt%) lt.JI I'UJ 1.7l .W.7 15.U 

P,O, (•I%1 ..,. O.M l.l JU ••• 
sc..-1 MJJ.I7 ,.,.,,, l117.51 ll.J UM5.ll 

oc..-1 tJ9.7t 145 W .41 55.7 .... 
K.OI..-1 Ul I.U .... ., u 

C..O(wl%1 l U'7 1.11 Jl 1.11 

s...,., 14.61 14 UJ ••• 16 ....... , 7t.J7 ., .. M.U 61.1 111.41 

Sr .... ) ..... lJt •• )7 111.12 54.1 taU I 

v...-1 17.71 D Lll • ll.tl 

z,..,_, lSJ.N 1411 JS.67 JU 119.15 

......... ILIJ IUJ U7 14.5 ll.lt ....... , ....... ,...,. -.sa ll.l UIUJ 

eec..-1 77-Sa 75.11 JUJ .. ..... 
...... I JS.l7 J.Ut ..... JU lUI 

n...-1 IJ.N IJ.JI 1.41 ~ 11ll 

uc..-1 .... .. , J 61 .S IJ.a 

382 



Table 7.6h 
Area C Statistical Analysis of Slag Chemistry 

(after rejecting outlying values) 

Species •ltd Mean Median Slandanl %Siandard Spread 
v .... Deviallon Devlalioa 

TIO,(WI~l us ...,. 1.11 11 O.J4 

V(p,_l 1"-U ISU JU6 JU 101 

c,,.,.. 116.6 Ill 16.11 15 15 

M.O(WI%1 .... us t .U 5I 1.11 

, .. o., .. ~, J0,4J U .SI .. .., JU M.4t 

Nl(,_l 11.1 Jt.ll t .U .n u.u 

c ...... l10.tl 156.1l 5S.U l1.7 Ill. II 

Zll( .... 1111 all all all •II 

Gat..-1 UJ us 1.17 Jl.t I &.II 

41( ... ) 1161 IUS 11.74 •••• U.54 

N .. O(WI~I ... 0.15 ••• I 45.5 UJ 

Mao •··~• 1.61 t.SJ l.l6 5I I.U 

AI,O,(wl~l 10.64 11.11 l.U J6.S ..... 
510,(•1~1 U.57 11.41 5.11 11.1 10.11 

P,O.(WI~I O.t7 1.11 Ul l6.a .... ...... 7461.tt 7JIUI 1147.65 17.4 6161.J6 

0( ... 1 741.11 "' 471.1 61.1 IW 

k.Ot..-t 1 .. Ul ..... :1.1.4 I .!I 

CaO(Wt~l 1.1 1.11 ... l4.5 I .!I 

....... IU IS 'UI 41.1 11 .... t7.U 111.51 u.s~ :u.:a 71.61 

lr4Pfillt MI.U J41.ll IU.4l 11.1 161.77 

Yt..-1 :at.el uu "" 15.1 11.75 

Zr(fpll81 IJI.II IJI.7S lUI :1.1.7 M.t7 

,...,, II.SJ IU ~. .. II. I .. .. .... , IIUJII ...... .... ., .,.,. 
C.(fpll81 ., ... 11.21 11.11 M ..... ..... - :1.1.1 ... , J4.1 U.l 

1'11 ... IJ.II u.a J :au IO.U 

Ut..-1 Ul ..... l.11 6J.l 15.11 
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